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The nonmevalonate pathway of isoprenoid biosynthesis present in Plasmodium

falciparum is known to be an effective target for antimalarial drugs. The second

enzyme of the nonmevalonate pathway, 1-deoxy-d-xylulose 5-phosphate

reductoisomerase (DXR), catalyzes the transformation of 1-deoxy-d-xylulose

5-phosphate (DXP) to 2-C-methyl-d-erythritol 4-phosphate (MEP). For

crystallographic studies, DXR from the human malaria parasite P. falciparum

(PfDXR) was overproduced in Escherichia coli, purified and crystallized using

the hanging-drop vapour-diffusion method in the presence of NADPH. X-ray

diffraction data to 1.85 Å resolution were collected from a monoclinic crystal

form belonging to space group C2 with unit-cell parameters a = 168.89, b = 59.65,

c = 86.58 Å, � = 117.8�. Structural analysis by molecular replacement is in

progress.

1. Introduction

The universal terpenoid precursors isopentenyl diphosphate (IPP)

and dimethylallyl diphosphate (DMAPP) are synthesized either via

the classical mevalonate (MVA) pathway or the novel nonmevalon-

ate pathway. In the MVA pathway, IPP is synthesized from three

molecules of acetyl-CoA via the intermediate MVA. It has long been

assumed that the MVA pathway is commonly used for isoprenoid

biosynthesis in all organisms. Recently, however, the existence of a

second mevalonate-independent pathway for the biosynthesis of IPP

and DMAPP has been detected in eubacteria, higher plants, algae,

cyanobacteria and diatoms (Rohmer, 1999; Lichtenthaler, 2000). This

novel nonmevalonate pathway also occurs in the apicoplast of the

human malaria parasite Plasmodium falciparum (Jomaa et al., 1999).

Since the nonmevalonate pathway is not found in animals, it is an

ideal target for the development of herbicides and antibacterial drugs.

The second enzyme of the nonmevalonate pathway, 1-deoxy-

d-xylulose 5-phosphate reductoisomerase (DXR; EC 1.1.1.267),

catalyzes the NADPH and divalent cation (Mg2+ or Mn2+) dependent

transformation of 1-deoxy-d-xylulose 5-phosphate (DXP) into

2-C-methyl-d-erythritol 4-phosphate (MEP). In 1999, Jomaa and

coworkers reported that DXR from P. falciparum (PfDXR) was

inhibited by fosmidomycin and its derivative FR-900098 and that

mice infected with P. vinckei, a relative of the human malaria para-

site, could be cured using these drugs (Jomaa et al., 1999). These data

established PfDXR as a promising antimalarial target; indeed, clinical

phase II studies using fosmidomycin in combination with clindamycin

in Gabon and Thailand proved that PfDXR is an effective target for

the chemotherapy of malaria (Borrmann et al., 2004).

To date, several crystal structures of DXR from Escherichia coli

(Reuter et al., 2002; Yajima et al., 2002, 2004, 2007; Steinbacher et al.,

2003; MacSweeney et al., 2005), from Zymomonas mobilis (Ricagno et

al., 2004) and from Mycobacterium tuberculosis (Henriksson et al.,

2006, 2007) have been reported. However, the crystal structure of

PfDXR has not yet been reported. Here, we report the crystallization

of PfDXR in the presence of NADPH. The structural study of

PfDXR should be useful for the development of novel PfDXR

inhibitors.
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2. Materials and methods

2.1. Overproduction and purification

Since the first 30 amino acids of PfDXR resemble an endoplasmic

reticulum signal sequence and the following 44 amino acids exhibit

the characteristics of a plastidial targeting sequence (Jomaa et al.,

1999), the DNA encoding residues Lys75–Ser488 (C-terminus) of

P. falciparum DXR was obtained by reverse-transcription PCR.

Reverse transcription was carried out using SuperScriptII reverse

transcriptase as described in the user’s manual (Invitrogen) with the

total RNA of P. falciparum (FCR-3) as the template. The target DNA

was PCR-amplified from the reverse-transcription products using

AccuPrime Pfx DNA polymerase (Invitrogen) with 50-CGCGGAT-

CCAAGAAACCAATTAATGTAGC-30 and 50-CGCAAGCTTTCA-

TGAAGAATTATGTTTGTT-30 as the forward and reverse primers,

respectively. The PCR product was cloned into pQE30 expression

plasmid (Qiagen) with the BamHI and HindIII cloning sites (bold).

