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Abstract

Inhibition of polyamine biosynthesis and/or the tpdyation of polyamine
functionality have been exploited with success ragjaparasitic diseases such as
Trypanosomainfections. However, when the classical polyamib®synthesis
inhibitor, a-difluoromethylornithine, is used against the humaalaria parasite,
Plasmodium falciparumit results in only a cytostatic growth arrest.ly@mine
metabolism in this parasite has unique propertasshared by any other organism.
These include the bifunctional arrangement of tamlgtic decarboxylases and an
apparent absence of the typical polyamine interemion pathways implying
different mechanisms for the regulation of polyaenlromeostasis that includes the
uptake of exogenous polyamines at leastitro. These properties make polyamine
metabolism an enticing drug targetn falciparumprovided that the physiological
and functional consequences of polyamine metabotisnturbation are understood.
This review highlights our current understandingtiod biological consequences of
inhibition of the biosynthetic enzymes in the polyae pathway irP. falciparumas
revealed by several global analytical approachdsmbtely, evidence suggests that
polyamine metabolism iR. falciparumis a validated drug target worth exploiting.
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Polyamines as antiproliferative tar gets.

Various constituents control the fate of a cell iagprogresses through cellular
development amongst which low-molecular weightag@anous bases, known as the
polyamines, are essential (and near ubiquitouspioodites enabling well regulated
cell growth and development. Due to their polyagatonature, the polyamines,
including the diamines putrescine (1,4-diaminobejarand cadaverine (1,5-
diaminopropane) as well as the triamine putrescleavative spermidine (N-(3-
aminopropyl)-1,4-diaminobutane) and the tetra-amilegivative spermine (N,N1-
bis(3-aminopropyl)-1,4-butanediamine), have thditgbio interact electrostatically
with the majority of polyanionic macromolecules dells and thereby influence a
variety of processes including cell differentiati@nd proliferation, embryonic
development and apoptosis (reviewed in e.g. (Helay. e2003; Wallace et al., 2003).
As a consequence, increased concentrations ofdiiyarpines and their biosynthetic
enzymes are observed in highly proliferating cellsch as cancerous cells and
parasitic organisms (Heby et al.,, 2003). This had to proposing polyamine
metabolism as a drug target by either preventitrigaellular polyamine biosynthesis
or by competitively displacing the functional pahyge pool within cells with non-
functional polyamine analogues (Seiler, 2003a; €8e2003b; Casero et al., 2007;
Wallace et al., 2007; Mdller et al., 2008). In thearch for anti-tumour therapeutic
intervention, inhibitors to almost all the biosyetic enzymes have been successfully
designed and tested (Marton et al., 1995; Casead.,e2007). The vast numbers of
anti-tumour drugs thus produced are a rich sourp®tential drugs or drug leads that
could be applied against other etiologic agente li&gpidly proliferating parasites
(Muller et al., 2001; Heby et al., 2003; Heby et, &007). Malaria (caused by
Plasmodium species), west African sleeping sicknessrypanosoma brucei
gambiensg and leishmaniasisLéishmania donovapiamongst others, are global
parasitic diseases and in all of these has polyamatabolism been identified as a
drug target (Mdller et al., 2001; Heby et al., 2D0Mmportantly, the biosynthesis
inhibitor a-difluoromethylornithine (DFMO, Eflornithine, Ormyd™) is currently the
only therapeutically and clinically useful drug ghoto potently prevent proliferation
of T. brucei gambiense

Polyamine metabolism in Plasmodium.

Around 40% of the world’s population in 107 couesriive under the constant risk of
malaria infection, with an estimated 350-500 milli@linical malaria episodes
occurring annually. The scale of the malaria probkerves to emphasise the fragile
nature of prevailing control programmes and the drtgnce of developing more
effective methods for the eradication of malariaaldfia pathogenesis is exhibited
during the asexual intraerythrocytic cycle Pasmodium falciparunin the human
host where the parasite replicates during schizp@mm ring and trophozoite stages
to mature merozoite-releasing schizonts.

Polyamines have been shown to be the major metabpiesent within malaria
parasites, highlighting the importance of theseeamdes to these rapidly dividing
parasites (Teng et al., 2008). At a total concéiomeof 10 mM inside the parasites,
free, unbound polyamines make up 14% of the tBtabmodiummetabolome. In

contrast, human erythrocytes contain only trace wanrtso(5-50 pM) of polyamines
(Gugliucci, 2004; Olszewski et al.,, 2009) and lattle necessary polyamine
biosynthetic enzymes. Serum polyamine levels omipunt to 0.1 uM. However,
there is a significant increase in polyamine levels P. falciparuminfected

erythrocytes during the development of the parasien trophozoite to schizont
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stages, proportional to increased parasitaemia, itlteeased activities of the
polyamine biosynthetic enzymes as well as increasadromolecular biosynthesis
and replication (Assaraf et al., 1984; Das Guptal.e2005). Spermidine is the major
metabolite present in all stages of the parasit@atimally 6 mM, followed closely

by its precursor, putrescine (3 mM) with only traamounts of spermine (0.5 mM)
(Das Gupta et al., 2005; Teng et al., 2008) (F)g.Pblyamine metabolism has also
been closely linked to malaria pathogenesis and-ferasite interactions during a
severeP. falciparuminfection resulting in hypoarginineamia (Olszewskal., 2009).

