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Abstract. Targeting polyamines of parasitic protozoa in chemotherapy has attracted attention because polyamines might reveal
novel drug targets for antiparasite therapies (Miiller et al. 2001). The biological function of the triamine spermidine in parasitic
protozoa has not been studied in great detail although the results obtained mainly imply three different functions, i.e., cell
proliferation, cell differentiation, and biosynthesis of macromolecules. Sequence information from the malaria genome project
databases and inhibitor studies provide evidence that the current status of spermidine research has to be extended since enzymes
of spermidine metabolism are present in the parasite (Kaiser et al. 2001). Isolation and characterisation of these enzymes, i.e.,
deoxyhypusine synthase (EC 1.1.1.249) (DHS) and homospermidine synthase (EC 2.5.1.44) (HSS) might lead to valuable new
targets in drug therapy. Currently research on spermidine metabolism is based on the deposition of the deoxyhypusine synthase
nucleic acid sequence in GenBank while the activity of homospermidine synthase was deduced from inhibitor studies.
Spermidine biosynthesis is catalyzed by spermidine synthase (EC 2.5.1.16) which transfers an aminopropyl moiety from
decarboxylated S-adenosylmethionine to putrescine. Spermidine is also an important precursor in the biosynthesis of the unusual
amino acid hypusine (Wolff et al. 1995) and the uncommon triamine homospermidine in eukaryotes, in particular in pyrrolizidine
alkaloid-producing plants (Ober and Hartmann 2000). Hypusine is formed by a two-step enzymatic mechanism starting with the
transfer of an aminobutyl moiety from spermidine to the e-amino group of one of the lysine residues in the precursor protein of
cukaryotic initiation factor eI[FSA by DHS (Lee and Park 2000). The second step of hypusinylation is completed by
deoxyhypusine hydroxylase (EC 1.14.9929) (Abbruzzese et al. 1985). Homospermidine formation in eukaryotes parallels
deoxyhypusine formation in the way that in an NAD'-dependent reaction an aminobutyl moiety is transferred from spermidine.
In the case of homospermidine synthase, however the acceptor is putrescine. Thus the triamine homospermidine consists of two
symmetric aminobutyl moieties while there is one aminobutyl and one aminopropyl moiety present in spermidine. Here, we
review the metabolism of the triamine spermidine with particular focus on the biosynthesis of hypusine and homospermidine in
parasitic protozoa, i.e., Plasmodium, Trypanosoma and Leishmania, compared to that in prokaryotes i.e., Escherichia coli, a
phytopathogenic virus and pyrrolizidine alkaloid-producing plants (Asteraceae) and fungi.

INTRODUCTION TO POLYAMINES

The three polyamines such as putrescine, spermidine
and spermine are naturally positively charged com-
pounds found in virtually all living cells. These com-
pounds bind to DNA and have been implicated in a
number of crucial processes such as cell division,
differentiation and membrane function. The inhibition
of polyamine biosynthesis stops cell growth. One of the
important polyamines involved in these processes is the
triamine spermidine (Fig. 1).

The biosynthetic pathway of polyamines starts from
arginine or ornithine catalyzed by arginine- (EC 4.1.
1.19) (ADC) or ornithine decarboxylase (EC 4.1.1.17)
(ODC) to form the important intermediate putrescine.
Spermidine is formed in the subsequent reaction by the
transfer of an aminopropyl moiety from decarboxylated
S-adenosylmethionine to putrescine by spermidine
synthase (EC 2.5.15) (SPDS). In the final step of the

polyamine pathway spermine synthase (EC 2.5.1.22)
(SPS) catalyzes the propylamine transfer to the acceptor
spermidine to form spermine.

The metabolism of putrescine, spermidine and
spermine either leads to various types of oxidated
products by oxidative deamination through polyamine
oxidases or to conjugated amines preferentially in the
acylated form through acetyltransferases.

The regulation of polyamines, however, in mam-
malian cells is quite complex. The biosynthesis of poly-
amines is stimulated by different external stimuli and
regulated by feedback mechanisms (Miiller et al. 2001).
These sophisticated regulatory mechanisms enable cells
to adapt to considerable changes of extra- and intra-
cellular polyamine concentrations.

This is probably one of the reasons why it is so
difficult to develop selective enzyme inhibitors as
potent drugs. Nevertheless there remains optimism for
parasitologists that these compounds in combination
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Fig. 1. A. A comparison between the formation of homospermidine and deoxyhypusine under catalysis of homospermidine
synthase and deoxyhypusine synthase. Pathway leading to homospermidine in (1) prokaryotes, viruses and (2) eukaryotes.
Homospermidine in prokaryotes and viruses is strictly formed from two moles of putrescine in an NAD"-dependent reaction. In
cukaryotes the biosynthesis of homospermidine starts from putrescine and spermidine. B. Hypusine biosynthesis comprises two
steps: In the first step deoxyhypusine synthase catalyzes the transfer of an aminobutyl moiety from spermidine to the e-amino
group of lysine in the eIF5A precursor protein to form deoxyhypusine. Hypusine formation is completed by deoxyhypusine

hydroxylase in the second step.

with their structural analogues might be of benefit,
affecting uptake, synthesis and regulation of polyamines
simultaneously.

Studies on the biosynthesis of the uncommon tri-
amine homospermidine (Fig. 1, A) in parasites have
been initiated. To date, homospermidine synthase (EC
2.5.1.44) (HSS) which catalyzes the reaction to homo-
spermidine has been characterised in bacteria (Tholl et
al. 1996), a virus (Kaiser et al. 1999), and from plants
(Kaiser 1999, Ober and Hartmann 1999b). While the
prokaryotic enzyme strictly uses two moles putrescine
in an NAD"-dependent reaction, the eukaryotic enzyme

transfers the aminobutyl moiety from spermidine to
putrescine (Fig. 1, B).

A novel amino acid, hypusine, produced in the
metabolism of spermidine, is involved in the activation
of eukaryotic initiation factor eIF5A. Hypusine biosyn-
thesis comprises two steps: i) the transfer of the amino-
butyl moiety from spermidine to the g-amino group of a
specific lysine residue in elFSA by deoxyhypusine
synthase (EC 1.1.1.249) (DHS). In this step deoxy-
hypusine is formed. ii) Hydroxylation by deoxyhy-
pusine hydroxylase (EC 1.14.9929) completes hypusine
biosynthesis (Fig. 1, B). Deoxyhypusine hydroxylase



was purified from rat testis (Abbruzzese et al. 1986) and
shown to be strongly inhibited by Fe*". The specific
enzymatic activity was increased by sulfhydryl
compounds like dithiothreitol. Remarkable were the
findings that deoxyhypusine hydroxylase showed differ-
ent developmental patterns in rat brain with highest
specific activities in young rat brain (Abbruzzese 1988).
Catecholpeptides (Abbruzzese et al. 1991), a-hydroxy-
pyridones and the natural compound mimosine (Andrus
et al. 1998) are potent inhibitors of deoxyhypusine
hydroxylase. The only eukaryotic nucleic acid sequence
published in GenBank is that from mouse.

