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Abstract A first approach to discover new antimalarials

has been recently performed in a combined approach with

data from GlaxoSmithKline Tres Cantos Antimalarial Set,

Novartis-GNF Malaria Box Data set and St. Jude Chil-

dren’s Research Hospital. These data are assembled in the

Malaria Box. In a first phenotypic forward chemical

genetic approach, 400 chemicals were employed to eradi-

cate the parasite in the erythrocytic stages. The advantage

of phenotypic screens for the identification of novel

chemotypes is that no a priori assumptions are made con-

cerning a fixed target and that active compounds inherently

have cellular bioavailability. In a first screen 40 mostly

heterocyclic, highly active compounds (in nmol range of

growth inhibition) were identified with EC50 values B2 lM

against chloroquine-resistant Plasmodium falciparum

strains and a therapeutic window C10 against two mam-

malian cell lines. 78 % of the compounds had no violations

with the Lipinski Rule of 5 and only 1 % of the compounds

showed cytotoxicity when applied at concentrations of

10 lM. This pre-selective step of parasitic eradication will

be used further for a test of the Malaria Box with a

potential in iron chelating capacity to inhibit deoxyhypu-

sine hydroxylase (DOHH) from P. falciparum and vivax.

DOHH, a metalloprotein which consists of ferrous iron and

catalyzes the second step of the posttranslational modifi-

cation at a specific lysine in eukaryotic initiation factor 5A

(EIF-5A) to hypusine. Hypusine is a novel, non-proteino-

genic amino acid, which is essential in eukaryotes and for

parasitic proliferation. DOHH seems to be a ‘‘druggable’’

target, since it has only 26 % amino acid identity to its

human orthologue. For a High-throughput Screening (HTS)

of DOOH inhibitors, rapid and robust analytical tools are a

prerequisite. A proteomic platform for the detection of

hypusine metabolites is currently established. Ultra per-

formance Liquid Chromatography enables the detection of

hypusine metabolites with retention times of 7.4 min for

deoxyhypusine and 7.3 min for hypusine. Alternatively,

the analytes can be detected by their masses with gas

chromatography/mass spectrometry or one-dimensional

chromatography coupled to mass spectrometry. Moreover,

the identified hits will be tracked further to test their effi-

cacy in novel ‘‘in vitro assays’’. Subsequently in vivo

inhibition in a humanized mouse model will be tested.
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Introduction

The Malaria Research and Eradication Agenda (MalERA)

(malERA Consultative Group on Drugs et al. 2011) has

recently defined the vision of the future antimalarial drug

which should eradicate all developmental stages of the six

different human malaria pathogenic strains in a single

patient encounter independent of the severity and state of

infection. During recent years, the spectrum of human

pathogenic malaria parasites was extended. Plasmodium

knowlesi was identified to proliferate in humans as a simian

parasite (White 2008) and two sympatric globally spread

subspecies of Plasmodium ovale occurred (Sutherland et al.

2010) which might further complicate therapy and diag-

nosis. However, the issues of MalERA cannot be reached

in the near future. Moreover, short of this optimal goal, in a
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draft research agenda, the consortium emphasizes the

necessity to develop gametocytocides and more rapid and

robust diagnosis with respect to parasitic liver stages to

broaden the knowledge about the biology of P. vivax, the

benign malaria parasite. In particular, in vitro cultivation

methods of the persisting dormant hypnozoites are

required. In sum, evaluation of new antimalarials should be

enforced in a variety of epidemiological settings.

The genomics revolution has not yet led to new anti-

malarial medicines and target-based lead discovery has

produced disappointing results, generally for lack of

whole-cell activity as documented for bacteria (Swinney

and Anthony 2011). The lack of new antimalarials and the

reduced clinical response to artemisinin-containing drug

combinations (Dondorp et al. 2009) led to an accelerated

screening for novel antimalarial compounds. These

screening approaches had either a virtual, genetic or

chemical basis (Penna-Coutinho et al. 2011; Diaz et al.

2006; Rottmann et al. 2010).

Different antimalarial compound libraries from various

pharmaceutical drug companies were released to public and

applied in High-throughput Screening assays (HTS). The

Open Access Malaria Box (Spangenberg et al. 2013) has

different resources i.e., Glaxxo SmithKline (GSK) The Tres

Cantos Antimalarial Dataset (TCAMS) (Gamo et al. 2010),

Novartis, and St. Jude Children’s Research Hospital. The

St. Jude’s dataset comprised 1,523 unique structures, while the

Novartis dataset included 5,661 structures. 1,986,056 com-

pounds of the Tres Cantos Antimalarial dataset (TCAMS)

were tested for inhibition of chloroquine-resistant P. falci-

parum 3D7 at 2 lM under in vitro conditions. 13,533 com-

pounds were identified displaying 80 % growth inhibition.