Systematic investigations of the polyamine metabpéthway inP. falciparumand
characterization of the involved proteins (Mllera¢, 2000; Wrenger et al., 2001;
Birkholtz et al., 2003; Birkholtz et al., 2004; Mgl et al., 2005; Wells et al., 2006;
Burger et al., 2007) have indicated that polyamimesynthesis in this parasite
exhibits several unique aspects (Muller et al.,220@ller et al., 2008). Polyamine
metabolism inP. falciparumis less complex compared to the scenario in theamu
host (Fig. 1). The synthesis of polyamines is awéd by the production of the
precursor, ornithine, from arginine through theesattivity of arginase. Subsequent
synthesis of putrescine and spermidine in the fiarassrespectively dependent on the
activities of ornithine decarboxylase (ODC, EC #4.17) and spermidine synthase
(SpdSyn, EC 2.5.1.16). S-adenosylmethionine desgtase (AdoMetDC, EC
4.1.1.50) provides activated aminopropyl donor, adeoxylated @S-
adenosylmethionine (dcAdoMet), for the synthesis spermidine. No spermine
synthase activity has been described in plasmdiuniquely, SpdSyn is able to
produce low levels of spermine (Haider et al.,, 2008lost importantly and
interestingly, the two rate-limiting decarboxylas#ivities are found in a bifunctional
arrangement in a single protein complex (AdoMetDOX), a property unique to
plasmodia (Muller et al., 2000). No evidence foremaonversion of polyamines to
their acetylated intermediates for catabolism ccwddshown thus far compared to
other organisms (Seiler, 2004) and regulatory maishas described for ODC and
AdoMetDC activities in other organisms (includinghtiayme and prozyme,
respectively), are absent iR. falciparum However, putrescine has regulatory
functions resulting in the feedback inhibition ofDO with no stimulation of
AdoMetDC activity (Wrenger et al., 2001; Wells &t 2006). It has therefore been
proposed that the control of polyamine metabolismthis parasite is mediated
through the coordinated expression of the bifumaicAdoMetDC/ODC enzyme and
regulation of the associated activities. Howevemrgtaholic flux appears to be
dependent on the bifunctional decarboxylase, SpdSywell as polyamine transport
mechanisms.

Beyond these obvious enticing differences betwedyamine metabolism of humans
andP. falciparum polyamine depletion has not met with obvious dpeutic success
in malaria. In contrast to the situation in trypsomes, polyamine depletion R
falciparumonly results in cytostatic arrest of the parasegersible by the exogenous
in vitro provision of some polyamines (Assaraf et al., 39Blbwever, while essential
trypanothione synthesis as well as methylation i@k in trypanosomes seems
influenced by polyamines, this relationship seembd absent in plasmodia and has
been proposed as a possible reason for the theéi@palure of polyamine depletion
in malaria parasites (van Brummelen et al., 200%¥gtails of the functional
consequences of polyamine metabolism perturbatiahe malaria parasite, and the
unique regulatory mechanisms that exists to exilysi control polyamine



homeostasis irP. falciparum warrant further clarification and will be discess
below.

Inhibition of AdoM etDC/ODC in P. falciparum

The bifunctional AdoMetDC/ODC enzyme is considetedbe a highly druggable
protein (index of 0.8 out of 1) and ranks as ontheftop 20 novel antimalarial targets
according to the World Health Organisation’s TrepiDiseases Research Targets
Database (http://tdrtargets.org). Most inhibitorjudses thus far, targeted the
decarboxylase activities individually. Inhibitiori either ODC or AdoMetDC oP.
falciparum alone causes cytostatic arrestvitro in the trophozoite stage of the
parasite schizogony in erythrocytes but does na lBubergheiinfected mican vivo
(Assaraf et al., 1987; Bitonti et al., 1987; Wrightal., 1991).

DFMO has proved to be the most promising ODC intbitsince its development in
1978 (Metcalf et al., 1978), and as a mechanisme¢asicide analogue of ornithine,
effectively inhibits this enzyme iR. falciparumwith a Ki of 87.6 uM, more than
double that of the mammalian ODC (Krause et alg020However, with amn vitro
ICs0 of ~1 mM (Krause et al., 2000; Das Gupta et abQ3) (Table 1), DFMO
treatment of. falciparumonly results in a cytostatic block in the trangfation from
trophozoites to schizonts (Assaraf et al., 1987) affectively synchronises the
parasites (Assaraf et al., 1986). Moreover, DFM@ambination with the common
antimalarial, chloroquine (CQ), did not show an itide effect on CQ sensitive.
falciparumstrains (Das et al., 1995).