Both enzymes HSS and DHS are similar in their
mechanistic properties i.e., the formation of an enzyme-
imine intermediate, the NAD'-dependence and the
transfer of the aminobutyl moiety from spermidine.

SPERMIDINE BIOSYNTHESIS AND
PLASMODIUM FALCIPARUM

METABOLISM IN

Spermidine biosynthesis in Plasmodium falciparum
was mainly studied by inhibitor experiments elucidating
its function in the cell cycle of the parasite. Assaraf et
al. (1984) showed that polyamine levels increased in
parasite-infected erythrocytes. The authors determined a
95-fold increase in putrescine and a 51-fold increase in
spermidine in trophozoite and schizont enriched frac-
tions. However, it became evident that human erythro-
cytes contain putrescine, spermidine and spermine
although they lack nuclei and are devoid of the
ornithine- and S-adenosylmethionine decarboxylase (EC
4.1.1.50) (AdoMetDC) (Fig. 2) activity. Presumably in
non-infected erythrocytes these polyamines are taken up
by the surrounding cells (Mishra et al. 1997). Inhibitor
experiments have shown that both enzymes are rate-
limiting enzymes in the biosynthesis of spermidine
(Assaraf et al. 1984) (Fig. 1).

Blocking spermidine and spermine biosynthesis in P.
falciparum-infected erythrocytes with MDL 73811, i.e.
5°(Z)-[4-amino-2-butenyl] metylamino-5’deoxyadeno-
sine, an irreversible inhibitor of AdoMetDC, resulted in
prevention of growth of the parasite in vitro (Wright et
al. 1991). This inhibition could be partially reversed by
coincubation of the parasites with spermidine and
spermine, but not with putrescine. The inhibitor
MDL73811 prevented progression of P. falciparum-
infected erythrocytes into schizonts suggesting that the
function of spermidine is of importance at specific
stages of parasite development.

The biological function of spermidine in the
biosynthesis of macromolecules has also been shown in
P. falciparum. The maturation of young stages of P.
falciparum (ring forms and trophozoites) to mature
forms (schizonts) is accompanied by a massive
synthesis of proteins and replication of malarial DNA.
Bachrach and Abu-Elheiga (1990) demonstrated that
spermidine increased the activity of a DNA polymerase
from the malaria parasite P. falciparum by a factor of 6.
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Malaria parasites did not synthesize DNA after
treatment with alpha-difluoromethylornithine (DFMO),
an inhibitor of ODC suggesting the essential role of
polyamines for the translation of the DNA polymerase.
It was also demonstrated by Assaraf et al. (1987) that
DFMO caused a partial inhibition of RNA synthesis and
that synthesis of some proteins was completely blocked
by DFMO. The authors concluded from their findings
that putrescine and/or spermidine are required for the
synthesis of certain proteins in parasitised erythrocytes.

Spermidine has a profound effect on the activity of
topisomerases 1 and II. Topoisomerases I and Il were
purified from Plasmodium berghei (Riou et al. 1986)
and found to be stimulated by spermidine tenfold.

During infection with P. berghei, mammalian poly-
amine biosynthesis is markedly and tissue-specifically
activated. Most prominent is the induction of the
specific activity of ODC in spleen of mice infected with
P. berghei (Hibasami et al. 1994). Polyamine concen-
trations with maximum increase in spleen were also
observed in infections with chloroquine-resistant and
chloroquine-susceptible P. berghei in Mastomys na-
talensis (Mishra et al. 1997). An increase in spermidine
was more significant when compared to the increase in
putrescine and spermine.

Cloning of polyamine biosynthetic genes is currently
in progress since sequence information from the malaria
genome databases is available. The rate-limiting
enzyme of the polyamine pathway, i.e., ODC has been
recently cloned, sequenced and overexpressed in
Escherichia coli by Miiller et al. (2000) and was found
to be a bifunctional enzyme. The recombinant, overex-
pressed protein exhibited AdoMetDC and ODC activity.
The cDNA contains an open reading frame of 1419
amino acids with three domains: residues 1-529 show
similarity to AdoMetDCs of different organisms,
residues 530 to 804 function as a connecting peptide
and the C-terminal 805-1419 is homologous to known
ODC sequences. The fact that ODC and AdoMetDC are
combined in one protein that has not been found in any
other organism so far might be exploited as a new
approach in therapy. Expression of the mere
recombinant ODC protein without the hinge region
from P. falciparum and expression of the hinge region
of the bifunctional ODC/AdoMetDC in conjunction
with mere ODC showed that the hinge region is
important for the catalytic activity of P. falciparum
ODC (Krause et al. 2000). It was shown that odc/
adometdc transcription appears predominantly at the
trophozoite stage, demonstrating that at this stage of
parasite development the requirement of polyamines is
high due to rapid growth and DNA synthesis. Recently
the coding region of spermidine synthase from P.

falciparum has been published in GenBank (Luersen et

al. 2000, Bernhard Nocht Institute, Hamburg, unpub-
lished document). SPDS from P. falciparum shares 42%
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Fig. 2. A. The polyamine pathway in bacteria, plants and mammals. Two pathways exist for the biosynthesis of putrescine in
bacteria, plants and mammals, i.e., the pathway via arginine and ornithine. Recently it was shown in mammals that putrescine can
be formed from agmatine by agmatinase. 0 — ornithine decarboxylase (ODC), 1 — arginase (ARG), 2 — arginine decarboxylase
(ADC), 3 — homospermidine synthase (HSS), 4 — spermidine synthase (SPDS), 5 — deoxyhypusine synthase (DHS), 6 —
agmatinase (AGM). The pathway from putrescine to homospermidine catalyzed by homospermidine synthase (HSS) is
demonstrated in part B (3) of the figure. B. Two different pathways to homospermidine exist in bacteria, viruses (1) and
eukaryotes (2) starting strictly from two moles of putrescine in bacteria and viruses (1) and putrescine and spermidine in
eukaryotes (2). Homospermidine can be formed by DHS or HSS in eukaryotes.

nucleic acid identity to the human and 47% identity to
the gene from Dictyostelium discoideum. The amino
acid sequence of SPDS is highly conserved between
different eukaryotic species and mainly conforms to the
substrate-binding region of decarboxylated S-adenosyl-
methionine (Hamasaki-Katagiri et al. 1997). In this
context it is remarkable that SPDS from E. coli shares
significant homology to plant SPDS from Nicotiana
sylvestris, Hyoscyamus niger and Arabidopsis thaliana
(Hashimoto et al. 1998).

