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In recent years, type II NADH dehydrogenases (NDH-IIs) have emerged as

potential drug targets for a wide range of human disease causative agents. In this

work, the NDH-II enzyme from the Gram-positive human pathogen

Staphylococcus aureus was recombinantly expressed in Escherichia coli,

purified, crystallized and a crystallographic data set was collected at a

wavelength of 0.873 Å. The crystals belonged to the orthorhombic space group

P212121, with unit-cell parameters a = 81.8, b = 86.0, c = 269.9 Å, contained four

monomers per asymmetric unit and diffracted to a resolution of 3.32 Å. A

molecular-replacement solution was obtained and model building and refine-

ment are currently under way.

1. Introduction

Staphylococcus aureus is an extremely versatile Gram-positive

pathogen capable of causing infections that range from minor

to life-threatening, such as bacteraemia or endocarditis, with

high morbidity and mortality rates (Pereira et al., 2007). In

2010, it was estimated that S. aureus caused more deaths than

AIDS in the USA. Besides its virulence, S. aureus is well

known because of its increasing resistance to virtually all

classes of antibiotics. Methicillin-resistant S. aureus (MRSA)

strains are one of the most important causes of antibiotic-

resistant nosocomial infections worldwide and have recently

also appeared in the community (Pereira et al., 2007).

Three types of NADH:quinone oxidoreductases (NDHs)

can be present in respiratory chains: proton-pumping NDHs

(or NDH-Is), nonproton-pumping NDHs (also called type II

NDHs or NDH-IIs) and sodium-pumping NDHs (or Na+-

Nqrs) (Yagi et al., 2004; Friedrich et al., 1998; Pereira et al.,

2004; Steuber, 2001; Steuber et al., 2014). Type II NADH:-

quinone oxidoreductases (NDH-IIs) are monotopic

membrane proteins containing one flavin adenine dinucleo-

tide (FAD) molecule as the sole redox cofactor (Yagi et al.,

2004). These enzymes do not translocate protons and are thus

also called alternative, or nonpumping, NADH dehy-

drogenases. They play a key role in bioenergetics, since many

organisms rely solely on them to oxidize NADH and reduce

the quinone pool. Moreover, these enzymes have been

proposed to functionally substitute complex I-deficient mito-

chondria, which makes NDH-IIs putative targets for gene

therapy (Bai et al., 2001). In recent years, NDH-II enzymes

have also emerged as potential drug targets for treatments

against Plasmodium falciparum (Fisher et al., 2007; Dong et al.,

2009; Biagini et al., 2012), the agent that causes malaria, and
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Mycobacterium tuberculosis (Yano et al., 2006; Teh et al.,

2007), the agent that causes tuberculosis. Interestingly, NDH-

II enzymes are absent in mammals and are the only

NADH:quinone oxidoreductases that are expressed in some

pathogenic microorganisms such as S. aureus. Hence, these

enzymes arise as promising targets for new antibiotics (Cook

et al., 2014; Farha et al., 2013).

Here, we describe the production, crystallization and

preliminary crystallographic analysis of S. aureus NDH-II. The

protein crystallized in space group P212121 with four molecules

in the asymmetric unit. Initial crystallization trials using a

Cartesian robot dispensing system yielded crystals in a wide

variety of polyethylene glycol (PEG)-containing crystal-

lization conditions. Upscaling these first crystallization hits

with hand-made grid screens yielded crystals with poor

diffraction quality. Streak-seeding was used to improve the

quality of these crystals, rendering new crystals which

diffracted to 3.32 Å resolution. A complete crystallographic

data set was collected, a molecular-replacement solution was

obtained and model building and refinement are currently

under way.