The construct was verified by sequencing.

E. coli BL21 (DE3) cells (Novagen) harbouring the expression

plasmid were grown in LB medium (3 l shake flask containing 1 l

medium) at 310 K to an OD600 of 0.6. Overproduction of PfDXR was

induced by 0.5 mM IPTG for 20 h at 293 K. After this period, cells

were harvested by centrifugation at 8000g for 15 min, suspended in

buffer A (10 mM Tris–HCl pH 8.0, 100 mM NaCl, 2 mM DTT, 20 mM

imidazole) and disrupted using ultrasonication on ice for 5 � 30 s.

The cell extract was obtained by centrifugation at 15 000g for 15 min

and was applied onto a 1 ml HisTrap HP column (GE Healthcare)

equilibrated with buffer B (10 mM Tris–HCl pH 8.0, 100 mM NaCl,

2 mM DTT). The column was washed with 50 column volumes of

wash buffer (100 mM imidazole in buffer B). After washing, PfDXR

was eluted with ten column volumes of elution buffer (500 mM

imidazole in buffer B). The PfDXR was further purified by gel

chromatography using a Superdex 200pg column (GE Healthcare)

equilibrated with buffer C (50 mM Tris–HCl pH 7.8, 2 mM DTT).

The fractions containing PfDXR were pooled and concentrated to

10 mg ml�1 using a Centricon-30 (Millipore).

2.2. Crystallization

The protein solution was mixed with 6 mM NADPH dissolved

in buffer C at a volume ratio of 1:1. Initial sparse-matrix crystal

screening (Jancarik & Kim, 1991) was conducted using Crystal Screen

I (Hampton Research, USA), Wizard I, II and III and Cryo I and II

(Emerald BioSystems, USA). Crystallization was carried out by the

hanging-drop method, in which 1 ml protein solution (5 mg ml�1

protein and 3 mM NADPH) was mixed with the same volume of

reservoir solution and incubated at 293 K. The drops were suspended

over 200 ml reservoir solution in 48-well plates.

2.3. X-ray data collection

For data collection under cryogenic conditions, the crystals in

a droplet were directly transferred to harvesting solution [3 mM

NADPH, 0.3 M KCl, 20%(m/v) PEG 3350 and 20%(v/v) glycerol in

0.1 M Tris–HCl pH 8.0] for 1 min. Crystals were mounted in nylon

loops and flash-cooled in a cold nitrogen-gas stream at 100 K just

prior to data collection. Data collection was performed by the rota-

tion method at 100 K using an ADSC Q270 CCD detector with

synchrotron radiation [� = 1.000 Å on beamline 17A of the Photon

Factory (PF), Tsukuba, Japan]. The Laue group and unit-cell para-

meters were determined using the HKL-2000 package (Otwinowski

& Minor, 1997).

3. Results and discussion

3.1. Overproduction, purification and crystallization

PfDXR was successfully cloned, overproduced and purified to

homogeneity. SDS–PAGE of the purified enzyme revealed a single

47 kDa protein band by Coomassie Brilliant Blue staining. Initial

crystal screening produced several microcrystals within one week.