To date, polyamine biosynthesis has been elucidated
from ornithine to spermidine while genes involved in
spermidine metabolism have not been under investiga-
tion in P. falciparum. However, one of the important
biological functions of spermidine is its role as a
precursor in the biosynthesis of hypusine and homo-
spermidine present in eukaryotes. Research on hypusine
(Fig. 1) has just begun in P. falciparum.

Cell free synthesis of deoxyhypusine was first
studied in Chinese hamster ovary cells (Park and Wolff
1988) after treatment with the inhibitor DFMO to enrich
deoxyhypusine synthase. Later, deoxyhypusine synthase
was purified and characterised from Hela cells (Klier et
al. 1995) and rat testis (Wolff et al. 1995). Both
enzymes are tetramers with a molecular mass of 41 to
43 kDa comprising two associated dimers with four
active sites. It is an interesting observation that three
different transcripts for human deoxyhypusine synthase
exist, which lends further support for a specialised gene
expression programme of certain polyamine metabolic
proteins. Similar results have been obtained for two
different human eIFSA genes which are tissue-
specifically expressed (Jenkins et al. 2001). Meanwhile,
247 deoxyhypusine synthase-coding genes (dhs) from a
variety of organisms have been published in GenBank.
Among them are dhs coding genes from parasites, i.e.,



Trichinella spiralis (Mc Carter 2001, Genome Sequen-
cing Center, Washington, unpublished document),
Cryptosporidium parvum (Strong and Nelson 2000),
Trypanosoma brucei brucei (Hatt 2000, Sanger Center,
UK, unpublished document), Trypanosoma cruzi
(Aslund L. 1998, Biomedical Centre, Uppsala, unpub-
lished document) and Leishmania major (Akopyants et
al. 2001).

Recently the nucleotide sequence of a putative de-
oxyhypusine synthase from P. falciparum was pub-
lished in GenBank by Molitor et al. (2000, Institute for
Pharmaceutical Biology, Bonn, unpublished document)
referring to the nucleotide sequence already deposited in
the TIGR P. falciparum genome database on chromo-
some 14. In this context it is interesting to note that the
putative deoxyhypusine synthase from P. falciparum
shows 73% homology between amino acid positions
292 and 346 and complete identity between amino acid
position 182 and 189 to plant homospermidine synthase
from Senecio vulgaris (Asteraceae) (Kaiser 1999).

It was shown that the plant homospermidine synthase
gene (hss), which is involved in plant secondary
metabolism, recruits from the dhs gene involved in
primary metabolism. HSS is similar to DHS in that 1)
both enzymes use spermidine as a substrate for the
transfer of the aminobutyl moiety, ii) NAD" serves as a
cofactor in both reactions, and iii) in both reactions an
enzyme imine intermediate is formed. The genes
encoding DHS of a variety of organisms are highly
conserved concerning their substrate-binding site for
spermidine since DHS is ubiquitous in eukaryotes. Most
prominent is the striking homology in the region for
substrate binding of spermidine and the cofactor NAD"
while the N-terminus differs between different species
(Lee and Park 2000). The homology in the substrate-
binding regions can only be deduced from the DHS
amino acid sequence since these binding sites have not
been identified for plant HSS as performed by Lee and
Park (2000) for deoxyhypusine synthase using site-
directed mutagenesis.

The essential function of DHS in eukaryotic cell pro-
liferation has been demonstrated by inhibitor experi-
ments (Lee and Folk 1997). It has been shown that
branched-chain saturated and unsaturated 1,7-diamino-
heptane derivatives are potent inhibitors of deoxyhy-
pusine synthase (DHS) because of their structural simi-
larity to spermidine. One of the most potent inhibitors is
1-amino-7-guanidinoheptane (GC;). Wang et al. (2001)
showed that senescence-induced cDNAs encoding de-
oxyhypusine synthases from tomato play a role in pro-
grammed cell death.

It will be an important issue of the future to elucidate
the function of the dhs gene in the cell cycle of P.
falciparum. Recently, the occurrence of homosper-
midine in an in vitro culture of P. falciparum strain
NF54 was proven by GC/MS (Kaiser et al. 2001). Since
homospermidine can be formed either by deoxyhy-
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pusine synthase or homospermidine synthase in plants
(Kaiser et al. 1999, Ober and Hartmann 1999a, b) (Fig.
2), it still remains an open question whether a separate
hss locus exists in P. falciparum. Studies on the
isolation of the Ass gene from Plasmodium species are
currently in progress.

So far there has been no analytical proof for the
occurrence of hypusine in P. falciparum since the
concentration of hypusine in an in vitro culture is below
the limit of detection. However, deoxyhypusine syn-
thase will be a valuable target for chemotherapy because
of its structural diversity to the human enzyme.

A potential drug target might also be eukaryotic
translation initiation factor e[F5A. It has recently been
shown that hypusinylation modulates elF5A activity
(Caraglia et al. 2001). Different functions are attributed
to this protein: i) eIlF5A functions as a nuclear
cytoplasmic shuttle protein for certain mRNAs with low
translational efficiency (Bevec and Hauber 1997), ii)
elFSA plays a role in cell growth and differentiation
through polyamine-dependent post-translational modifi-
cation, and iii) e[F5A is a substrate of transglutaminases
(TGase) (EC 2.3.2.13) which are involved in apoptosis
of cancer cells. Onset of apoptosis requires reduced
elF5A activity (Caraglia et al. 1997). Until now, an
elF5A cDNA sequence has not been published from P.
falciparum. The first elF5A encoding sequence was
obtained from Leishmania infantum (Couvreur B. 2000,
Laboratory of Applied Genetics, Belgium, un-published
document) showing significant homology to elFS5A
cDNA sequences from various organisms.

