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zileuton (N-[1-(1-benzothien-2-yl)ethyl]-N-hydroxyurea), 
a drug that is known for inhibiting human 5-lipoygenase 
(5-LOX) by the complexation of ferrous iron. A novel dis-
covery program was launched to identify inhibitors of the P. 
falciparum DOHH from the Malaria Box, consisting of 400 
chemical compounds, which are highly active in the eryth-
rocytic stages of Malaria infections. In a first visual selec-
tion for potential ligands of ferrous iron, three compounds 
from different scaffold classes namely the diazonapthyl 
benzimidazole MMV666023 (Malaria Box plate A, posi-
tion A03), the bis-benzimidazole MMV007384 (plate A, 
position B08), and a 1,2,5,-oxadiazole MMV665805 (plate 
A, position C03) were selected and subsequently evaluated 
in silico for their potential to complex iron ions. As a proof 
of principle, a bioanalytical assay was performed and the 
inhibition of hypusine biosynthesis was determined by GC–
MS. All tested compounds proved to be active in this assay 
and MMV665805 exhibited the strongest inhibitory effect. 
Notably, the results were in accordance with the preliminary 

Abstract  Deoxyhypusine hydroxylase (DOHH) is a dinu-
clear iron enzyme required for hydroxylation of the amin-
obutyl side chain of deoxyhypusine in eukaryotic translation 
initiation factor 5A (eIF-5A), the second step in hypusine 
biosynthesis. DOHH has been recently identified in P. fal-
ciparum and P. vivax. Both enzymes have very peculiar 
features including E–Z type HEAT-like repeats and a diiron 
centre in their active site. Both proteins share only 26  % 
amino acid identity to the human paralogue. Hitherto, no 
X-ray structure exists from either enzyme. However, struc-
tural predictions based on the amino acid sequence of the 
active site in comparison to the human enzyme show that 
four conserved histidine and glutamate residues provide 
the coordination sites for chelating the ferrous iron ions. 
Recently, we showed that P. vivax DOHH is inhibited by 
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quantum–mechanical calculations suggesting the strongest 
iron complexation capacity for MMV665805. This com-
pound might be a useful tool as well as a novel lead struc-
ture for inhibitors of P. falciparum DOHH.

Keywords  Deoxyhypusine hydroxylase · Hypusine · 
Plasmodium · Malaria Box · Iron chelators

Introduction

During recent years, it has been shown that biosynthetic 
enzymes of the polyamine pathway are important drug tar-
gets. Ornithine decarboxylase combats African sleeping 
sickness (Milord et  al. 1992) emphasizing its importance 
in hyperproliferating parasite cells. Most notably, unbound 
polyamines constitute 14  % of the parasite’s metabolome 
(Teng et al. 2009). However, the enucleated human eryth-
rocyte does not possess biosynthetic enzymes for active 
polyamine biosynthesis resulting in low polyamine con-
centrations in the range of 5–50 µM. During malaria infec-
tion, there is notable rise in polyamine levels during the 
trophozoite to schizont stage transition (Birkholtz et  al. 
2011). In correlation with the increase of polyamine lev-
els, the activity of regulatory key enzymes, i.e., S-adeno-
sylmethionine-decarboxylase (SAMDC) and spermidine 
synthase (SPSYS) is elevated during schizogeny (Assaraf 
et al. 1984).

The unusual amino acid hypusine is formed by post-
translational modification of a lysine side chain (K 51 in 
human) in eukaryotic translation initiation factor 5A (eIF-
5A) (Kaiser 2012). Biosynthesis of hypusine (Fig. 1) com-
prises two enzymatic steps. The first step is the transfer of 
an aminobutyl moiety from the polyamine spermidine to 
the ε-amino group of a specific lysine in eIF-5A, which is 
catalyzed by deoxyhypusine synthase (DHS, EC 2.5.1.46) 
(Umland et  al. 2004). In the second step, deoxyhypusine 
hydroxylase (DOHH, EC 1.14.99.29) (Park et  al. 2006) 
completes hypusine biosynthesis by hydroxylation of the 
side chain and thus activates eIF-5A. Both enzymes have 
been first identified from human and yeast (Thompson 
et al. 2003) and subsequently in other eukaryotes but hith-
erto not in archae.

Out of the last mentioned enzymes, DOHH is more 
interesting as a potential target for drug discovery because 
of its distinct structural features. Structural analyses 
based on homology models revealed a HEAT-repeat-con-
taining protein with eight tandem repeats of an α-helical 
pair organized in a symmetrical dyad (Park et  al. 2006). 
These HEAT-repeat like structures suggest an interaction 
with different proteins. However, disrupting protein–pro-
tein interactions by small molecules has proved to be a 
challenging task. Notwithstanding, an iron-complexing 

strategy seemed promising since DOHH has four histi-
dine–glutamate residue pairs, which coordinate ferrous 
iron. Moreover, human DOHH has an oxygen regulated 
diiron centre, which forms a blue chromophore based on 
a (-1,2-peroxo)diiron(III)) complex upon the reaction of 
the reduced enzyme with O2 (Vu et al. 2009). The DOHH 
structure is unrelated to beta-helix type structures of the 
Fe(II)- and 2-oxoacid-dependent dioxygenases like colla-
gen prolyl- and lysine lyases (Park et  al. 2006). Further-
more, DOHH is essential for proliferation in the budding 
yeast but not in the fission yeast (Kang et  al. 2007). The 
mechanism of iron regulation has been recently studied 
for human DOHH (Frey et al. 2014). Two iron chaperons, 
PCBP1 and PCBP2 (polyrC binding proteins) known to 
bind iron and deliver it to ferritin and prolylhydroxylases 
are involved in the transfer of the ferrous iron to the metal-
loprotein DOHH (Frey et al. 2014).