The functional consequence of DFMO-mediated intubibf P. falciparumand the
proposed mechanism-of-action has been the deplefiqrutrescine levels (>98.5%
decrease) and a >80% decrease in spermidine |gA\staraf et al., 1987; Wright et
al., 1991; Das Gupta et al.,, 2005). Changes innsper levels range from largely
unchanged (Assaraf et al., 1987; Wright et al.,1)96 a 2-fold increase (Das Gupta
et al., 2005). This increase supports the findimgf SpdSyn can use spermidine as
substrate, and in the absence of putrescine, Spsg&yms to be stimulated towards
spermine synthesis. However, alternative mechanisntduding an enhanced
spermine uptake mechanism or release of spermame &ndogenously sequestered
forms may exist.

The cytostatic (as opposed to cytotoxic) naturé@BIiC inhibition by DFMO inin
vitro P. falciparumhas been proposed to be due to the ability op#nasite to take up
exogenously provided polyamines to replenish irdtatar pools. Intraerythrocyti.
falciparumis enclosed by the parasite plasma membrane (Pl parasitophorous
vacuolar membrane (PVM) and the erythrocyte plasneanbrane (EPM), all of
which have to be transversed to access the patasitel). Evidence to date suggests
that putrescine enters the infected erythrocyte dxploiting the endogenous
polyamine uptake mechanism of erythrocytes. Oncadén the parasitophorous
vacuole, putrescine is taken up Byfalciparumagainst the concentration gradient in
an electrogenic process that is mediated by thebrame potential (Fig. 1). DFMO-
mediated inhibition of polyamine biosynthesis résuh a decreased concentration
gradient for putrescine and stimulates putrescip@ke (J. Niemand, unpublished
data). A polyamine transporter has not yet beemtiflied in P. falciparum but
putrescine transport iR. knowlesihas been characterized (Singh et al., 1997). With
this transport ability in mind, evidence suggesist tthe inhibition of ODC activity
can be reversed with exogenous putrescine (0.5-) (Dlsls Gupta et al., 2005) with
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some evidence for spermidine (0.25 mM) (Assaraélet1987) as well as against
spermidine reversal (Bitonti et al., 1987), butraversal by spermine. Moreover, the
diamine cadaverine (0.4 mM) could also elicit @dnteversal of DFMO inhibition of
ODC (Assaraf et al., 1987). The physiological impoce of the uptake of putrescine
(and conflicting reversal by the other polyaminasdl consequent reversal of DFMO-
mediated inhibition ofP. falciparum remains questionable since the available
polyamines in serum is orders less thanitheitro concentrations (~1 mM) used to
reverse inhibition. However, as polyamine metalooliand homeostasis is more
complex in other organisms than in plasmodia, tiegelase in polyamine transport
under conditions of biosynthesis inhibition, or tieéease of sequestered polyamines
from intracellular systems like vacuoles, probalgiays a significant role in
regulating homeostasis in these parasites.

Hepatic schizogony d?. falciparumis effectively blocked by DFMO (Hollingdale et
al., 1985). Moreover, DFMO protected mice from malasporozoite infection by
blocking exoerythrocytic schizogony (Hollingdale &t, 1985). The sporogonous
cycle of P. bergheiis also interrupted by DFMO inophelesmosquito vectors
(Gillet et al., 1983). However, the treatment otenalready infected by blood stage
P. bergheiwith DFMO alone had little effect oR. bergheierythrocytic schizogony
and does not increase the survival time of infectéck (Bitonti et al., 1987). These
conflicting results obtained with DFMO as only dastatic agent against erythrocytic
stages of plasmodia but effective inhibitor of hepstages and sporozoites, implicate
either differences in the uptake of the drug irfedént life cycle stages of these
parasites or otherwise unknown regulatory mechasism

New generation ODC inhibitors, 3-aminooxy-1-amiragane (APA) and derivatives
CGP 54169A and CGP 52622A have also been showrrdstR. falciparumat the
trophozoite stagen vitro (Das Gupta et al.,, 2005) (Table 1). These strattur
putrescine analogues all have Ki values in the mddvrange due to parasite-specific
interactions with ODC (Birkholtz et al., 2003) aack >600 times more potent than
DFMO in vitro (Das Gupta et al., 2005). All of these inhibitdexreased putrescine
and spermidine levels but again result in increageimine concentrations and could
be antagonised with exogenous addition of putres@mb mM) (Assaraf et al., 1987).
As putrescine analogues, these inhibitors mightlogixghe putrescine uptake
mechanism to gain entry inf. falciparumand in this manner be more effective than
the ornithine analogue, DFMO.