2. Materials and methods

2.1. Cloning, overexpression and purification

The gene SAOUHSC_00878 coding for the S. aureus

NCTC8325 NDH-II was cloned into pET-28a(+) between

NdeI and XhoI restriction sites at the 50 and 30 ends, respec-

tively, engineering the addition of a six-residue histidine tag at

the N-terminus (Table 1). The gene product corresponds to a

408 amino-acid residue protein with a theoretical molecular

mass of �45.6 Da. Escherichia coli Rosetta 2 (DE3)pLysS

cells were transformed with the vector ndh-S. aureus and the

cells were grown in 2�YT-rich medium supplemented with

100 mg ml�1 kanamycin and 34 mg ml�1 chloramphenicol at

37�C and 180 rev min�1. Gene expression was induced by the

addition of 1 mM IPTG (isopropyl �-d-1-thiogalactopyrano-

side) when the cells reached an OD600 of 0.6. The cells were

harvested 4 h after induction by centrifugation at

8000 rev min�1 for 10 min. The pellets were then resuspended

in 100 mM K2HPO4/KH2PO4 pH 7.0, 250 mM NaCl

containing one cOmplete protease-inhibitor cocktail tablet

(Roche) and disrupted in a French press at 41.4 MPa. Cellular

debris and undisrupted cells were separated by centrifugation

at 10 000 rev min�1 for 10 min. The resulting suspension was

ultracentrifuged at 42 000 rev min�1 for 2 h. The membrane

pellet was resuspended with an homogenizer in 100 mM

K2HPO4/KH2PO4 pH 7.0, 2 M NaCl and incubated overnight

at 4�C. No detergents were used during the solubilization and

purification of the enzyme (see below). The membrane frac-

tion was again ultracentrifuged at 42 000 rev min�1 for 1 h.

The NaCl concentration of the supernatant containing NDH-

II was decreased to approximately 50 mM NaCl at 4�C by

successive additions of 100 mM K2HPO4/KH2PO4 pH 7.0 and

concentration in an Amicon system (30 000 MWCO). The

sample was injected in an ion-exchange Q-Sepharose High

Performance column (GE Healthcare) and eluted with a

gradient from 0 to 1 M NaCl in 100 mM K2HPO4/KH2PO4 pH

7.0. The fraction containing NDH-II was then applied onto a

gel-filtration Superdex 200 XK 26/60 column (GE Healthcare)

and eluted with 100 mM K2HPO4/KH2PO4 pH 7.0, 250 mM

NaCl containing one cOmplete protease-inhibitor cocktail

tablet (Roche). The pure protein was stored at �80�C.

2.2. Crystallization

Initial crystallization trials were performed at 20�C with a

10 mg ml�1 NDH-II solution in 100 mM K2HPO4/KH2PO4 pH

7.0, 250 mM NaCl by the sitting-drop vapour-diffusion tech-

nique using a Cartesian robot dispensing system (Mini-Bee,

Genomic Solutions). Two commercially available crystal-

lization screens (PACT Premier and JCSG+ from Molecular

Dimensions) were used; 200 nl drops with a 1:1 ratio of protein

and precipitant solutions were set up in 96-well flat-bottom

plates (Greiner Bio-One) and equilibrated against a reservoir

consisting of 40 ml precipitant solution. Crystalline material

appeared in several conditions, most of which contained PEG

(1500–10 000) as precipitant. A grid screen was performed

around a condition comprising 20%(w/v) PEG 3350, 0.2 M

sodium acetate using NDH-II at a concentration of 7 mg ml�1

in 35 mM K2HPO4/KH2PO4 buffer pH 7.0, 175 mM NaCl. The
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Table 1
Macromolecule-production information.