Hitherto, parasitic DOHH has only been identified in 
different Plasmodium species, i.e., P. falciparum (From-
mholz et al. 2009) and P. vivax (Atemnkeng et al. 2013) and 
recently in Leishmania donovani (Chawla et al. 2012). The 
enzymes share common structural elements like the afore-
mentioned EZ-HEAT-like repeat motifs are also present in 
E/F type phycocyanin lyases from cyanobacteria. However, 
the number of HEAT-like repeats differs between the two 
Plasmodium species. While five HEAT-repeats occur in P. 
falciparum DOHH, only four are present in P. vivax, simi-
lar to the human paralogue. Both DOHH proteins from P. 
vivax and P. falciparum contain a highly conserved histi-
dine–glutamate (HE)-motif coordinating the ferrous iron. 
Despite the fact that both proteins have structural features 
in common with the human paralogue, they share only 
26 % amino acid identity with the human counterpart.

To date, the human DOHH has only been targeted with 
small iron chelating molecules, which inhibited the enzyme 
with a widely varying efficacy (Andrus et al. 1998; Clement 

Fig. 1   Biosynthetic pathway leading to hypusine modified eIF-5A. 
Hypusine biosynthesis is performed within two consecutive steps cat-
alyzed by deoxyhypusine synthase (DHS) transferring the aminobutyl 
moiety from spermidine to a specific lysine (lysine 51) residue in eIF-
5A. In a second step the hydroxyl group is introduced to the amin-
obutyl moiety by deoxyhypusine hydroxylase (DOHH)
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et  al. 2002). Among the molecules tested, the inhibitory 
activity decreases in the following order: ciclopirox> defer-
oxamine>  2,2′-dipyridyl>  deferiprone>  mimosine (IC(50) 
range: 5–200  µM). Moreover, these compounds inhibited 
recombinant DOHH from P. falciparum and P. vivax in 
vitro. However, a translational approach in a rodent model 
infected with the P. berghei ANKA strain caused death 
of the mice since the drugs obviously chelated additional 
metalloproteins (Saeftel et al. 2006). These results empha-
size the necessity for inhibitors, which are highly selective 
for the plasmodial enzyme and effective in vivo without 
affecting the human paralogue. DOHH from P. vivax has 
already been evaluated (Atemnkeng et al. 2013) since this 
parasite causes severe clinical symptoms and a relapse due 
to dormant hypnozoites after a primary infection has been 
cleared. The dormant hypnozoites persist in the hepato-
cytes of the liver. Primaquine is the only drug affecting the 
hypnozoites (Krotoski 1989) but it cannot be administered 
in case of pregnancy and patients with glucose-6-phos-
phate dehydrogenase deficiency, which occurs in malaria-
endemic regions (Baird and Hoffman 2004). In the present 
study, we focus on DOHH from P. falciparum which dif-
fers in the number of EZ-HEAT repeats with respect to the 
human counterpart.

To discover novel antimalarials selectively chelating 
the ferrous iron of DOHH from Plasmodium falciparum 
we screened the Malaria Box (Spangenberg et  al. 2013; 
von Koschitzky and Kaiser 2013), an open access com-
pound set from different resources, i.e., GlaxoSmith Kline 
(GSK), the Tres Cantos Antimalarial Set, the Novartis-GNF 
Malaria Box Data set and St. Jude Children’s Research 
Hospital (Guiguemde et al. 2010). In a first phenotypic for-
ward chemical genetic approach, the 400 compounds from 
the Malaria Box were tested for their ability to eradicate 
the parasite in the erythrocytic stages. More than 10 % of 
the compounds exhibited antiplasmodial activity in the 
nanomolar range against the chloroquine resistant P. fal-
ciparum 3D7  strain. These compounds were preselected 
and subdivided into drug-like and molecular probe-like 

molecules in the Malaria Box. Forty active compounds with 
an IC50 < 2 µM were selected because they eradicated the 
parasite in the blood stages. As obvious from visual inspec-
tion, the majority of those compounds could either function 
as metal chelators or act as kinase inhibitors, depending on 
their particular scaffolds. Three potential ligands of ferrous 
iron located on the Malaria Box microtiter plate A, i.e., the 
benzimidazole inhibitors, position A03, MMV666023 and 
position B08, MMV007384, and a 1,2,5-oxadiazole (posi-
tion C03) MMV665805 were identified and are depicted in 
Fig. 2.

The three identified compounds showed different EC50 
values in the range between 36.8  nM (MMV666023), 
177 nM (MMV007384) and 117 nM (MMV665805) when 
tested in a P. falciparum in vitro culture (Gamo et al. 2010). 
After addition of 2 µM of each compound, the rate of inhi-
bition in the hypusine assay was 96  % for MMV666023, 
98 % for MMV007384 and 97 % for MMV665805. These 
inhibitors were further analyzed for their capacity to inhibit 
P. falciparum DOHH in a target-based screen.