AdoMetDC catalyses a chokepoint reaction due tpritsluction of decarboxylated S-
adenosylmethionine (dcAdoMet) (Yeh et al., 2004peQof the first AdoMetDC
inhibitors, methylglyoxal bis(guanylhydrazone) (MGB preventedP. falciparum
growthin vitro (Heidrich et al., 1983). Second generation inbiisit resembling the
substrate molecule AdoMet, include the irreversitmbibitor 5-{[(Z)-4-amino-2-
butenyljmethylamino}-5’-deoxyadenosine (MDL73811 AbeAdo), which arrests
both CQ sensitive and resistahtfalciparumin the trophozoite stage of development
(Wright et al., 1991). At a Ki of 1.6 uM and witlm a vitro 1Csp of 1-3 UM between
CQ sensitive and resistant parasites, MDL73811 (804old more potent than
DFMO (Wright et al., 1991; Das Gupta et al., 200B3ble 1). However, the use of
MDL73811 alone was not effective in curing miceectied withP. berghei(Wright et
al., 1991), possibly due to rapid clearance ofdhey (plasma half-life of only 10
min). Further inhibitory studies, based on the b@sgylhydrazone) pharmacophore,
identified CGP40215A as the most potent with ag W@lue of 1.8 uM (Das Gupta et
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al., 2005) (Table 1). This compound was shown teehaidespread antiprotozoal
activity against trypanosomes abeishmania possibly due to its structural similarity
to diamidines (Das Gupta et al., 2005).

The functional consequences of AdoMetDC inhibith@ve been diverse and inhibitor
specific. CGP40215A, although potent, did not pértthe intracellular polyamine
concentrations inP. falciparum suggesting off-target effects beyond AdoMetDC
inhibition (Das Gupta et al., 2005). Polyamine-sfge¢argeting was observed with
MDL73811 treatment, where a 3-fold upregulatiorpafrescine concentrations were
observed. Moreover, spermidine concentrations w8 decreased and spermine
levels were ~93% decreased after extended drugyreegWright et al., 1991; Das
Gupta et al., 2005). MDL73811 inhibition cannot teversed by the exogenous
addition of putrescine or adenosine (Wright et 8091; Das Gupta et al., 2005),
again with contrasting results for reversal wittD35M of spermidine or spermine
(Wright et al., 1991) as well as against (Das Guetaal., 2005), leading to
speculations of poor uptake mechanisms for spenmidh the parasite. However,
recent data indicate that the parasites are aliigkeoup spermidine at both a higher
rate than putrescine, as well as to higher lexkldN{emand, unpublished data). The
mechanism of MDL73811 has also been proposed telagd to the accumulation of
AdoMet in addition to polyamine depletion, leaditgga hypermethylated state in
trypanosomes as the major functional explanationthef therapeutic success of
MDL73811 in these parasites (Byers et al., 1991¢ccBaet al., 1992). However,
MDL73811 treatment of. falciparumdid not lead to increased levels of AdoMet and
neither could a hypermethylation status be detedtedthese parasites after
AdoMetDC inhibition (Reeksting, 2009; van Brummel2009b).

Most studies focussed solely on the inhibition bé tindividual decarboxylase
domains of the bifunctional AdoMetDC/ODC. Howeveven though both activities
can function independently of each other (Wrengerale 2001), experimental
evidence suggests allosteric regulation of theviddal domains by interdomain
interactions, most likely influenced by the prewajl metabolite concentrations
(Birkholtz et al., 2004). Since both of these atitg reside on a single bifunctional
polypeptide, it may be an important contributor &ogs the regulation of polyamine
metabolism in malaria. Co-inhibition of the bifuimetal protein with DFMO and
MDL73811 indicated a non-synergistic but additiieee due to the bifunctional
nature of the protein (Assaraf et al., 1987; Wrightal., 1991; van Brummelen,
2009b) whereas the co-treatment of trypanosomadtses a synergistic action
(Bacchi et al.,, 1992). Both decarboxylase actigitef AdoMetDC/ODC inP.
falciparum were depleted after the simultaneous additionhesé drugs, indicating
their complete and irreversible action (van Brumemel2009b). The functional
consequence of the co-inhibition of both decarbasgs is the depletion of putrescine
and spermidine (10% residual for the latter) in pleasite with no significant change
in spermine levels (Reeksting, 2009; van Brummederal., 2009a). Downstream
metabolites dependent on the presence of polyamiass precursor, 5'-
methylthioadenosine (MTA) and 5’-methylthioinosii®TI), were also depleted
(Reeksting, 2009; van Brummelen et al., 2009a). ddvnhibition of both of these
activities is therefore more interesting from aréipeeutic point of view.

Inhibition of SpdSyn in P. falciparum.