Several analogs of 4-aminoquinolines (for example, chlo-

roquine), 8-aminoquinolines (for example, primaquine),

methanol-quinolines (for example, quinine), diaminopyr-

imidines (for example, pyrimethamine), diaminotriazines

(for example, cycloguanil) and naphthoquinones (for

example, atovaquone) are all present in the hit collection.

They do not represent more than 10 % of all the hits by the

similarity criteria. Liver cytotoxicity was checked with

human hepatoma HepG2 cells. The compound library was

checked against multidrug resistant P. falciparum strains.

However, these strains exhibited sensitivity against more

than 60 % of the compounds.

Target-based drug screening has dominated the drug

discovery process during the last decades. However, it has

been shown in some cases that it was not successful. In this

context, screening activities against lactate dehydrogenase

(LDH) (Granchi et al. 2010; Cameron et al. 2004) identi-

fied azole derivatives responsible for anti-parasitic activity

but could not be linked to enzyme inhibition. Thus LDH

was not druggable. Meanwhile, phenotype-based screens

are applied which have the advantage to act against their

antimalarial target in a cellular context (Guiguemde et al.

2012).

Referring to this novel screening approach, a combined

screening has been started with the Malaria Box based on

two strategies, i.e., a phenotypic and a target-based

screening for inhibitors of deoxyhypusine hydroxylase

(DOHH). The enzyme catalyzes the second step of a

posttranslational modification of lysine 50 in eukaryotic

translation initiation factor 5A (EIF-5A). This review

summarizes the most important biological and biochemical

data obtained for DOHH from P. falciparum and P. vivax

and focuses on the analytical challenge for a HTS

screening.

In the phenotypic screening from 400 compounds 10 %

exhibited antiplasmodial activity in the erythrocytic stages.

These compounds were assembled on their drug-like

properties and as molecular probes in the Malaria Box

(Spangenberg et al. 2013). Forty active compounds

(IC50 \ 2 lM) were selected because of high activity in

the blood stages. Applying empirical medicinal chemistry

most of the 40 compounds can function as chelators or

kinase inhibitors dependent on their scaffolds. These drugs

will be selectively applied for a target-based screen to

inhibit hypusine biosynthesis.

Hypusine is a non-proteinogenic amino acid present in

eukaryotic translation initiation factor 5A (eIF-5A) (Shiba

et al. 1971). A unique characteristic of eIF-5A is its acti-

vation through hypusination. This step is catalyzed by the

sequential action of deoxyhypusine synthase (DHS) and

deoxyhypusine hydroxylase (DOHH). The resulting post-

translational modification occurs at lysine 50 in eukaryotic

translation initiation factor 5A. Hitherto, a lot of different

functions have been attributed to hypusinated EIF-5A.

Recent data have shown a putative role of hypusinated EIF-

5A in stress-induced signaling which appears in diabetes

(Maier et al. 2010), malaria (Schwentke et al. 2012), and

HIV (Hauber et al. 2005). In diabetes type 2 pancreatic

stressed b-cells (Maier et al. 2010) and in HIV-infected T

cells (Hofmann et al. 2001), eIF-5AHyp is functional as a

nucleocytoplasmic shuttle protein for the transport and

translation of specific mRNAs (Rosorius et al. 1999).

Particularly in HIV, eIF-5AHyp is essential for the nucle-

ocytoplasmic transport and translation of incompletely

spliced mRNAs encoding viral proteins (Mittal et al. 2013).