Materials and methods

Enzymatic synthesis of hypusine

In order to perform a P. falciparum enzyme activity assay, 
both purified modified P. vivax eIF-5A(dhp) and purified 
P. falciparum DOHH are necessary. To facilitate the first 
step of eIF-5A modification, purified recombinant eIF-5A 
from P. vivax was modified with recombinant human DHS, 
which has low substrate affinity but higher specific enzyme 
activity than the parasitic enzyme (Kaiser et al. 2007), and 
achieves the same modification. Both human DHS and P. 
vivax eIF-5A were N-terminally histidine tagged fusion 
proteins in recombinant pET-15b vectors and successfully 
expressed in E. coli BL21. After cell lysis, purification by 
Nickel-chelate affinity chromatography under native condi-
tions was performed. Subsequently, a buffer exchange with 

Fig. 2   Identified potential iron 
chelators in the Malaria Box. 
1. A03 MMV666023 N-phenyl-
1-[1-(phenylmethyl)benzimi-
dazol-2-yl]diazenylnaphthalen-
2-amine, 2. B08 MMV007384 
[2-(4-methoxyphenyl)-
6-[[2-(4-methoxyphenyl)-
3H-benzimidazol-5-yl]
methyl]-1H-benzimidazole] 3. 
C03 MMV665805 N-[4-(3,4-
diethoxyphenyl)-1,2,5-oxadia-
zole-3-yl]-3-methylbenzamide]
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0.1 M glycine/NaOH buffer was carried out. The enzyme 
activity assay was performed in a total volume of 1  ml, 
containing of 25  µg human DHS, 40  µg purified P. vivax 
eIF-5A precursor protein, 4 mM spermidine, 3 mM NAD, 
147 µl protease inhibitor cocktail (Roche, Mannheim, Ger-
many) and 0.1  M glycine NaOH buffer. Incubation took 
place at 37  °C in a shaker overnight and was stopped by 
freezing at −80 °C. Following incubation, a two-step size 
exclusion chromatography with Amicon-Ultracel filters 
(Amicon, Schwalbach, Germany) of 30 kDa and 100 kDa 
pore size (Frommholz et  al. 2009) was performed to 
remove the human DHS and concentrate the modified eIF-
5A (dhp) for further use.

Cloning of the dohh gene into the expression vec-
tor pET-28a and its expression in E. coli BL21 cells was 
described previously (Frommholz et  al. 2009). Follow-
ing Nickel-chelate affinity chromatography and rebuffer-
ing with 50  mM NaH2PO4 buffer, the protein concentra-
tion was determined and the purified DOHH protein was 
used in the enzyme activity assay. 600 µl of enzyme activ-
ity assay solution contained 7.5 µg purified P. falciparum 
DOHH, 25 µg P. vivax eIF-5A(dhp), 6 µl 0.1 M DTT, 6 µl 
0.1  M NAD, and 240  µl of 125  mM NaH2PO4 buffer. In 
order to investigate the putative inhibitory effects of the 
Malaria Box compounds of interest, the inhibitors were 
diluted in DMSO to obtain a 1 mM working solution. The 
compounds were employed in the enzyme activity in a con-
centration of 2 µM. All assays were incubated at 37 °C on 
a shaker for 3 h and the reaction was stopped by freezing 
at −80 °C. Hypusinated and non-hypusinated eIF-5A was 
recovered from the assay by employing a two-step size-
exclusion chromatography as describe above. The samples 
were hydrolyzed for 24 h at 110 °C in 6 N HCl before pro-
ceeding to GC/MS analysis.

Synthesis of (+)‑hypusine

A number of approaches have been reported in the litera-
ture for the stereoselective synthesis of hypusine (Tice and 
Ganem 1983; Bergeron et al. 1993, Jain et al. 2001). Due to 
the readily available starting materials, a method employ-
ing protected lysine and (S)-(+)-epichlorohydrin was cho-
sen (Bergeron et al. 1993).

As depicted in Fig. 3, the commercially available N-Cbz-
l-lysine benzyl ester (1) was first converted to N-benzyl-
N-Cbz-l-lysine benzyl ester (2) by reductive amination 
with benzaldehyde employing sodium cyanoborohydride 
in aqueous solution. N-protected derivative (2) was sub-
sequently reacted with (S)-(+)-epichlorohydrin providing 
chlorohydrin (3), which was then transformed into cyano 
derivative (4) by means of potassium cyanide. In the final 
step, hydrogenation of the cyano group and hydrogenolysis 
of protecting groups using platinum oxide as catalyst and 
hydrogen at atmospheric pressure gave rise to (2S, 9R)-(+)-
hypusine (5) in 6 % overall yield. All intermediates and the 
product were characterized by 1H NMR as well as MS and 
the spectral data for the substances matched those reported 
by Bergeron et al. (Bergeron et al. 1993).

The crude product obtained after hydrogenation was 
purified by preparative reversed phase HPLC with a Phe-
nomenex Aqua 250 ×  21.2 mm i.d. column, packed with 
spherical 10  µm C18 silica  using water/acetonitrile (9/1) 
containing 10  mM of ammonium formate buffer as the 
mobile phase.

GC/MS analysis

The GC/MS method used to analyze deoxyhypusine and 
hypusine is a modified version of a previously described 

Fig. 3   Synthesis of (2S, 9R)-hypusine, a benzaldehyde, NaBH3CN; 
b (S)-(+)-epichlorohydrin; c KCN, 18-crown-6, acetonitrile, reflux; 
d H2/PtO2, 0.1 MPa, CH3COOH. N-Cbz-l-lysine benzyl ester phe-

nylsulfonate was obtained from Bachem AG (Bubendorf, Switzer-
land), (S)-(+)-epichlorhydrin and other reagents were purchased from 
Sigma-Aldrich (Prague, Czech Republic)
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approach (Horak et al. 2014). After transferring 200 μL of 
the peptide hydrolysates into a glass vial, 125  pmol nor-
valine was added to the sample as an internal standard. 
The solvent was removed using a speedvac vacuum con-
centrator (Thermo Electron Corporation, Savant ISS110, 
Karlsruhe, Germany).