Source organism S. aureus
DNA source Genomic
Forward primer CGTCATATGATGGCTCAAGATC

Reverse primer CGGCTCGAGCTAGAATTTACCT

Cloning vector pET-28a(+)
Expression vector pET-28a(+)
Expression host E. coli Rosetta 2 (DE3)pLysS
Complete amino-acid sequence

of the construct produced
HHHHHHMAQDRKKVLVLGAGYAGLQTVTKLQKAI-

STEEAEITLINKNEYHYEATWLHEASAGTLNY-

EDVLYPVESVLKKDKVNFVQAEVTKIDRDAKK-

VETNQGIYDFDILVVALGFVSETFGIEGMKDH-

AFQIENVITARELSRHIEDKFANYAASKEKDD-

NDLSILVGGAGFTGVEFLGELTDRIPELCSKY-

GVDQNKVKITCVEAAPKMLPMFSEELVNHAVS-

YLEDRGVEFKIATPIVACNEKGFVVEVDGEKQ-

QLNAGTSVWAAGVRGSKLMEESFEGVKRGRIV-

TKQDLTINGYDNIFVIGDCSAFIPAGEERPLP-

TTAQIAMQQGESVAKNIKRILNGESTEEFEYV-

DRGTVCSLGSHDGVGMVFGKPIAGKKAAFMKK-

VIDTRAVFKIGGIGLAFKKGKF

Table 2
Crystallization conditions and experimental setup.

Method Vapour-diffusion (hanging-drop)
Plate type 24-well Linbro Plate
Temperature (�C) 20
Protein concentration (mg ml�1) 7
Buffer composition of protein solution 35 mM K2HPO4/KH2PO4 pH 7.0,

175 mM NaCl
Composition of drop solution 20%(w/v) PEG 3350,

0.2 M ammonium nitrate
Composition of reservoir solution 26%(w/v) PEG 3350
Volume and ratio of drop 2 ml (1 ml protein solution +

1 ml precipitant)
Volume of reservoir (ml) 1
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protein solution was mixed in a 1:1 ratio with 18–26%(w/v)

PEG 3350, 0.2 M sodium acetate pH 6.5–7.5 solution and

equilibrated against 1 ml crystallization solution in the reser-

voir of a 24-well Linbro plate (Hampton Research). Crystals

appeared in 3–4 d by the hanging-drop vapour-diffusion

method but showed poor X-ray diffraction quality (maximum

resolution of �8 Å). These crystals were then used to streak-

seed a drop consisting of the protein solution at the same

concentration mixed in a 1:1 ratio with 20%(w/v) PEG 3350,

0.2 M ammonium nitrate (solution C3 from the JCSG+

screen) and previously equilibrated for 12 d against 1 ml

26%(w/v) PEG 3350 by vapour diffusion (Table 2).

2.3. Data collection and processing

Cryoprotection was achieved by transferring the crystals to

a 3 ml drop of solution No. 7 from the CryoProtX screen

(Molecular Dimensions), consisting of 12.5%(w/v) diethylene

glycol, 12.5%(w/v) ethylene glycol, 25%(w/v) 1,2-propanediol,

12.5%(w/v) dimethyl sulfoxide, 12.5%(w/v) glycerol. The

crystals were flash-cooled by quick plunging into liquid

nitrogen. X-ray data were collected from cooled crystals at

�173�C on beamlines ID23-1, ID23-2 and ID-29 at the

European Synchrotron Radiation Facility (ESRF), Grenoble,

France and the PROXIMA1 beamline at the SOLEIL

synchrotron, Paris, France. The X-ray data presented here and

used for structure determination were collected at a wave-

length of 0.873 Å on beamline ID23-2 at the ESRF. X-ray

diffraction data were indexed and integrated with XDS

(Kabsch, 2010); space-group assignment was performed with

POINTLESS (Evans, 2011) and scaling was performed with

SCALA/AIMLESS (Evans, 2006) within the autoPROC data-

processing pipeline (Vonrhein et al., 2011). An Rfree-flagged

reflection set was created at this stage corresponding to 5% of

the measured reflections for this data set. A summary of the

diffraction protocol and data-collection statistics is given in

Table 3.