During the infectious process of cerebral malaria proin-

flammatory cytokines including tumor necrosis factor a
(TNF-a), interferon c (IFN-c) and interleukin (IL)-1b are

produced locally before the ‘‘entry of the systemic phase’’

in which cytokines activate macrophages and CD8? T

cells. It was recently shown that a knock down of the eIF-

5A or the dhs gene in Plasmodium prevented iNos induc-

tion in the human host, which protects against the infection

(Schwentke et al. 2012).
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The second enzyme of the hypusine pathway, DOHH

has recently been assessed to be a druggable target for

antimalarial chemotherapy in P. falciparum and Leish-

mania major (Mittal et al. 2013). The occurrence of E-Z

HEAT-like repeats and ferrous iron in the active site of

the DOHH protein might be exploited for the discovery

of novel interacting proteins or chelators with new lead

structures. In sum, separation of DOHH by native PAGE

electrophoresis revealed two bands, i.e., one band refer-

red to the apoprotein, which does not contain ferrous

iron while the latter represents the holoenzyme with

ferrous iron, which is coordinated to four histidine glu-

tamate residues (Kerscher et al. 2010). The molecular

cloning of the DOHH orthologue from the neglected

human malaria parasite P. vivax (Atemnkeng et al. 2013)

has confirmed the previous target assessment for P. fal-

ciparum DOHH. Purified DOHH protein shows func-

tional activity and has only four E-Z HEAT-like repeats

opposed to the five present in its orthologue from

P. falciparum. Moreover, it was demonstrated that the

active catalytic site of DOHH from P. vivax can be

selectively inhibited by zileuton, (RS)-1-(1-Benzothio-

phen-2-ylethyl)-1-hydroxyurea (Rossi et al. 2010), an

inhibitor of human 5-lipoxygenase (5-LOX) which cata-

lyzes the first two reactions in the production of leuko-

trienes from arachidonic acid. Moreover, 5-LOX is a

validated target for anti-inflammation drug design. All

lipoxygenases are homologous in sequence and have the

same two domain structure which is an N-terminal

b-barrel domain and a C-terminal catalytic domain

(lipoxygenase domain) (Rossi et al. 2010) containing a

ferrous iron. Moreover, the iron is ligated in an octahe-

dral arrangement by three conserved histidines, one

His/Asn/Ser, and the C-terminal isoleucine. By contrast,

the ferrous iron in Plasmodium DOHH is coordinated by

four histidine glutamate residues. The structural similar-

ities between 5-LOX and plasmodial DOHH might

reflect a common mechanism resulting from iron com-

plexation of the inhibitor in both enzymes.

One of the main issues of this combined screening

approach is to close the major gaps in current chemother-

apy of P. vivax and P. falciparum infections. Primaquine, a

8-aminoquinoline is the only drug to cure the dormant

hypnozoites present in the liver which switch to the

infectious form due to unknown signals. In case of

P. falciparum, there is a lack of gametocytocides since

most 4-aminoquinolines have only weak or no activity

against these developmental stages which would decrease

the transmission rate. In this context, DOHH can be used as

a common target to screen the 40 hits obtained from a

phenotypic screen of the highly active substances of the

erythrocytic stages from the Malaria Box. Based on

an empirical medicinal chemistry approach different

inhibitors with a potential of iron chelating activity will be

selected to validate DOHH from two human malaria

parasites.

A proteomic platform for hypusine detection

Since a HTS can only be successful with rapid and robust

analytical methods, we installed a proteomic analysis

platform during recent years which is able to analyze data

in a microplate formate. Moreover, non-radioactive assays

had to replace the former radioactive filter assay with

[14C]- or [3H]-spermidine for DHS and DOHH (Park et al.

2011; Sasaki et al. 1996).

Since hypusine is formed by two subsequent enzymatic

reactions, i.e., deoxyhypusine synthase and deoxyhypusine

hydroxylase, purification was performed with the N-ter-

minal histidine tagged fusion proteins of EIF-5A, DHS or

DOHH in recombinant pET-15b/pET-28a. Each protein

was expressed separately in E. coli BL21 (DE3) or Rosetta

cells. Purification of the different proteins was performed

by Nickel-chelate affinity chromatography. Enrichment of

deoxyhypusinylated eIF-5A (Dhp) and hypusinated eIF-5A

(Hyp) was achieved with two steps of size-exclusion

chromatography applying an Amicon Ultra 100 and an

Amicon Ultra 30 column cutting off DHS and DOHH,

respectively. Modified EIF-5A was recovered by size-

exclusion chromatography and analysed by subsequent

peptide hydrolysis (Fig. 1).

For the detection of hypusine mainly three different

analytical tools were applied. GC/MS analysis is currently

the most suitable technique for a large and rapid analysis of

compounds like the Malaria Box. The main advantages are

the easy derivatization with methyl chloroformate accord-

ing to a method described by (Husek 1991) leading either

to N-methylated derivatives of the amino groups or to the

esterification of the free carboxylic groups. A typical ion

mass spectrum of hypusine isolated from a DOHH activity

assay in a peptide hydrolysate after MCF derivatization

identified the molecular ion [M] ? at 347 and a molecular

fragment of [M-OCH3] with [M-31]?. This fragment is

absent in deoxyhypusine and thus enables a differentiation

between both metabolites.