For esterification of the carboxyl group, 250 μL of a 
mixture containing deuterated ethanol and acetyl chlo-
ride [85/15 (v/v)] was added and the sample was derivat-
ized at 110  °C for 20  min. Afterwards, the derivatization 
reagent was removed at 110 °C by a gentle steam of nitro-
gen. For the subsequent derivatization of the amino func-
tion, 250 μL of a mixture of trifluoroacetic acid anhydride 
and trifluoroacetic acid ethyl ester [1:2 (v/v)] was added to 
the sample and heated at 130 °C for 10 min. The reagent 
was then removed at room temperature by a gentle steam 
of nitrogen. An additional derivatization for the hydroxyl 
group of hypusine was necessary. For this purpose, 100 μL 
hexamethyldisilazane was added and the sample heated for 
15 min at 70 °C. Following the addition of 50 μL of dichlo-
romethane, the solution was transferred to the GC vial and 
injected.

An Agilent Technologies 7890 A GC-System with 
MS detector (MS Agilent Technologies 5975 C inert 
MSD with Triple-Axis) and a DB5-MS capillary column 
(30 m × 250 μm i.d. × 0.1 μm film thickness) from Agi-
lent (Waldbronn, Germany) was employed. The injec-
tion volume was 1 µL and applied in the splitless mode 
using helium as carrier gas with a flow rate of 1  mL/
min. A temperature program was used to maintain a tem-
perature of 50  °C for 0.75  min, then ramping to 75  °C 
with 50  °C/min and keeping it for 1  min, followed by 
an increase of the temperature with 6 °C/min to 280 °C 
with a final hold for 10  min. The chromatogram was 
acquired by selected ion monitoring (SIM), using for 
norvaline m/z =  126, 168 and 199, for deoxyhypusine 
m/z =  126, 180 and 533, and for hypusine m/z =  129, 
242 and 606. The sum of the signal intensities of each of 
the three ions was accumulated and used for quantifica-
tion of the respective substance.

Two different procedures of processing of the GC/
MS data were employed to analyze the samples. The first 
method, which was previously described (Atemnkeng et al. 
2013; Njuguna et  al. 2014), leads to a relative quantifica-
tion of the amino acids in % within a sample by comparing 
the peak areas of the analytes. For obtaining insight into 
the absolute inhibition of P. falciparum DOHH by the com-
pounds of interest, a method using hypusine (for synthesis 
as described above) and deoxyhypusine (Kaiser et al. 2012) 
as standards as well as norvaline (Sigma Aldrich, Munich, 
Germany) as an internal standard was established. This 
method allows for quantification of hypusine in the pmol/µl 

concentration range. Both approaches allow for an expres-
sion of inhibition in % following analysis.

Western blot analysis

Two polyclonal antibodies were applied for Western Blot 
analyses, i.e., IU-88 (Nishiki et al. 2013) and anti-eIF-5A 
raised against the eIF-5A protein from P. vivax (Kerscher 
et  al. 2010). IU-88 is an antibody that specifically differ-
entiates between the modified and unmodified forms of 
human eIF-5A (Nishiki et  al. 2013). This antibody was 
kindly provided by Dr. B. Maier and Dr. R. G. Mirmira, 
Department of Medicine, Indiana University School of 
Medicine, Indianapolis, USA. The anti-eIF-5A antibody 
was raised against purified eIF-5A protein from P. vivax as 
described previously (Kerscher et  al. 2010). After separa-
tion of the proteins on 10 % SDS PAGE gels by gel elec-
trophoresis, proteins were transferred onto a nitrocellulose 
membrane (Bio-Rad, Munich, Germany) employing a 
semi-dry transfer method according to a modified standard 
Bio-Rad protocol (Bio-Rad, Munich, Germany). The IU-88 
polyclonal primary antibody was diluted 1:500 in PBS 
buffer with 5 % skim milk and 0.2 % Tween and incubated 
for 1  h at room temperature. Thereafter, the membrane 
was washed four times with PBS-buffer containing 0.1 % 
Tween 20 for 5 min to deplete unbound primary antibody. 
The secondary dye conjugated anti-IgG antibody IRDye 
800 CW was diluted 1:10,000 in PBS, 5 % skim milk and 
0.2 % Tween and incubated for 20 min at room tempera-
ture. Unbound secondary antibody was washed out with 
PBS-buffer (0.1  % Tween 20) three times for 5  min and 
finally pure PBS-buffer for 5 min. Membranes were dried 
in the dark and subsequently the immunoblot analysis was 
visualized using a LI-COR Odyssey fluorescence system. 
For Western Blot analysis with the primary anti-eIF-5A 
antibody, the antibody was diluted 1:200 in PBS-buffer 
with 5 % skim milk and 0.2 % Tween.