To understand the development of malaria and to
combat it, one has to consider the life cycle of the
parasite in the mosquito and the vector itself. Polyamine
research is rather inadequate for the mosquito vector
Anopheles. 1t was shown in the past by Gillet et al.
(1983) that DFMO inhibits the sporogenous cycle of the
malaria parasite P. berghei in the mosquito vector
Anopheles stephensi through a blockade of the para-
site’s polyamine biosynthesis. However, these experi-
ments were not continued with other specific inhibitors
targeting different regulating enzymes, e.g. spermidine
synthase of the polyamine pathway of the parasite or in
the mosquito. Recently the first dhs coding nucleic acid
sequence from Anopheles gambiae was published by the
consortium sequencing the A. gambiae genome strain
PEST in GenBank. Sequencing data from the A. gambiae
genome project will probably facilitate research on
spermidine biosynthesis and metabolism in the
mosquito in the future.

SPERMIDINE BIOSYNTHESIS
TRYPANOSOMES

AND METABOLISM IN

Chagas disease, known as American trypanosomia-
sis, is caused by the parasitic protozoan Trypanosoma
cruzi, which is transmitted by blood-sucking bugs of the
subfamily Triatominae. Chagas disease in humans is



widespread in Latin America. In the gut of the insect
vector, proliferating extracellular epimastigotes repli-
cate and differentiate into the non-dividing infective
form of metacyclic trypomastigotes. Once in the
bloodstream, trypomastigotes enter nucleated cells
(macrophages) and differentiate into proliferative
intracellular amastigotes that emerge as non-dividing
trypomastigotes.

No significant ODC and ADC activities could be
detected in 7. cruzi by Ariyanayagam and Fairlamb
(1997). It was assumed that the parasites instead of
having their own biosynthesis take up polyamines from
their environment for the synthesis of spermidine and
spermine (Ariyanayagam and Fairlamb 1997). The
epimastigote form of 7. cruzi is able to synthesize
homotrypanothione from (bisglutathionyl) aminopropyl-
cadaverine and trypanothione (Hunter et al., 1994) after
putrescine supplementation. Early work on ADC in T.
cruzi was performed by Kierszenbaum (1987), showing
that ADC inhibitors reduce the infection capacity of 7.
cruzi in mammalian cells. Biochemical evidence for
ADC activity in T. cruzi was performed by Majunder et
al. (1992). Hernandez and Schwarcz De Tarlovsky
(1999) reported about the presence of significant levels
of ADC activity in crude extracts of 7. cruzi RA strain
epimastigotes. The enzyme activity was inhibited by
DL-o-difluoromethylarginine and the inhibitory effect
reversed by agmatine. Agmatine is formed by ADC and
a precursor in the biosynthesis of putrescine (Fig. 2).
However, the existence of ADC in 7. cruzi is still a
matter of debate. It has recently been shown that
arginine suppresses apoptosis in 7. cruzi (Piacenza et al.
2001). Arginine supplementation reverts the biochemi-
cal events of apoptosis, i.e., DNA fragmentation and
inhibition of [*-H] thymidine incorporation, but instead
activates nitric oxide synthase activity.

Persson et al. (1998) succeeded in cloning the
adenosylmethionine decarboxylase gene (adometdc)
from genomic DNA of 7. cruzi with degenerate primers
of conserved regions in the adometdc genes from
different species. The sequence identity to the human
homologue was only 25%. The coding region of the
adometdc gene was expressed in E. coli and underwent
autocatalytic cleavage generating two proteins of 35
kDa and 9 kDa. In contrast to the human enzyme,
methylglyoxal bis(guanylhydrazone) (MGBG) was a
poor inhibitor of the parasite adometdc. The enzyme
was weakly inhibited by spermidine and strongly by
spermine. The different inhibitory profiles compared to
the human enzyme might be exploited as an approach in
treatment of Chagas disease.

Recent findings demonstrate that spermidine is
essential for normal proliferation of trypanosomatid
protozoa (Gonzalez et al. 2001). The authors induced a
nearly complete depletion of spermidine correlating
with an arrest of cell proliferation in Crithidia fasci-
culata, a trypanosomatid parasite of insects, and 7. cruzi

transformed with a stable odc gene using a combination
of DFMO and cyclohexylamine, a specific inhibitor of
spermidine synthase. In all cases re-initiation of
proliferation occurred only after the addition of
exogenous spermidine. Based on this important result,
we are expecting more information about spermidine
synthase and the role of spermidine in hypusine
biosynthesis in the near future. Recently a nucleic acid
sequence encoding DHS from 7. brucei epimastigotes
has been published with significant homology to human
deoxyhypusine synthase isoform a (Joe et al. 1995) and
the DHS protein from Neurospora crassa (Tao and
Chen 1995b). However, the fasta score of the dhs gene
from T. cruzi compared to that from N. crassa was
37.9% in 335 amino acids.

In contrast to 7. cruzi, Trypanosoma brucei gambi-
ense, which is transmitted by Glossina spp., is very
sensitive to DFMO (Van Nieuwenhove et al. 1985). One
of the reasons might be that the parasite enzyme has a
long half-life, i.e., t;» = 6 hours (Philips et al. 1987).
Secondly, DFMO causes spermidine depletion, and in
consequence, the radical scavenger trypanothione (bis-
(glutathionyl) spermidine) which contains spermidine is
not able to detoxify reactive oxygen species. Trypano-
somes contain 10-15% of their total spermidine in the
bound form of trypanothione.

Trypanothione is the key molecule in the defence
mechanism against oxidative stress in Trypanosoma
(Flohe 1998, Ludemann et al. 1998) and Leishmania
(Tetaud et al. 1998). The uniqueness of this molecule
makes trypanothione an attractive target in antitrypano-
somal and antileishmanial drug design. Biosynthesis of
trypanothione comprises the activity of glutathionyl-
spermidine synthetase and trypanothione reductase.
However, in this review we want to focus on the
development of drug design against two enzymes
involved in trypanothione biosynthesis, i.e., gluta-
thionylspermidine synthetase catalyzing the formation
of glutathione and the spermidine conjugate (Chen and
Coward 1998) and ODC which is involved in the
production of putrescine as a precursor of spermidine.
Both enzymes provide the link to polyamine biosynthe-
sis. It has been shown by Chen and Coward (1998) that
an alanine-containing phosphinate analogue of gluta-
thionylspermidine inhibits glutathionylspermidine syn-
thetase from E. coli and C. fasciculata.

Inhibition of ODC leads to a reduction of trypano-
thione biosynthesis (Carrillo et al. 2000). Experiments
in the past showed that DFMO reduces trypanothione
levels significantly in sensitive strains of trypanosomes,
but no reduction of trypanothione was observed in
strains with resistance to the drug since the latter
produced high levels of ornithine (Carrillo et al. 2000).