Investigations of SpdSyn as drug targelirfalciparumhave not been as extensive as
those of AdoMetDC/ODC. Cyclohexylamine analoguesHAE have been
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investigated as inhibitors of the aminopropyltranaée activity of SpdSyn by
competitively binding to the putrescine binding ket Investigations of CHA
derivatives 4-MCHA (trans-1,4-methylcyclohexylamindicyclohexylamine as well
as the ODC inhibitor APA and its derivative, 5-aptitrpentene (APE), revealed 4-
MCHA to exhibit the bestn vitro growth 1G, at 34 uM (Table 1). Moreover, 4-
MCHA was also the most potent direct inhibitor @dSyn activity with a Ki of 0.18
UM (Haider et al., 2005). APA seems to be a motterganhibitor of ODC activity
and only inhibits SpdSyn at angCof 84 uM. Unfortunately, administration of 25
mg/kg of 4-MCHA to mice infected withP. bergheihad no effect on parasitic
proliferation or survival of the mice (Muller et a2008), possibly due to assimilation
of 4-MCHA in the host organism. Multi-substrate lxgaies, which resemble both the
dcAdoMet and putrescine transition state, have rkafdy good binding character. S-
adenosyl-1,8-diamino-3-thiooctane (AdoDATO) was omed to have potent
inhibitory activity against SpdSyn and an;¢©f 8.5 uM (Dufe et al., 2007) (Table 1).

The functional consequence of SpdSyn inhibitiorCiyA is a significant decrease in
both spermidine and spermine levels, accompaniea 4yold increase in putrescine
levels (Kaiser et al., 2001; Becker et al., subeditt Reports on the antagonism of the
inhibition of SpdSyn are controversial, with sonbeit(not complete) reversibility of
CHA affected with spermidine (Kaiser et al., 200Neither putrescine nor
spermidine (500 puM) could antagonise APE and 4-MCidRAibition of SpdSyn.
However, the specific ability of 4-MCHA to targetlg SpdSyn has not been proven
and off-target effects cannot be excluded.

Polyamine analogues active against P. falciparum.

The most promising and enticing evidence of polysmmetabolism as drug target in
plasmodia is based on the use of not only direzyme-based inhibitors aimed at
polyamine biosynthesis inhibition and polyamine ldgpn, but also from the effects
of replacement of the functional polyamine poolhwvitthe parasites with polyamine
analogues. Bitontet al proved that a bis(benzyl) polyamine analogue, "¥js{3-
[(phenylmethyl)aminolpropyl}-1,7-diaminoheptane (MP7695), rapidly inhibits
growth in both CQ sensitive and resistBnffalciparumstrainsin vitro (Bitonti et al.,
1989).The combined use of MDL27695 and CQ on drug semsii falciparumin
vitro is additive and enhances CQ action (Das et aB5)19As clear polyamine
depletion was not observed and exogenously supplaghmines could not rescue
MDL27695-treated parasites, mechanistically différeffects of this polyamine
analogue beyond polyamine biosynthesis inhibitiome aimplicated. The
administration of MDL27695 in combination with DFM@owever, cures murine
malaria caused bYy. bergheiand these mice were immune to re-challenge with
sporozoites (Bitonti et al., 1989). The polyamimalague caused inhibition of DNA,
RNA and at a later stage also protein synthesislasdlisruption of macromolecular
biosynthesis resulted in cell death. Unfortunatalthough promising, this polyamine
analogue was never further investigated due toilplesbepatotoxic properties (L
Marton, personal communication) but could be exptbias a pharmacophore for
rational drug design (de Beer et al., 2009).

Recently, new polyamine analogues aimed specwicallantiparasitic actions have
been synthesised. These include polyamine amidé&mkthylanthranilic acid that
mimic the charge perspective of natural polyamiaesl exploit the parasite’s
polyamine transport mechanism to gain entry inte tell (Geall et al., 2004).
Although interesting from the perspective of a roalar tool to probe polyamine
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transport, since the spermine analogues effectaetymulated withifP. falciparum
the therapeutic use of these fluorescent compousdamt clear. Chemical library
screening of diamine derivatives has proven sonigitgcagainst plasmodia at kg
values 0.68 uM provided these derivatives contamdnzyloxy group (Labadie et
al., 2004) (Table 1). Selectivity could not be rated but antiparasitic activity was
confirmed inLeishmania Several of a series of 1,3,5-triazine-substitygelyamines
have also shown inhibitory activity in the low pMnge, especially against CQ
resistantP. falciparum (Klenke et al., 2003). In none of these studiesewtne
functional consequences investigated and it remeinse seen if there is a direct
perturbation of polyamine metabolism.

Functional consequences of P. falciparum polyamine depletion from a global
per spective.

In a scenario such as that seen with the polyamwmlesre no single function can be
ascribed to these molecules and diverse cellulaegsses including stabilisation of
DNA, RNA, nucleoside triphosphates (e.g. ATP), pitasdipids and proteins are
affected by them, determining their exact functiosing reductionist biological
approaches may be uninformative. On the other hdmedapplication of integrative
global analyses systems like functional genomigestigations may yield insight into
the basic biological processes governed by theapalyes, as well as provide global
responses and mechanism-of-action predictions bibitors aimed at perturbing
polyamine metabolism (Montanez et al., 2007; Bitkhet al., 2008).