Results

Target validation of P. falciparum DOHH with compounds 
from the Malaria Box

The previously described 40 most active compounds of 
the Malaria Box (Avery et  al. 2014) were empirically 
pre-selected for potential iron complexing agents. This 
approach resulted in three compounds, i.e., the bis-benzi-
midazole A03 (MMV666023), the naphthyl azobenzimi-
dazole B08 (MMV007384), and a 1,2,5-oxadiazole C03 
(MMV665805). These compounds were screened for their 
potential to suppress hypusine synthesis by P. falciparum 
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DOHH via complexing the iron ions in the active site. To 
obtain DOHH for the inhibitor assay, we optimized the 
expression of P. falciparum DOHH in a recombinant pET-
28A expression vector in E. coli BL21 cells and started the 
subsequent purification of the DOHH protein under native 
conditions. A soluble protein of 42 kDa size was recovered 
at 250  mM imidazole concentration in eluate fractions 1 
and 2 after nickel chelate affinity chromatography. The esti-
mated size of the yielded protein matches the one of previ-
ously expressed P. falciparum DOHH protein (Frommholz 
et al. 2009). The different steps of DOHH protein purifica-
tion are illustrated in Fig. 4. However, it is evident that the 
eluate fraction 2 contained DOHH protein of the highest 
purity. Protein purification yielded between 480 and 520 µg 
of pure enzyme per 100 mL bacterial culture after purifica-
tion and rebuffering. Attempts to combine a desalting step 
with an affinity chromatography purification step failed in 
a Profinia System (Bio-Rad, Munich, Germany) (Kaiser, 
unpublished).

The nickel-affinity purified DOHH enzyme and deoxy-
hypusinated eIF-5A were employed in the activity assay. 
After incubation, the protein fraction was recovered, and 
hypusinated and non-hypusinated eIF-5A were separated 
from DHS enzyme by a two-step size exclusion chroma-
tography step (12). The protein hydrolysates of isolated 
hypusinated and non-hypusinated eIF-5A and subsequent 
peptide hydrolysates were used to study the inhibitory 
activity of three compounds shown in Fig.  2. It is worth 
mentioning that compound MMV666023 has already been 
tested in 21 different functional assays against Mycobac-
teria, Schistosomes, Plasmodium and the worm Oncho-
cerca linealis while MMV007384 was recently tested in 
an antiapicoplast and gametocytocidal screening (Bowman 
et al. 2014). MMV665805 was very recently identified in a 
screening for compounds disrupting ion homeostasis in the 
malaria parasite (Lehane et al. 2014).

GC/MS method for hypusine determination

To analyze the hydroxylase activity of P. falciparum DOHH 
after inhibition with 2 μM of each of the compounds, GC/
MS analysis was employed to monitor hypusine formation. 
For this purpose, derivatization of the amino acids in the 
protein hydrolysate was necessary. Initially, a relative quan-
tification was employed to derive information on the inhibi-
tory activity because a hypusine standard was not avail-
able (Atemnkeng et al. 2013; Njuguna et al. 2014). Thus, 
deoxyhypusine was quantified with external calibration 
and hypusine was estimated via the peak area ratio assum-
ing an identical detector response factor. Thereby, a relative 
% DOHH inhibition between 88 and 94 % relative to the 
positive control without inhibitor could be derived (Fig. 5). 
Since it was highly uncertain that the detector response 
is identical for hypusine and deoxyhypusine, a hypusine 
standard was synthesized. With both hypusine and deoxy-
hypusine standards in hand, both compounds could be 
determined with a validated GC–MS assay using absolute 
quantification.

A slight modification of the derivatization scheme was 
necessary. Since the secondary alcohol in the hypusine 
side chain was not derivatized by the double derivatiza-
tion protocol commonly utilized for amino acid analysis 
(Horak et  al. 2014), an additional derivatization with tri-
methylsilazane was carried out affording the trimethyl-
silylether derivative in the side chain. With this optimized 
derivatization scheme, hypusine and deoxyhypusine could 
be both detected in the same GC run with a DB-5 ms cap-
illary column. Figure 6a, b shows GC/MS chromatograms 
of a standard solution of hypusine and deoxyhypusine with 
100  pmol and 1.67  pmol on-column, respectively. The 
corresponding EI MS spectra of the peak at 27.616 and 
26.642  min clearly confirm the elution of the target ana-
lytes hypusine and deoxyhypusine, respectively (Fig.  7). 

Fig. 4   Expression and purifica-
tion of Plasmodium falciparum 
DOHH: P. falciparum DOHH 
was purified by Nickel-chelate 
affinity chromatography. Sepa-
ration was performed on a 10 % 
SDS gel, which was stained in 
blue Coomassie dye. The lanes 
shown are (left to right) the 
Precision Plus Protein marker 
(Bio-Rad, Munich, Germany), 
Column Flowthrough 1 and 
2, Wash fractions 1 and 2 and 
Eluate fractions 1 and 2. The 
purified 42 kDa DOHH Protein 
is marked by the arrow
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The most characteristic fragment ions are indicated by 
an arrow and were used for quantification by selected ion 
monitoring (SIM) scan mode.