Rhomboidal crystals grew from condition Nos. 6 and 8 of Wizard III

[No. 6, 20%(m/v) PEG 3350 and 0.2 M potassium formate; No. 8,

20%(m/v) PEG 3350 and 0.2 M potassium nitrate]. Trials to improve

the crystallization conditions were performed by varying the pH, the

buffer system and the concentration of the crystallizing agent. To

obtain crystals suitable for X-ray analysis, a droplet was prepared by

mixing equal volumes (2 ml + 2 ml) of the working solution described

above and reservoir solution [0.3 M KCl and 20%(m/v) PEG 3350 in

0.1 M Tris–HCl pH 8.0] and suspended over 500 ml reservoir solution
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Figure 1
Monoclinic crystals of PfDXR.

Figure 2
X-ray diffraction image from a PfDXR crystal. The edge of the detector
corresponds to a resolution of 1.7 Å.



in 24-well plates. Rhomboidal crystals with typical dimensions of

approximately 0.1 � 0.1 � 0.1 mm grew within one week (Fig. 1).

3.2. Data collection

The Laue group of the PfDXR crystals was found to be 2/m and the

unit-cell parameters were a = 168.89, b = 59.65, c = 86.58 Å, �= 117.8�.

Only reflections with h + k = 2n were observed for hkl reflections,

indicating the monoclinic space group C2. Assuming the presence of

two subunits (one dimer) per asymmetric unit led to an empirically

acceptable VM value of 2.03 Å3 Da�1, corresponding to a solvent

content of 39.4% (Matthews, 1968). The current best diffraction data

from a PfDXR crystal were collected to 1.85 Å resolution (Fig. 2).

Data-collection statistics are summarized in Table 1.

3.3. Initial phase determination

Initial phase determination was performed by molecular replace-

ment (MR) using the coordinate set of the E. coli DXR dimer (PDB

code 1onn; Steinbacher et al., 2003), which shares approximately 30%

amino-acid sequence identity with PfDXR, as a search model. The

bound water molecules were removed from the search model. Cross-

rotation and translation functions were calculated using the program

AMoRe (Navaza, 1994) from the CCP4 suite (Collaborative Com-

putational Project, Number 4, 1994). The results showed a clear

solution [correlation coefficient of 0.369 (the first noise solution was

0.278) and R factor of 0.515 (the first noise solution was 0.546) in the

resolution range 15.0–3.0 Å] and a reasonable molecular arrange-

ment of PfDXR in the asymmetric unit. The MR solution was

supported by the observation that the directions of the noncrys-

tallographic twofold axes determined by the self-rotation function

(data not shown) were consistent with the MR solution obtained.

Automatic model building and refinement using the programs ARP/

wARP (Lamzin & Wilson, 1993) and REFMAC5 (Murshudov et al.,

1997) and further iterative manual model building and refinement

with the programs XtalView (McRee, 1999) and REFMAC5 are

currently in progress. In parallel with refinement, we are preparing

crystals of PfDXR in complex with metal ions (Mg2+ or Mn2+),

NADPH and fosmidomycin in order to study their mode of inter-

action with the enzyme.
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Table 1
Data-collection statistics for PfDXR.

Values in parentheses are for the outer shell.

Space group C2
Unit-cell parameters (Å, �) a = 168.89, b = 59.05,

c = 86.58, � = 117.8
No. of subunits per asymmetric unit 2 [one dimer]
Solvent content (%) 39.4
X-ray source PF BL17A
Detector ADSC Q270
Wavelength (Å) 1.000
Resolution range (Å) 50–1.85 (1.92–1.85)
No. of observed reflections 227987
No. of unique reflections 63420
Multiplicity 3.6 (2.6)
Mean I/�(I) 29.8 (2.5)
B factor (Wilson plot) (Å2) 24.4
Rmerge† (%) 5.8 (32.4)
Completeness (%) 98.9 (91.3)

† Rmerge =
P

hkl

P
i jIiðhklÞ � hIðhklÞij=

P
hkl

P
i IiðhklÞ, where Ii(hkl) is the ith measure-

ment and hI(hkl)i is the weighted mean of all measurements of I(hkl).
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