Due to the significant growth effects, caused by
polyamines on the proliferation of T. brucei brucei,
spermidine synthase was characterised in this parasite.
The purified spermidine synthase from 7. brucei brucei



was found to be similar to enzymes from other sources
(Bitonti et al. 1984). The approximate molecular size of
the enzyme was determined to be 74 kDa. Spermidine
synthase activity was markedly inhibited by 50% in
vitro by dicyclohexylamine at a concentration of 3 uM
and by cyclohexylamine by 50% at a concentration of
25 uM. However, intraperitoneal administration of 200
mg dicyclohexylamine per kilogram twice a day for
three days to mice infected with 2.5 x 10° T. brucei
brucei resulted in no change in progress of the disease
and did not increase the period of survival times of the
infected animals. In this context it is interesting to note
that a challenge of mice with a T. brucei mutant blood
stream form in which both copies of ODC had been
knocked out led to protection against wild-type T.
brucei expressing the same variant surface glycoprotein
(Mutomba et al. 1999). Presumably, these results are
due to immunisation with a 7. brucei mutant. However,
it was shown that ODC has an essential role in the
process of infection since the 7. brucei mutant strain
was unable to establish an infection in mice. The
Trypanosoma ODC double mutant did not express odc
mRNA and ODC enzyme activity and was unaffected
by the inhibitor DFMO (Li et al. 1998).

Bacchi and co-workers (1980) have found that
DFMO was able to cure 7. brucei acute infections in
mice and that it could be successfully employed against
human sleeping sickness. The selective therapeutic ac-
tivity of the drug on the ODC of the parasite has been
partially attributed to the metabolic stability of trypano-
somal ODC compared to the high turnover of the human
enzyme (Phillips et al. 1987). The slow turnover rate of
trypanosomal ODC is due to the absence of PEST
sequences near the C-terminus of the corresponding
human enzyme, which has been postulated as a signal
for rapid degradation (Ghoda et al. 1990).

Recently, Carrillo et al. (2000) investigated the regu-
latory mechanisms for drug tolerance of DFMO in T.
cruzi transformed with the odc gene from C. fasciculata
and in Leishmania mexicana. Resistance in C. fasci-
culata and Phytomonas, a plant parasite, was investi-
gated. Drug tolerance was caused by a rapid turnover of
ODC in transformed 7. cruzi and in L. mexicana. A
determination of polyamine pools in ODC-transformed
T. cruzi and L. mexicana showed that DFMO caused a
significant decrease in putrescine and spermidine. Sper-
midine depletion was higher in parasites containing an
ODC with a slow turnover indicating that spermidine
might decrease below critical levels, needed to maintain
trypanothione concentrations for normal cell prolifera-
tion (Carrillo et al. 2000).

THE ROLE OF SPERMIDINE IN LEISHMANIA

The analysis of ribosomal RNA from various species
of Trypanosoma and Leishmania indicate that both
trypanosomatid genera are closely related. Visceral
leishmaniasis known as “Kala Azar” is found in Asia
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and Africa, while mucosal and cutaneous leishmaniases,
the “oriental sore” are more prominent in the Americas.
Both types of leishmaniases are transmitted by female
sandflies of the genera Phlebotomus (Leishmania d.
donovani, Leishmania d. infantum) and Lutzomyia
(Leishmania d. chagasi). The parasite exhibits a
digenetic life cycle with the promastigote residing in the
phlebotomine sandfly vector and the intracellular
amastigote propagating within the phagolysosome of
mammalian macrophages.

Since there is an increasing resistance against the
usual therapeutic agents like polyvalent antimonials, an
extended search for improved medicinals has started.
One strategy might be the exploitation of inhibitors
against biosynthetic enzymes of the polyamine pathway
or to develop inhibitors against polyamine transporters.

Promastigotes that are present in the sandfly can be
easily cultivated in vitro. It has been reported that
promastigotes contain putrescine and spermidine as the
major polyamines (Bachrach et al. 1979). In feeding
experiments with ["*C]-putrescine the authors showed
that the diamine is taken up and converted to sper-
midine. These results suggested that spermidine biosyn-
thesis takes place in the parasite. It was proven by
Bachrach et al. (1979) that amastigotes, developed in
macrophages of infected mouse skin, showed signifi-
cantly increased levels of putrescine and spermidine as
well as of ODC. The levels of the enzyme and the
polyamines in the skin were suggested as possible
markers to test the efficacy of chemotherapeutic agents.

The ODC turned out to be cytostatic in leishmanial
promastigotes in polyamine-deficient medium. How-
ever, no inhibition by DFMO was observed when
putrescine and spermidine were present in the medium
(Gonzélez et al. 1991).

Extracts of L. mexicana contained an active ODC
(Hanson et al. 1992) with unusual properties. The open
reading frame encodes for a protein of 707 amino acids
and has an extra NH, terminal extension of 200 amino
acids and lacks the PEST region at the C-terminus.

Cloning of the genes involved in spermidine biosyn-
thesis has been successfully performed in Leishmania
donovani. The construction of an adometdc double-
targeted gene replacement mutant shows that adometdc
is an essential gene in L. domovani promastigotes
(Roberts et al. 2002b). The adometdc mutant could only
be rescued by spermidine supplementation of the culture
medium or by an episomal copy of adometdc. Poly-
amine-starved adometdc parasites show decreased
levels of spermidine and glutathione.

The adometdc gene from L. infantum promastigotes
was cloned and characterised by Taladriz et al. (2002).
The authors showed that the gene has a close phylo-
genetic relationship to 7. cruzi (83%). However, the
relationship to T. brucei (76%) is less and it drastically
fell with respect to mammalians (62%) and plants
(Oryza sativa, 47%). A significant transcription of the
gene in the cell cycle of the parasite was not observed.



An increase in mRNA production was stage-specific
detectable in promastigotes preferentially in the infec-
tive phase of the parasite against macrophage action.

Spermidine synthase from L. donovani has been
cloned and sequenced (Roberts et al. 2002a). The L.
donovani spermidine synthase gene (spds) is present as
a single copy gene in the genome exhibiting 56% amino
acid identity to its human counterpart. The authors
created a Aspsyn knockout strain of L. donovani that
was strictly auxotrophic for spermidine and was unable
to convert putrescine into spermidine. Overall, it was
shown that the spds gene is an essential gene in L.
donovani promastigotes and is crucial for cell prolifera-
tion. Since Leishmania, like trypanosomes, contain
trypanothione, a spermidine-containing thiol, sper-
midine depletion led to a reduction of trypanothione
whereas the glutathione pool increased approximately
four-fold. In arsenite-resistant Leishmania it was ob-
served that levels of trypanothione and the polyamines
putrescine and spermidine increased due to an over-
expression of ornithine decarboxylase which was not
caused by gene amplification (Haimur et al. 1999).