Recently, cellular polyamines have been separated by

HPLC after 6-aminoquinolyl-N-hydroxysuccinimidyl car-

bamate (AccQ-Tag, Waters Germany) derivatization

(Kaiser et al. 2012). This prompted us to develop an

alternative assay to quantify the intermediate deoxyhypu-

sine and the final product hypusine by Ultra performance

Liquid Chromatography (UPLC). Derivatization with

AccQ-Tag occurred at all three amino groups in hypusine,

while derivatives with one or two derivatized amino groups

resulted in different retention times.
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Employment of UPLC facilitated the separation of the

hypusine metabolites in a peptide hydrolysate within

approximately 7 min of detection (Kaiser et al. 2012).

Retention times for deoxyhypusine were 7.44 min and for

hypusine 7.30 min, respectively. The limit of detection for

both compounds was 0.144 ng/l. However, although this

method can be applied for HTS it has to be coupled to a

mass spectrometer. Different fragmentation patterns of

hypusine have been obtained with characteristic molecular

masses [see ‘‘Introduction’’ part within].

A third analytical alternative for hypusine determination

is one-dimensional chromatography (SDS-PAGE) coupled

to mass spectrometry. In this case, deoxyhypusinated EIF-

5A protein is extracted after separation from the SDS-

PAGE gel and analysed by MALFI-TOF (time-of-flight) or

MALDI-TOF–TOF (time-of-flight) (time-of-flight) mass

spectrometry after digestion with either trypsin or the

endoproteinase LysC which cleaves proteins on the C-ter-

minal side of lysine (Dyshlovoy et al. 2012). MALDI-TOF

is a laser-based soft ionization method producing

Analytics of hypusine

110 °C/6n 
HCl 24 h

Hydrolysis

Evaporation

UPLC

Gas 

Chromatography

Peptides

A

B

C

Fig. 1 Demonstrates the whole capacity of the proteomics working

platform. The first step to establish a non-radioactive assay was to

develop a rapid and robust, but sensitive procedure to evaluate the

efficacy of the inhibitors. This can be achieved by three different

bioanalytical techniques. a Gas chromatography/Mass Spectrometry

(GC/MS): GC/MS was originally used in the field of metabolomics to

determine the active metabolites in tissues or body fluid. For the

detection of hypusine in a peptide hydrolysate methyl chloroformate

derivatives with esterified reactive side chains or carboxylic groups

are formed. b Ultra performance Liquid Chromatography (UPLC)

coupled to mass spectrometry is a rapid assay to detect hypusine

metabolites after derivatization with 6-aminoquinolyl-N-hydroxy-

succinimidyl carbamate (AccQ-Tag, Waters Germany) at the primary

amino groups. Separation was performed on an Acquity system

(Waters) equipped with a binary solvent manager, a sample manager

with column heater and a photodiode-array detector (PDA). c For

Matrix-Assisted Laser Desorption Ionization time-of-flight spectrom-

etry (MALDI-TOF/TOF), the DOHH protein is only purified and

embedded in a matrix. There is laser ionization of a molecular beam,

laser desorption of solid samples from an alternative dual-stage

reflectron. The kinetic energy distribution in the direction of ion flight

can be corrected using a reflectron. Time-of-flight is a method of mass

spectrometry in which an ion’s mass-to-charge ratio is determined via

a time measurement
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single-charged ions that can be routinely used for peptide

mass fingerprints (typically 1–5 proteins). Tandem high-

resolution mass spectrometry will even lead to a higher

resolution (Fig. 1).

Blocking hypusine biosynthesis in different stages

of parasitic development and subsequent assay

in a humanized mouse model

Hits deriving from the proteomic platform after DOHH

target evaluation will be further analysed for their activity

against different developmental stages.