Beyond polyamine depletion as a direct functiomalsequence of DFMO treatment,
the involvement of polyamines in macromoleculartegsis was also implicated by
the concomitant decrease observed in the syntloésasssubset of proteins, partial
inhibition of RNA synthesis and total inhibition &NA synthesis (Assaraf et al.,
1987). Functional genomics investigations of polysmmmetabolism perturbe®.
falciparumhave provided clear evidence of the functionalseguences of inhibition
of AdoMetDC/ODC and SpdSyn beyond the ascribed gulye depletion. In the
absence of polyamines, the cytostatic arrest se@gophozoites irP. falciparumwas
demonstrated to be due to a massive transcriptiamast in the parasite (van
Brummelen et al., 2009a). This arrest results itraascriptional signature that is
characteristic of polyamine-specific perturbatiahge to inhibition of either ODC
with DFMO (Clark et al., 2008) or AdoMetDC with MOB811 (S Smit, unpublished
data), their co-inhibition with both drugs (van Brmelen et al., 2009a) or the
targeting of SpdSyn with CHA (Becker et al., suled). Prior to the synthesis of
these proteins (peaking in the early trophozoitgetparasites) and the onset of
polyamine biosynthesis, morphological and functioganomics analyses of ring
stage parasites did not indicate any off-targksces of these drugs. Analyses of the
arrested transcriptomes of polyamine-depleted pasascompared to parasites
perturbed metabolically or with other antimalarjadbowed that polyamine-specific
perturbations cluster tightly and provide a polyaespecific signature profile not
seen under any other conditions (van Brummelen9200

Inhibition of the individual decarboxylases of theomplete bifunctional
AdoMetDC/ODC results in the induction of presumabbmpensatory responses in
the cytostatic, polyamine-depleted environment. ddvdregulation of the transcript
for AdoMetDC/ODC itself is seen when the proteinnkibited (van Brummelen et
al., 2009a) but not when SpdSyn is inhibited (Be&keal., submitted). These results
suggest the presence of a molecular signal peantpitt the depletion of putrescine
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and spermidine in the first situation, but an iase in putrescine and decrease in
spermidine in the latter, for the auto-regulatidnbdunctional protein production.
This could be indicative of intricate feedback regory mechanisms to control the
synthesis of the bifunctional decarboxylase. Intast, it does not seem as if such
regulatory mechanisms exist for the control of Spd$roduction, since SpdSyn
transcript or protein levels are unchanged in gguine-depleted environment.

As a result of ODC or AdoMetDC/ODC inhibition, begemingly not for AdoMetDC
alone or SpdSyn inhibition, there is a marked iaseein ornithine aminotransferase
(OAT) transcript and protein levels (Fig. 1). It wd be expected that inhibition of
the ODC domain of AdoMetDC/ODC would result in acriease in the levels of its
substrate, ornithine, that may be toxic to the gitggUeda et al., 1998). However, the
increase in OAT levels could result in the catabliof ornithine to glutamate-5'-
semialdehyde to effectively ensure homeostatic robraf ornithine levels (van
Brummelen et al., 2009a). Moreover, the export ighHevels of ornithine under
conditions of polyamine depletion cannot be exatuf@lszewski et al., 2009).

Cadaverine, with functions similar to the otheryamhines, has been shown to reverse
the DFMO-mediated inhibition of ODC in. falciparum(Assaraf et al., 1987), is able
to sustain growth of ODC mutaht donovani(Jiang et al., 1999) and has been
described as a physiologically important polyamim@lants and bacteria (Gamarnik
et al., 1991; Kim et al., 2006). Cadaverine is picatl through the decarboxylation of
lysine by lysine decarboxylase (LDC). In all instas of polyamine depletion .
falciparum (targeting AdoMetDC/ODC or SpdSyn), a marked inguc and
upregulation of LDC transcripts was observed ingheasite (van Brummelen et al.,
2009a; Becker et al., submitted). This protein peesviously and erroneously been
described as an alternative ODC essential to spasogh P. berghei,which is not
affected by DFMO. However, functional analyses loé P. falciparum ortholog
indicated that this protein is a 280 kDa proteirthwspecific activity against lysine,
and would not metabolise arginine or ornithine (Miilet al., 2008). Neither the
protein nor its activity is detectable under nornt&liular conditions and the
functional significance of the production of cadawe under conditions of polyamine
depletion inP. falciparum remains to be confirmed (van Brummelen, 2009b).
AdoMetDC/ODC co-inhibition resulted in the firstp@rt of the potential role of LDC

in the polyamine metabolism of protozoa (van Bruremet al., 2009a).