Two sequences encoding the spermidine-metaboliz-
ing enzymes deoxyhypusine synthase (Akopyants et al.
2001) and homospermidine synthase (Ivens et al. 1998)
have been isolated from L. major and published in
GenBank. The amino acid sequence of homospermidine
synthase from L. major shows a striking homology to
the bacterial gene from Rhodopseudomonas viridis
(Tholl et al. 1996) and to the viral gene PBCV-1
infecting a chlorella green alga (Kaiser et al. 1999),
while the dhs gene from L. major shows significant
homology to dhs sequences from different species. It
will be an interesting issue for the future to delineate the
function of both genes in Leishmania. Consequently, it
has to be discussed whether the triamine homosper-
midine might substitute for spermidine under certain
physiological conditions. This would explain the occur-
rence of both genes in the parasite. Overall, both gene
products might be new valuable targets in chemo-
therapy.

Recently two different specific polyamine transport-
ers for spermidine and putrescine have been character-
ised in promastigotes of L. mexicana and L. donovani
and in amastigotes of L. mexicana (Basselin et al. 2000).
However, both genes have not been identified so far.
Both transporters are differently expressed in promasti-
gotes and amastigotes. Pentamidine is a noncompeti-
tive inhibitor for both transporters. The fact that these
uptake systems were inhibited by protonophores and
H'-ATPase inhibitors delineates a new strategy for drug
development against both transport systems. To date,
none of the transporter genes has been identified.

SPERMIDINE METABOLISM IN NEMATODES

Research on hypusine in parasitic nematodes is
redundant. Until now, there have been no database
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reports on deoxyhypusine synthase and homosper-
midine synthase in parasitic nematodes. So far the
biosynthetic pathway of parasitic nematodes has been
elucidated up to spermidine. Parasitic nematodes appear
to lack ODC and are mainly dependent on polyamine
uptake and interconversion for their supply of
polyamines (Walter 1988). It is remarkable that the
cDNA for ODC has been cloned from the free-living
nematode Panagrellus redivivus (Besser et al. 1995),
which resembles parasitic nematodes in overall structure
and development, to study polyamines at the bio-
chemical and molecular level. The sequence of the
isolated odc gene shows 32% amino acid identity to odc
genes from invertebrates and lacks the PEST sequence.
It is suggested from the presence of a conserved Glycin-
379 that the protein is an enzymatically active homo-
dimer. Although it is not possible to demonstrate ODC
activity in human and animal filarial parasites it would
be informative to compare the gene structure and
mRNA expression of ODC between a free-living nema-
tode and a parasitic nematode. The genetic information
obtained from the odc gene of P. redivivus might be a
model which leads to an understanding of adaptation to
parasitism in case of the apparent lack of ODC in
parasitic nematodes.

A polyamine oxidase, which is involved in poly-
amine interconversion, beside spermidine/spermine
acetylase (SSAT) as the rate-limiting enzyme, has been
shown to be inhibited by haloallylamines in Ascaris
suum, an intestinal nematode, while simultaneously
spermine concentrations raised about 200% (Miiller et
al. 1996).

Polyamine interconversion has been intensively
studied in A. suum and in Onchocerca volvulus causing
river blindness in tropical West Africa (Wittich and
Walter 1990). Putrescine-N-acetyltransferase from both
parasitic nematodes could be inhibited by the drug
berenil®. Both nematode enzymes preferentially
acetylate putrescine and histamine, while serotonine and
dopamine were not accepted. Putrescine-N-acetyl-trans-
ferase is discussed as a regulatory step in the degrada-
tion of excessive polyamines via polyamine oxidase to
putrescine. Putrescine can either be channelled into the
de novo synthesis of spermidine and spermine or its
acetylated derivative is a suitable transport product for
excretion. Since polyamine metabolism in filarial
parasites displays unusual features compared to the
situation in the host, the pathway has potential in
chemotherapy.

The interaction between the polyamines spermidine,
spermine and the drug suramin®, the polysulphonated
naphthylamine derivative of urea, has been demon-
strated for antifilarial DNA from Setaria cervi (Pandya
et al. 1997), which is extremely AT rich. While the
polyamines spermine and spermidine stabilized the
secondary structure of the filarial DNA, a destabilizing
effect of filarial DNA was observed for suramin®. The



destabilizing effect was accompanied by a decrease in
melting temperature, condensation, and B to Z transi-
tion. Destabilisation was not observed for calf thymus
DNA. Thus destabilisation of DNA together with
atypical polyamine metabolism between the host and
the parasite might be a novel strategy for the design of
antifilarial drugs.

The role of polyamines in development of parasitic
nematodes has not been under investigation. Develop-
mental studies on the effect of spermidine have been
performed in Caenorhabditis elegans (Macrae et al.
1998). The authors showed that odc-1 worms, which
were null mutants obtained by targeted gene disruption,
had a slight reduction in breed size when grown in
complex medium. However, a strong phenotype was
observed when mutant animals developed under
polyamine deficiency at the L1 larval stage into adult
hermaphrodites resulting in the production of very few
or no eggs. In contrast, if mutant larvae at the L4 stage
were transferred into polyamine-deficient medium, 90%
of the eggs yielded embryos that developed normally,
but arrested at early stage L3. Supplementation of the
polyamine-deficient medium of the odc-mutant worm
with spermidine overrides the developmental require-
ment for ODC activity. These results suggest that
polyamines are required at early stages of development,
in oogenesis and embryogenesis.

THE FUNCTION OF SPERMIDINE IN BACTERIA, VIRUSES
AND PLANTS — A COMPARISON TO PARASITIC
PROTOZOA

In contrast to the situation in plants, fungi and
parasitic protozoa, spermidine is not essential for
growth in Escherichia coli. Hafner et al. (1979) showed
that an E. coli triple mutant with deletion mutations in
the sped (arginine decarboxylase), speC (ornithine
decarboxylase) and speD (adenosylmethionine decarbo-
xylase) genes grew indefinitely in the absence of
polyamines. Similar results were obtained with an E.
coli speE (spermidine synthase) and speD (adeno-
sylmethionine decarboxylase) mutant (Vogel and
Bonner 1956) which synthesizes no spermidine and
shows 55% of the wild-type growth rate. However,
there are some Eubacteria that lack spermidine and use
other polyamines. For example, in Methanococcus the
uncommon triamine homospermidine and putrescine are
the major polyamines while spermidine constitutes only
0.6% of the polyamine pool (Busse and Auling 1988).
Experiments performed with an E. coli deletion mutant
blocked in the spermidine synthase gene showed that
the impaired growth rate of the mutant could be restored
to wild-type level by supplementation with spermidine
and related polyamines (Tholl et al. 1998). Overall, the
mutant was complemented by heterologous expression
with the hss gene from Rhodopseudomonas viridis
(Tholl et al. 1996). These results suggest that sper-
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midine and homospermidine are functionally inter-
changeable in some bacterial species.