Thus, for quantification, the accumulated intensities of 
the ions at m/z = 126,180 and 533 were used for deoxyhy-
pusine, while for hypusine the m/z values of 129, 242 and 
606 were selected. The internal standard norvaline (eluted 
at 7.611  min) was extracted by accumulation of the sig-
nal intensities of the m/z values of 126,168 and 199, using 
the SIM mode. The method was calibrated in the concen-
tration range of 0.3–5  pmol on-column. For this purpose, 
stock solutions of norvaline, hypusine and deoxyhypusine 
were prepared with a concentration of 1  mmol/L each. A 
dilution series of hypusine and deoxyhypusine was then 
prepared from the stock solutions to obtain calibrants with 
always the same concentration of norvaline (125  pmol 
on column). These mixed standard solutions were then 
injected into the GC/MS system. A linear response of the 
peak areas normalized by the peak area of the internal 
standard was found between 0.3 and 1.7 pmol analyte on 
column for both hypusine and deoxyhypusine. Correspond-
ing slopes and intercept as well as coefficients of determi-
nation are summarized in Table 1. LODs (limits of detec-
tion) and LOQs (limits of quantification), were determined 
based on signal to noise ratios of 3:1 and 9:1, respectively, 
whereby the noise was measured of the blank signal close 
to the hypusine and deoxyhypusine peak. LOQs were 0.03 
and 1.39 pmol on column for hypusine and deoxyhypusine, 
respectively (Table 1). Precision and accuracy were deter-
mined for a quality control sample containing 0.5  pmol 
and 1.5 pmol of hypusine and deoxyhypusine, respectively. 
Accuracies (as determined by % recovery) were good 
(close to 100 %) with an acceptable precision of 10–15 % 
(Table 1).

Fig. 5   Inhibitory effects of the Malaria Box compounds on P. falci-
parum DOHH activity obtained by relative GC/MS quantification Calibrant
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Fig. 6   GC/MS chromatograms showing the relevant part of the chro-
matogram in which hypusine and deoxyhypusine are eluted. a Stand-
ard chromatogram with deoxyhypusine and hypusine injected on col-
umn, b chromatogram of calibrant with 1.67 pmol of deoxyhypusine 
and hypusine injected on column, c sample without inhibitor (posi-
tive control), and d sample with inhibitor C03 (asterik indicates peaks 
which are also present in the blank)
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Inhibition of DOHH from P. falciparum with compounds 
from the Malaria Box

Next, we performed the DOHH activity assay in the presence 
of 2 μM of the respective inhibitors A03 (MMV666023), 
B08 (MMV007384), and C03 (MMV665805). GC/
MS analysis of the positive control (Fig.  6c) resulted in a 

concentration of 31.2 pmol/200 μL hypusine serving as ref-
erence value for an incubation without any inhibitory effect. 
The most potent inhibitor was C03 with 43  % inhibition 
of parasitic DOHH (Fig.  6d). The benzimidazole-derived 
inhibitors were slightly less effective with B08 showing 
39 % inhibition and A03 showing 36 % inhibition, respec-
tively. These results are summarized in Table 2.
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Fig. 7   EI Mass spectra of hypusine (a) and deoxyhypusine (b) 
extracted from the peak eluting at 27.616 and 26.638  min, respec-
tively, of the standard shown in chromatogram of Fig. 6b. The most 

characteristic fragment ions (indicated by arrows) are m/z = 129, 242 
and 606 for hypusine and m/z = 126, 180 and 533 for deoxyhypusine

Table 1   Method performance of GC/MS assay and validation data

a  On column
b  At a concentration of 0.5 pmol of hypusine and 1.5 pmol of deoxyhypusine on column
c  Range on column: 0.3–1.7 pmol

Amino acid Retention time (min) Slopec Interceptc R2c LODa (pmol) LOQa (pmol) Precision RSD (%) Recoveryb (%)

Hypusine 26.6 0.3271 −0.0342 0.9981 0.01 0.03 10.6 104

Deoxyhypusine 27.6 0.638 +0.0051 0.9808 0.42 1.39 14.5 103
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Two different procedures of processing the GC/MS data 
were employed to analyze the samples. The first method, 
which was previously described (Atemnkeng et  al. 2013; 
Njuguna et al. 2014), leads to a relative quantification of the 
amino acids in % within a sample by comparing the peak 
areas of the analytes. For obtaining insight into the abso-
lute inhibition of P. falciparum DOHH by the compounds 
of interest, a GC/MS method using hypusine (for synthesis 
as described above) and deoxyhypusine (Kaiser et al. 2012) 
as standards as well as norvaline (Sigma-Aldrich, Munich, 
Germany) as an internal standard was established, which 
allows quantification of hypusine in the pmol/µL concen-
tration range. Both approaches allow for an expression of 
inhibition in % following GC/MS analysis.

Predicted iron complexing activity of the antimalarial 
compounds based on quantum–mechanical calculations

As an indicator for the ability of the three inhibitors to 
complex ferrous iron ions, the electrostatic surface poten-
tial of the compounds was calculated after minimization of 
the molecules on the B3LYP/6-31G** level of theory. Fig-
ure 8a–c show the electrostatic potential of A03, B08 and 
C03 mapped on their molecular surface. Due to the pres-
ence of two or more electron-rich nitrogen and/or oxygen 
atoms in close proximity arranged in an appropriate geom-
etry, A03 and C03 can be expected to chelate iron ions 
forming bidentate complexes. In contrast, B08 possesses 
only a single coordination site. It is known from the Pear-
son concept of hard and soft acids and bases (HSAB) (Pear-
son 1963), that iron(II) ions favor binding to aromatic sp2-
hybridized nitrogen atoms as they are found in imidazole 
or related heterocycles. Consequently, all of the compounds 
should be capable of potently complexing the ferrous iron 
found in the core of the plasmodial DOHH enzyme. From 
the calculations of the electrostatic surface potential, it is 
obvious that compound C03 can be expected to possess 
the strongest iron(II)-complexing properties, which is in 