Inhibition of either AdoMetDC/ODC or SpdSyn has ealed the downstream
pathways that are dependent on the presence ddrpoigs. There is metabolic shut-
down in the production of MTA and MTI due to thendoegulation of the production
of adenosyl deaminase as well as uridine phospimeyl(Reeksting, 2009; van
Brummelen et al.,, 2009a; Becker et al., submitt@éy. 1). Ultimately, this
contributes to a decreased production of methiorand thus interference with
methionine recycling. A marked downregulation is@lved in AdoMet synthetase
transcript and protein levels when the AdoMetDC ponent of the bifunctional
AdoMetDC/ODC is targeted specifically but not wHamdSyn is inhibited. Decreased
AdoMet synthetase levels subsequently contributeht®® homeostatic control of
AdoMet levels inP. falciparum (Reeksting, 2009; van Brummelen et al., 2009a).
Thus, in contrast to the situation in trypanosomé®re increased AdoMet levels
leads to hypermethylation, there appears to be ymermethylated state iiP.
falciparum after inhibition of AdoMetDC. S-adenosylhomocys&iAdoMet ratios
are unchanged and no evidence for hypermethylatéd 3 observed (Reeksting,
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2009; van Brummelen, 2009b). There is also no exidef a feedback inhibition of

AdoMet synthetase activity by AdoMet itself (Mullet al., 2008), but it is clear that
the levels of the protein are controlled by polyaeniconcentrations (decreased
putrescine signals) and/or AdoMet levels. The latkhypermethylation therefore

could explain the therapeutic failure of MDL738ldlasmodia, as this is proposed
as the major cause of toxicity in trypanosomes ¢Baet al., 1992). It therefore does
not seem as if polyamines act epigenetically thindogpermethylation in plasmodia.

Polyamine metabolism and the redox status of de#lse been closely linked,
particularly in Trypanosomatids due to the polyagnilependent synthesis of unique
trypanothione (Mduller et al., 2003). IR. falciparum the thioredoxin superfamily
includes glutaredoxin, thioredoxin and plasmoredoxand no evidence for
trypanothione exists. It has recently been showh@AT and AdoMet synthetase are
among the binding partners of these three, whilgEl&iosyl homocysteinase (AHC)
binds to thioredoxin and glutaredoxin, confirming liak between polyamine
metabolism and thiol-based redox metabolisrR.ifalciparum(Sturm et al., 2009). It
was further hypothesized that the tight contrgbolfyamine biosynthesis is coupled to
redox regulation of OAT and AdoMet synthetase dmat this balances the flux of
AdoMet between polyamine biosynthesis (generallysirtg 2-5% of AdoMet levels)
and reactions for transfer of methyl groups (Gridb al., 2008). Depletion of
polyamines by targeting AdoMetDC/ODC #a. falciparumhas shown a marked
decrease in 1-cys peroxiredoxin, thioredoxin, dhitme-S-transferase and
glutathione reductase (K Clark, unpublished datah(Brummelen et al., 2009a). It
therefore seems as if there is an interplay betvpedyamine biosynthesis, control of
AdoMet levels and the redox status in the parasite.

Lastly, the inhibition of spermidine synthesis abuyrevent the formation of the
amino acid hypusine occurring in eukaryotic trangtainitiation factor (elF-5A) and
may be considered a major consequence of polyadapketion (Kaiser et al., 2003).
elF5A is synthesised by deoxyhypusine synthase af as deoxyhypusine
hydroxylase, with both activities present kh falciparum The hypusinilation of
elF5A is wholly dependent on the presence of spinaialthough the levels of
hypusinilation seems to be independently regulétaah polyamine depletion (Park,
2006). After inhibition of spermidine synthesis . falciparum by targeting
AdoMetDC activity, a downregulation in the levetnd differential regulation in its
isoforms) of elF5A was observed (S. Smit, unpuleitstdata). Therefore, beyond
targeting the activating enzymes of elF5A synthéasssobserved with the antifungal
drug ciclopirox), polyamine-depletion B. falciparumleads to an altered synthesis of
elF5A.

Conclusions:

Albeit being unique, polyamine metabolismRn falciparumhas not reached its full
potential as a drug target against these paraditesto contrasting evidence of the
effect of e.g. DFMO ornin vitro parasites as opposeditovivo malaria infections as
well as intracellular vs. sporozoite forms of thargsite. Biosynthesis inhibition
results in a massive transcriptional arrest in heasite due to the absence of the
stabilising function of the polyamines. Moreovemnpensatory responses are
induced in the parasite in this polyamine-depletadironment to possibly allow the
parasite to survive and contribute to the cytostatature of the biosynthetic
inhibitors. Since the parasite is able to take ofh putrescine and spermidine under
normal physiological conditions, the involvement tedinsport mechanisms seems