Although hypusine is not present in bacterial
samples, it is remarkable that the bacterial elongation
factor EF-P is related to archaeal/eukaryotic initiation
factor elF5A as reported by Kyrpides and Woese
(1998). Whereas bacterial and eukaryotic sequences
display an average sequence identity of 20%, the
alignment with either the bacterial or the eukaryotic/
archaeal initiation factor highlights their relatedness.
Most notably, the highest density of sequence
conservation is found in the vicinity of the minimal
region of the protein that must be conserved for
hypusine-lysine conversion to occur. The most striking
difference is the well-conserved C-terminal section in
EF-P from different bacterial species, which is absent in
both archaeal and eukaryotic species.

The biological function of spermidine in viruses is
still unknown. A simple hypothesis of the past was that
polyamines might participate in viral replication by
neutralizing viral nucleates, but there was no biochemi-
cal and molecular proof for the biosynthesis of viral
polyamines. The first proof for a viral biosynthesis of
polyamines was obtained from the double-stranded
virus PBCV-1 that infects a unicellular, Chlorella-like
green alga. From a screen of different databases it was
obvious that the 518-residue protein encoded by the
PBCV-1 ORF A237R has a 34% amino acid identity to
the 477-residue Rhodopseudomonas viridis HSS
enzyme. The cloned and expressed viral gene encoded a
functional active HSS (Kaiser et al. 1999). In the
meantime, ODC has been isolated and sequenced from
Chlorella virus PBCV-1 (Van Etten et al. 2002,
University of Lincoln, Nebraska, unpublished docu-
ment). These results confirm that a polyamine pathway
from putrescine to homospermidine exists in the virus.

The function of the triamine homospermidine present
in viral capsids of PBCV-1 is still unknown. It was
shown from the data obtained from polyamine analysis
that the number of polyamines per PBCV-1 virion is so
low that they could neutralise only 0.2% of the virus
phosphate residues. However, the viral Ass gene is
widely spread among 42 different Chlorella viruses
tested (Kaiser et al. 1999). Transcription patterns
showed that the viral Ass gene is induced late in viral
replication because DNA synthesis started 60 minutes
post infection. The fact that the putrescine concentration
increased two-fold during infection while the content of
all the other polyamines decreased suggests the question
of the occurrence of two different biochemical pathways
in the plant and the virus. It is likely that the Chlorella
host synthesizes homospermidine under catalysis of
DHS while the virus synthesizes homospermidine
strictly from two molecules of putrescine under
catalysis of HSS. Cloning the dhs gene from the host
Chlorella will show whether homospermidine will be
formed by DHS.
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HYPUSINE FORMATION IN FUNGI

Most of the early studies on hypusine biosynthesis
were performed in the yeast Saccharomyces cerevisiae
and the fungus Neurospora crassa. Kang et al. (1995)
cloned deoxyhypusine synthase from S. cerevisiae using
primers that perfectly matched to five tryptic peptides
obtained from the purified enzyme from rat testis and
expressed the protein in E. coli. The mass of the
polypeptide was determined to be 43 kDa. The enzyme
exists as a tetramer with significant homology to the
enzyme from human, rat and Neurospora. Independ-
ently, Abid et al. (1997) purified deoxyhypusine
synthase from the yeast Saccharomyces carlsbergensis.
Site-directed mutagenesis of Lys®’ and Lys®* of the
enzyme was shown to be essential for cell viability and
growth of S. cerevisiae (Park et al. 1998). Kang and
Chung (1999) demonstrated deoxyhypusine synthase to
be post-translationally modified by protein kinase C in
vitro. Most notably the authors showed that 15 amino
acid residues of the N-terminus are not required for
enzymatic activity.

Presumably one of the functions of eIF5SA in yeast
can be attributed to mRNA turnover as results obtained
from a temperature sensitive point mutation of an e[F5SA
yeast mutant suggest (Zuk and Jacobsen 1998).

Deoxyhypusine synthase from N. crassa was first
purified to homogenity by substrate elution chromato-
graphy by Tao and Chen (1995a) before it was finally
cloned (Tao and Chen 1995b). Deoxyhypusine synthase
from N. crassa encodes a protein of 40 kDa showing
69% amino acid identity to the S. cerevisiae enzyme.

Polyamine metabolism in phytopathogenic fungi has
attracted attention due to the demonstration that specific
inhibition of polyamine biosynthesis can lead to a
control of fungal plant disease (Pieckenstain et al.
2001). It has been shown that most of these fungi lack
the ADC pathway. Hence, it has been an interesting
observation that DFMO and DFMA inhibited mycelial
growth, e.g., in Sclerotinia sclerotiorum, while methyl-
glyoxalbis-[guanyl]hydrazone, an inhibitor of SAMDC,
exerted no effect. Inhibition with cyclohexylamine, an
inhibitor of spermidine synthase, affected sclerotial
formation.

It will be a question of time to elucidate the bio-
synthesis of hypusine and homospermidine in phyto-
pathogenic fungi and to unravel their function in
pathogenesis. In particular, inhibition of both enzymes
might be of considerable interest for sclerotial formation
and the formation of ascospores.

THE ROLE OF POLYAMINES IN PLANT GROWTH AND
DEVELOPMENT

Although putrescine was believed to be formed in
animals only by decarboxylation catalyzed by ODC,
recent results have shown that there are distinct
pathways in mammals which lead to putrescine.
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Mammalian agmatinase, which forms putrescine from
agmatine, has recently been cloned from human (Iyer et
al. 2002) and shares significant homology of their
substrate-binding domains with agmatinase from E. coli
and arginases [ and II from human. Most notably,
agmatinase from human is induced during hepatitis B
virus infection, suggesting its role in the patho-
physiology of the disease (Mistry et al. 2002). Recent
reports about characterisation of ADC in rat brain prove
that a separate biosynthetic pathway from arginine to
putrescine exists in mammalian cells (Regunathan and
Reis 2000). While mammalian ODC is expressed at low
levels in all tissues except testis and cytosol, ADC is
preferentially expressed in aorta and associated with
mitochondrial membranes.