accordance with the biological data from Table 2. As seen 
in the 3-dimensional structure (Fig.  8a), the oxadiazole 
N2-nitrogen atom and the amide carbonyl group arrange in 
a coplanar fashion offering two strongly negative polarized 
coordination sites to chelate iron. Compound A03 (Fig. 8c) 
also fulfills the geometric requirements for iron chela-
tion. However, the electron density is mainly located on 
the benzimidazole N3-atom, suggesting that the lone pair 
of the diazo nitrogen atom, possessing a comparably low 
negative charge density, only weakly contributes to iron 
coordination. Therefore, a lower overall affinity towards 
iron ions can be expected when compared to C03. Inter-
estingly, the biological data show that compound B08 is 
a marginally more potent inhibitor in comparison to A03, 
despite the lack of a second iron coordination site (Fig. 8b), 
which might be exploited for forming a chelate complex. 
These findings suggest that bulky A03 does not properly fit 
the binding site of the enzyme leading to decreased affin-
ity, while the linear compound B08 might compensate 
its weaker iron-complexing properties by a better fit to 
the enzymes active site. However, the latter hypothesis is 
highly speculative and X-ray crystallographic data would 
be beneficial for gaining further insight into the binding 
modes of those compounds, allowing for a structure-based 
optimization.

Discussion

Three diverse chemotypes have been identified from the 
Malaria Box, i.e., an azonapthyl benzimidazole (A03), a bis-
benzimidazole (B08), and a 1,2,5-oxadiazole (C03) to inhibit 
the second enzyme of the hypusine pathway, the deoxyhypu-
sine hydroxylase. Due to characteristic structural features of 
those compounds, we assume that iron complexation is the 
key mechanism causing the inhibitory activity. The benzimi-
dazole MMV007384 (B08) is a probe-like compound, which 
was originally characterized in a screening for its gameto-
cytocidal and antiapicoplast activity (Bowman et al. 2014). 
However, the compound exhibits an IC50 of 870 ± 180 nM 
in gametocytes of the strain NF54 in vitro. By contrast, 
epoximicin functions as a positive control against gameto-
cytes with an IC50 of 3.8 ± 0.2 nM. This result demonstrates 
that the drug is not a typical gametocytocidal compound but 
might display a more significant effect in vivo. Moreover, 
MMV007384 (B08) has only a moderate activity against the 
asexual, erythrocytic blood stages of the chloroquine-sensi-
tive strain NF54 resulting in an IC50 of 100 ± 7 nM and an 
IC50 of 190 ±  20 nM against the Dd2 strain. In summary, 
the benzimidazole MMV007384 exerted an inhibitory effect 
on recombinant deoxyhypusine hydroxylase in vitro presum-
ably due to its iron complexation properties via one of its 
electron-rich benzimidazole rings, which is well suited for 

Table 2   Results for quantification of hypusine based on GC/MS

Determination of DOHH inhibition was determined by quantification 
of hypusine based on the established calibration function for hypu-
sine. Results represent the mean value + standard deviation

Standard deviations are given in italics

Compound Absolute GC/MS quantification

pmol hypusine/ 
200 ul solution

% DOHH  
inhibition

None 31.24 ± 0.03 –

MMV666023 (A03) 19.98 ± 0.03 35.9 ± 0.1

MMV007384 (B08) 19.10 ± 0.03 38.8 ± 0.1

MMV665805 (C03) 17.67 ± 0.03 43.3 ± 0.1



1164 I. von Koschitzky et al.

1 3

the complexation of ferrous iron according to the Pearson 
HSAB concept. Compound MMV665805 (C03) was previ-
ously tested in a screening that disrupts ion homeostasis in 
the malaria parasite (Lehane et al. 2014). It was characterized 
as one of four chemotypes resulting in multiple hits in Na+ 
and pH assays. Compounds with a spiroindolone structure 
resulted in Na dependent ATPase activity in parasite-eryth-
rocyte membrane preparations. Therefore, this compound 
serves as an inhibitor of the PfATP4 protein, which is an 
efflux pump that expels Na+ from the parasite in exchange 
with H+. Compound MMV665805 (C03) exhibited the best 
inhibitory property on DOHH in the activity assay. The supe-
rior inhibitory potency compared to B08 and C03 might be 
attributed to its stronger iron-complexation capacity. This is 
in accordance with quantum–mechanical calculations, high-
lighting the high electron density located on the oxadiazole 
N2 lone-pair and the neighboring amide carbonyl group, 
which are arranged in a favorable geometry for bidentate 
coordination. Hitherto, there is no published information 
about the mode of action of compound MMV666023 (A03). 
However, the compound has been investigated in a variety 
of biological assays against Mycobacteria, Schistosomes, 
Plasmodium and Onchocerca but without significant activity 
except for Plasmodium.

For a high-throughput screening (HTS) of inhibitors for 
each of the enzymes of the hypusine pathway a rapid, robust 
and precise analytical assay has to be established. Herein we 
demonstrated that besides the portfolio of proteomic tools 
(von Koschitzky and Kaiser 2013) GC/MS is also a valid 
technique to quantify deoxyhypusine and hypusine metabo-
lites. However, the screening of a compound library needs 
further simplification and automatization in a microtiter plate 
scale (Derbyshire et al. 2012). In this context, direct antibod-
ies against deoxyhypusine and hypusine would be of sig-
nificant advantage. Recently, Mirmira et al. reported results 
about a polyclonal antibody IU-88 that specifically recog-
nizes the hypusinated form of eIF-5A (Nishiki et al. 2013). 
However, the antibody was unable to distinguish between 
the deoxyhypusinated and hypusinated form of eIF-5A for 
unknown reasons (Nishiki et  al. 2013). The fact that the 
antibody IU-88 recognizes the hypusinated form of human 
eIF-5A prompted us to investigate whether it is able to rec-
ognize the deoxyhypusinated form of modified plasmodial 
eIF-5A (Fig.  9). In a first set of experiments the hypusine 
specific human antibody IU-88 detected a clear signal with a 
molecular size of 44 kDa in a whole cell lysate of 293T cells 
coexpressing a GFP-fusion protein of human eIF-5A and a 
GFP-DHS fusion protein-encoding vector (Fig.  9a, lanel). 
However, no signal was obtained when the antibody IU-88 
was used to detect the deoxyhypusinated form of Plasmo-
dium eIF-5A (Fig. 9a, lane 2) in a typical DHS assay apply-
ing recombinant DHS protein from human and plasmodial 