Hitherto, there is no in vitro culture system for P. vivax

although it remains the most widely distributed human

parasite. One of the main reasons is that P. vivax prefers

reticulocytes, which are non-mature erythrocytes for its

growth. The only alternative is a short-term in vitro culture

of P. vivax and P. ovale for drug-susceptibility testing. An

in vitro maturation of the parasites to schizonts in a single

asexual life cycle is the minimal requirement for the drug-

susceptibility assay which has been shown for the short-

term in vitro culture (Basco and Le Bras 1994). The

advantages of using hematopoietic stem cells are that the

asynchronous maturation of the erythroid cells enables

continuous production of fresh reticulocytes and that the

cells contain hemoglobin A. This facilitates a simpler

cultivation procedure, and weekly addition of the growing

erythrocytes is sufficient to maintain the parasites.

However, recent advances in establishing a transfection

system have paved the way (Sanchez et al. 2013) for epi-

somal expression of indicator genes to study mechanisms

of gene regulation, gene replacement and knock down

strategies. In sum, episomal expression of indicator genes

in P. vivax might be a valuable tool to further define the

quality of P. vivax DOHH inhibitors.

Mostly important is the investigation of the DOHH

inhibitors in in vivo assays. Over recent years, several

rodent models have been established to study in vivo

efficacy of antimalarial compounds. The rodent model with

the malaria parasite P. berghei is the best available mouse

model for human P. falciparum-mediated cerebral malaria.

Regulatory T cells, in particular CD4 ? cells and TH1

cytokines, such as gamma interferon (IFN-c), which

exacerbate the inflammatory cascade responsible for local

and systemic inflammation are involved in the induction of

the disease. Consistent with this view, C57BL/6 mice,

usually prone to developing TH1-dominated responses

(Scott et al. 1989), are susceptible to murine cerebral

malaria syndrome, whereas BALB/c mice, with a TH2-

biased response, are resistant (Kossodo and Grau 1993).

While infections with C57BL/6 mice lead to cerebral

malaria within 6 days post infection, BALB/c mice do not

succumb to cerebral malaria but hyperparasitemia and die

due to hemolytic anemia. However, the relevance of rodent

models for the study of human cerebral malaria (HCM) is

still a controversy since experimental cerebral malaria

(ECM) associated with marked accumulation of leuko-

cytes, but not with prominent sequestration of cytoadherent

mature trophozoite/schizont iRBC in brain vessels as in

HCM (Nie et al. 2007). A clarification is necessary of how

inhibitor or intervention studies of adjuvant treatments in

mice should be interpreted. In most studies, the inhibitors/

drugs are given before the development of neurological

symptoms thereby providing information on disease pro-

cesses in ECM, but not necessarily on the identification of

viable therapies. The validity of carrying out human clin-

ical trials, often in underpowered studies, purely on the

basis of this type of rodent malaria data is questionable

(Craig et al. 2012).

Moreover in the past, much effort has been made by

many researches to extrapolate differences in in vivo

pharmacokinetics of drugs in human from animal models.

A severe combined immunodeficient transgenic mouse line

was established recently with replacement in the human

liver by more than 80 % human hepatocytes (Katoh and

Yokoi 2007). These chimeric mice exhibited human phase

I and phase II enzymes in a capacity which was comparable

to the human donor. The patterns of the metabolizing

enzymes, i.e., CYP2D6, an isoform responsible for

metabolism of many drugs, could be induced and inhibited

in a similar way as for human orthologues. Drug metabo-

lism consists of oxidation, reduction, hydrolysis, and con-

jugation. The former three reactions are designated as

phase I reactions and the latter as a phase II reaction.

Although a transgenic mouse line with human P450s has

been established (Zhang et al. 2003), the use of such

transgenic mice is limited because only one human P450

can be expressed. This chimeric mouse line should be a

very promising model for examining ADME in humans

and might be a better model than any other experimental

animal to evaluate the in vivo pharmacokinetics in human.

Future perspectives

Two different strategies are pursued to validate DOHH.

One strategy is based on iron complexation of the purified

target protein, the latter will be started on a combined basis

using a phenotypic screening with the Malaria Box for

selection of activity in the erythrocytic stages and a sub-

sequent chemical profiling. A bioanalytic, proteomic plat-

form will be applied for quantification of the analytes of the

hypusine pathway. The identified hits need further devel-

opment in the preclinical phase using suitable rodent

models. In particular, compounds should be considered
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which fill the gaps in antimalarial chemotherapy, i.e.,

eradication of hypnozoites and gametocytes. As there is no

crystal structure for parasite or human DOHH, 3D models

of both proteins could be approached exploiting protein

homology. A homology modeling or ‘‘ab initio’’ structure

prediction to obtain at least the structure of the drug-

binding domain will be performed (Sánchez-Jiménez et al.

2013).
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