Higher plants share with bacteria the coexistence of
two different pathways for putrescine biosynthesis, i.e.,
one directly via ODC and the other through a series of
intermediates (agmatine, N-carbamoylputrescine) (Fig.
2) following action of ADC (Tiburcio et al. 1990). In
plants polyamines play a role in cell division, growth
and development, macromolecular synthesis, hormone-
mediated responses and as anti-senescense agents (Gosh
1999). Since most of the genes encoding polyamine
biosynthetic enzymes from ornithine/arginine to
spermine have been isolated in plants, transgenic plants
and mutants have been used to study their role in plant
growth and development.

One of the developmental studies was the constitu-
tive expression of S-adenosylmethionine decarboxylase
in potato plants. Expression of SAMDC in sense
orientation turned out to be lethal to plants (Kumar et al.
1996). In these transgenic sense plants putrescine levels
were reduced whereas the spermidine content was three
times higher than in control plants. The antisense plants,
however, developed a number of abnormal phenotypes
with highly branched stems, short internodes, small
leaves and inhibited growth.

An altered phenotype in transgenic tobacco plants
was also observed after expression of arginine decar-
boxylase from Avena sativa under the control of a
tetracycline-inducible promoter (Masgrau et al. 1997).
The severity of the altered phenotype correlated with
high levels of endogenous putrescine. The phenotype
was characterised by short internodes, thin stems and
leaves, leaf chlorosis and reduced growth. The
detrimental effects that were observed only in the
vegetative stage after induction of arginine decarboxyl-
ase emphasise the role of specific polyamines in certain
developmental stages.

The biological effects of spermidine are wide ranging
in plants. Spermidine and cadaverine were both found to
increase in seeds of Pisum sativum during germination
(Lin et al. 1984). The effect on root formation and
growth has been reported. Spermidine was highest in
the apices, decreasing with cell elongation (Shen and
Galston 1985). The process of flowering is accompanied
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Polyamine precursors Alkaloids

Substance

tobacco alkaloids
tropane alkaloids
pyrrolizidine alkaloids
quinolizidine

Putrescine

Homospermidine
Cadaverine, spermidine
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hyoscyamine®, hyoscine
retronecin®
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Fig. 3. Table of polyamines with precursor function in the biosynthesis of alkaloids and the structure of each alkaloid
representative. a) nicotine, b) hyoscyamine, ¢) retronecin, d) spartein.

by a rapid increase of conjugated spermidine in tobacco
flower buds (Malmberg et al. 1994). Hydroxycinnamoy]
derivatives mainly from putrescine and spermidine were
first detected in tobacco cultures and accumulated after
infection of whole tobacco plants with tobacco mosaic
virus. It was reported by Martin et al. (1985) that
hydroxycinnamoyl putrescine promotes callus formation
of tobacco leaf discs but inhibits bud formation.

PUTRESCINE AND HOMOSPERMIDINE ARE IMPORTANT
PRECURSORS IN THE BIOSYNTHESIS OF PLANT
ALKALOIDS

Alkaloids constitute, as nitrogenous secondary
metabolites, the active basic principle of flowering
plants. Putrescine is an important precursor in the
biosynthesis of the pyrrolidine alkaloid nicotine in
Nicotiana tabacum (Solanaceae) and of the tropane
alkaloid hyoscyamine in Hyoscyamus niger (Solana-
ceae) (summarized in Gosh 2000) (Fig. 3).

The carboskeleton of the necine base of pyrrolizidine
alkaloids is exclusively derived from homospermidine
(Ober and Hartmann 2000) (Fig. 3). Since plant
homospermidine synthase is strictly specific for the
production of alkaloids and recruits from deoxy-
hypusine synthase (Kaiser 1999), it seems possible that
HSS has evolved by evolutionary change of function
(Ober and Hartmann 2000). Until now, hypusine
biosynthesis has been studied in N. tabacum (Ober and
Hartmann 1999a), Lycopersicon esculentum (Solana-

ceae) (Wang et al. 2001), and Senecio vernalis
(Asteraceae) (Ober and Hartmann 1999b). Expression
of the bacterial Ass gene from Rhodopseudomonas
viridis in transgenic tobacco plants (Kaiser et al. 2002)
leads to a significantly decreased content of free
spermidine and a delay in development. Deoxyhypusine
synthases from different species share significant
homology. Most notable is the occurrence of DHS
isoforms in L. esculentum, suggesting a possible
developmental and tissue specific expression. Of
particular interest is the finding that senescence-induced
DHS and eIF5A in tomato tissues may facilitate the
translation of mRNA species required for programmed
cell death (Wang et al. 2001).

CONCLUSIONS

From the current status of work it is evident that
spermidine is absolutely necessary for cell proliferation
in parasitic protozoa, plants and fungi. Spermidine
interacts with nucleic acids and membrane proteins.
Among these essential functions of spermidine may be
the formation of hypusine and homospermidine and thus
the link between polyamine biosynthesis and protein
biosynthesis. Possibly both spermidine-metabolizing
enzymes might be novel drug targets for antiparasite
therapy (Fig. 4) if these metabolites have been demon-
strated to be important. The current status of spermidine
research in Plasmodium falciparum is summarized in
Fig. 4.
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Fig. 4. Polyamine biosynthesis and metabolism in Plasmodium falciparum. The biosynthesis of putrescine and decarboxylated
S-adenosylmethionine is catalyzed by a bifunctional enzyme ornithine (ODC)/S-adenosylmethionine decarboxylase (SAMDC) in
P. falciparum. Spermidine synthase (SPDS) catalyzes the reaction from putrescine and decarboxylated S-adenosylmethionine to
spermidine. The existence of spermine in P. falciparum is still a matter of debate. A characterisation of the enzyme spermine
synthase (SPMSY) was not successful. Spermidine is a very important substrate of the enzyme deoxyhypusine synthase (DHS),
which is ubiquitous in all eukaryotes. Deoxyhypusine synthase catalyzes the first step in hypusinylation of a eukaryotic
translation initiation factor eIF5SA. Sequencing data obtained from the malaria genome project suggest the occurrence of the dhs
gene in the parasite. The triamine homospermidine can be formed by DHS or by HSS from spermidine and putrescine. Distinct
transporter systems for putrescine and spermidine have been described. Abbreviations: MTA — methylthioadenosine, MR —

methionine recycling pathway.
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