Fig. 8   Molecular electrostatic potential of compounds C03, B08 and 
A03 and partial charges for selected atoms. The electrostatic potential 
is mapped on the molecular surface at an isovalue of 0.001 electrons/
Bohr3. Negatively polarized areas are shown in red, while areas with 
a positive polarization are indicated by a blue-shift. a A potential iron 
chelating site in C03 is located between the oxadiazole N2-atom and 
the neighboring amide carbonyl function. b A potential iron coordina-
tion site in B08 is located on both of the benzimidazole N3-atoms. 
Due to the geometry of the molecule, it is unlikely that the nitrogen 
lone-pairs of both benzimidazole residues can coordinate a single ion. 
c A potential iron chelating site in A03 is located between the benzi-
midazole N3-atom and the second diazo nitrogen atom. The later fea-
tures a lower electron density compared to the chelating motif in C03 
suggesting a lower affinity towards the iron(II) center. Calculations 
were performed at the B3LYP/6-31G** level of theory using Jaguar 
(Schroedinger Small Molecule Drug Discovery Suite, Release 2014-
3) (color figure online)
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eIF-5A protein. By contrast, DHS activity could be detected 
by GC/MS for the presence of deoxyhypusine (data not 
shown). Crossreactivity could be demonstrated when the 
plasmodial, polyclonal anti-eIF-5A antibody was applied to 
detect the GST-tagged human eIF-5A protein (Fig. 9b, lane 
1). Plasmodial anti-eIF-5A antibody clearly detected the 
purified eIF-5A protein in control panel 3 (Fig. 9b) with the 
expected size of 22 kDa. The polyclonal IU-88 anti-human 
eIF-5A antibody was raised against the peptide C-Ahx-
STSKTG-hypusine-HGHAKV- containing two motifs sur-
rounding the hypusine loop. However, the second motif sur-
rounding the hypusine residue in human differs with respect 
to the plasmodial eIF-5A protein. In the human eIF-5A pro-
tein, the second peptide motif consists of the terminal amino 
acid valine instead of alanine present in plasmodial eIF-5A. 
In sum, this amino acid difference might cause the speci-
ficity of the antibody recognizing the hypusine epitope of 
human eIF-5A and fails to detect the plasmodial orthologue. 
Moreover, differences in the vicinity of the second motif sur-
rounding the hypusine loop might contribute to a different 
folding of plasmodial EIF-5A and in consequence to a dif-
ferent exposure of the hypusine residue, which prevents the 
recognition of plasmodial eIF-5A hypusine epitope.

In this study we have improved the quantification of the 
hypusine metabolites for target evaluation of DOHH from P. 
falciparum by GC/MS analysis subsequent to triple derivati-
zation (esterification of carboxyl group, trifluoroacetylation of 
primary and secondary amino groups, and trimethylsilylation 

of secondary hydroxyl in the side chain of hypusine). We 
have demonstrated the inhibitory properties of three com-
pounds from the Malaria Box, which are probably related 
to their ability to coordinate the ferrous ions found at the 
active site of plasmodial DOHH. Absolute quantification was 
improved using the SIM mode accumulating the signals for 
three characteristic ions of each hypusine and deoxyhypusine. 
The limit of detection (LOD) for hypusine was 0.01 pmol and 
for deoxyhypusine it was 0.42 pmol. Moreover, the precision 
and accuracy of the method was increased by the application 
of an internal standard like norvaline. Hitherto, this method 
is only suitable for a target validation but might be suitable 
for a HTS once the activity assay is scaled down to a micro-
titer plate format. Recent results demonstrated the successful 
identification of non-hypusinated and hypusinated eIF-5A 
in SIM mode by GC/MS in the plant Arabidopsis thaliana 
after induction with abscisic acid (Belda-Palazon et al. 2014). 
However, hypusine metabolites were not quantified.

In parallel, a relative quantification of hypusine inhi-
bition was performed by comparison of the relative peak 
areas of deoxyhypusine and hypusine (Fig.  5). Using this 
approach, MMV007384 and MMV665805 exhibited an 
efficacy of 94.1 and 92.6  % inhibition of P. falciparum 
DOHH, while both quantification methods demonstrated 
lowest inhibition for the compound MMV666023 suggest-
ing that absolute quantification is necessary to evaluate tar-
get specific inhibition of plasmodial DOHH.

Our results clearly demonstrate that the effect of DOHH 
inhibition can vary between compounds having a benzimi-
dazole structure as a part of the scaffold. In this context sub-
stituents of the benzimidazol structure seem to be responsi-
ble for the efficacy. In sum, crystallization experiments of 
Plasmodium DOHH will facilitate further target evaluation.
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