12



essential to the homeostatic control of polyamineis parasite. The transport of at
least putrescine is enhanced in conditions whexdibsynthesis of this polyamine is
inhibited, and the low levels of putrescine thatstiprovides the parasite are
presumably effectively converted to trace levelsgh@ most functionally important
polyamine, spermidine. In this way, SpdSyn actig&ems to be a major component
in controlling the overall flux in the system h falciparum Inhibition of SpdSyn is
seemingly not reversible by spermidine uptake, ibbsslue to a lack of a metabolic
signal for its increased uptake when putrescinestid available. However,
AdoMetDC/ODC still makes for an enticing drug targed seems to be essential to
the parasite since numerous genetic validationegfies have indicated that null
mutants are not viable (Muller et al.,, 2008). Uhiely, polyamine analogues
(possibly based on bis(benzyl) containing pharmboogs) that act as transport as
well as enzymatic inhibitors and in addition praviéd pool of non-functional
polyamines, may prove to be successful as novehalarials.
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Table 1. Summary of inhibitors aimed at the biosynthetidivaites controlling
polyamine biosynthesis irP. falciparum, as well as non-functional polyamine
analogues active against the parasite. Direct eazghibition values are given as Ki
or 1Cso (in some instances) and growth inhibition by vitro 1Cso. DFMO: a-
difluoromethylornithine, APA: 3-aminooxy-1-aminoane, MGBG: methylglyoxal
bis(guanylhydrazone),
deoxyadenosine, CHA, cyclohexylamine, 4-MCHA: 4-hyétyclohexylamine, APE:
5-amino-1-pentene, AdoDATO: S-adenosyl-1,8-dianBrtbHooctane.

MDL73811:

5-{[(Z2)-4-aminoktenyllmethylamino}-5'-

Inhibitor Structure Ki (uM) or In vitro Ref
|C50* |C50 (HM)
OoDC
inhibitors
DFMO H 87.6 1250 (Krause et al., 2000;
“ZNWCHFZ Das Gupta et al,
HooC 2005)
APA HN 0.0027 1 (Das Gupta et al,
N0, 2005)
CGP54169A CHs 0.0079 2 (Das Gupta et al.,
HoN ; 2005
2 \O/\/\NHZ )
CGP52622A NH, 0.002 2.7 (Das Gupta et al.,
2005)
HzN\O
AdoMetDC
inhibitors
MGBG )Nt (Heidrich et al., 1983)
_N. S NH,
HN NH X N
CGP48664A NH /NH«NHZ 3 8.8 (Das Gupta et al.,
Ha = 2005)
CGP40215A I « i " 1.3 1.8 (Das Gupta et al,
HNJK©/\N/ Km/\@/gw 2005)
MDL73811 A N, 1.6 3 (Das Gupta et al.,
J\LN/ =N 2005)
HO OH NVN
SpdSyn
inhibitors
CHA @ 19.7* 198 (Haider et al., 2005)
HoN
4-MCHA __<:> 0.18 34.2 (Haider et al., 2005)
HaCm—( o NH,
APE __CH, 6.5* 83.3 (Haider et al., 2005)
HZN/\/\/
APA HN 84 1 (Haider et al., 2005)
\O/\/\NH2
AdoDATO o 8.5 8.5 (Dufe et al., 2007)
Wh PR
Dicyclohexyl >1000 342 (Haider et al., 2005)
amine
NH
Polyamine
analogues
Bis(benzyl) analogues i e ACHRr (CHls - 0.2-14 (Bitonti et al., 1989)
(e.g. MDL27695) N ““A©
1,3,5-triazine analogues eg - 0.0519- (Klenke et al., 2003)
\WY\/\/\R/\/\/\(YZ >16
N\(N NN
Diamine derivatives Q - - 2-6 (Labadie et al., 2004)
¥0F3 H3N+/\/\T/B
o} R4
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Fig. 1 Functional consequences of polyamine depletidp. ifalciparum The parasite
is depicted in its three-membrane enclosed intthewgytic environment namely
erythrocyte plasma membrane (EMP), parasitophor@esiolar membrane (PVM)
and parasite plasma membrane (PPM). Polyamined@aentrations are indicated.
Thick red or green arrows indicate up- or downrajoh of transcripts and proteins
after inhibition of ODC, AdoMetDC or SpdSyn. Thimr@wvs of the same colour
indicate metabolite level changes (left for AdoME&MDC inhibition, right for
SpdSyn inhibition). Unchanged metabolites are iaigid with orange arrows. ODC:
ornithine decarboxylase, AdoMetDC: S-adenosylmetin® decarboxylase, OAT:
ornithine aminotransferase, SpdSyn: spermidine heydt, ADA: adenosine
deaminase, PNP: uridine phosphorylase, MTA: 5'-iiétioadenosine, MTI: 5'-
methylthioinosine, MTRP: 5’-methylthio-D-ribose-hgsphate, AdoMet: S-
adenosylmethionine, dcAdoMet: decarboxylated S-asjmethionine, AdoMetSyn:
S-adenosylmethionine synthase, MetTfase: methiomaresferase, AHC: S-adenosyl
homocysteinase, AdoHC: S-adenosylhomocysteine, Whet&ethionine synthase,
HC: homocysteine, H-elF5A: hypusine in elF5A, HSomospermidine, Met:
methionine, Lys: lysine, Cad: cadaverine

Putrescine /
Spermidine
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