3. Results and discussion

The membrane protein NDH-II from S. aureus was hetero-

logously expressed in E. coli and purified to homogeneity by

two chromatographic steps: anion exchange followed by size

exclusion. No detergents were used during the solubilization

and purification of NDH-II. The protocols were optimized in

order to obtain an NDH-II preparation with full FAD content,

i.e. NDH-II:FAD in a 1:1 ratio. Initially, several detergents,

including n-dodecyl-�-d-maltoside (DDM), n-octyl-�-d-

glucoside (OG) and Triton X-100, were tested. However, the

obtained preparations were unstable, leading to loss of the

prosthetic group. Since NDH-II is a monotopic membrane

protein (and hence has no transmembrane regions), washing

the membranes with 2 M NaCl was sufficient to solubilize this

membrane-attached protein. This step was revealed to be

crucial for two reasons: firstly, it had the advantage of imme-

diately separating all the soluble and integral membrane

proteins and, secondly, the obtained preparation was stable

and fully loaded with FAD cofactor (data not shown). Notably,

this allowed the functional characterization of an NDH-II for

the first time without possible interference caused by the

presence of detergent. Although the protein was produced

with a His6 tag at the N-terminus, no affinity chromatography

step, namely Ni–NTA, was used for the reasons highlighted

above, i.e. obtaining a preparation with an NDH-II:FAD ratio

of 1:1. We have observed that this type of chromatography

quite often leads to loss of the prosthetic group as previously

reported (Radjendirane et al., 1991), and the reversible

dissociation of flavoproteins into the constituents, the

apoprotein and the flavin prosthetic group, has received much
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Table 3
Data collection and processing.

Values in parentheses are for the outer shell.

Diffraction source ID23-2, ESRF
Wavelength (Å) 0.873
Temperature (�C) �173
Detector Pilatus 2M
Crystal-to-detector distance (mm) 384.5
Rotation range per image (�) 0.15
Total rotation range (�) 101.1
Exposure time per image (s) 0.10
Space group P212121

a, b, c (Å) 81.8, 86.0, 269.9
�, �, � (�) 90, 90, 90
Resolution range (Å) 60.5–3.32 (3.33–3.32)
Total No. of reflections 104532 (617)
No. of unique reflections 28851 (264)
Completeness (%) 99.5 (90.4)
Multiplicity 3.6 (2.3)
hI/�(I)i 8.3 (2.00)
Rmerge 0.15 (0.49)
Rmeas 0.18 (0.61)
Rp.i.m. 0.09 (0.36)
CC1/2 0.98 (0.72)
Overall B factor from Wilson plot (Å2) 60.46

Figure 1
Size-exclusion chromatography and SDS–PAGE analysis (inset) of
purified S. aureus NDH-II. Lane M contains molecular-weight markers
and lane 1 contains the peak depicted in yellow in the chromatogram. The
dimeric fraction of NDH-II from the size-exclusion column (�90 kDa)
was used for crystallization trials.
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attention in the past (Husain & Massey, 1978; Müller & van

Berkel, 1991; Lederer et al., 1999). The major elution volume

peak in the gel-filtration column corresponds to a dimer in

solution with an apparent molecular weight of �90 kDa (Fig.

1). The protein identified by mass spectrometry was pure as

judged by SDS–PAGE analysis (Fig. 1, inset).

NDH-II crystallized in several conditions, most of which

involved polyethylene glycol of different molecular weight as

the precipitant, over the course of one week. However, most

crystals appeared as small clusters of needles (Fig. 2a). Opti-

mization trials involved performing a grid screen around a

hand-made condition comprising 20%(w/v) PEG 3350, 0.2 M

sodium acetate. The pH was varied from 6.5 to 7.5 and the

drops were equilibrated against reservoir solutions consisting

of PEG 3350 ranging from 18 to 26%(w/v). The protein

concentration was lowered to 7 mg ml�1 in 35 mM K2HPO4/

KH2PO4 pH 7.0, 175 mM NaCl (in our experience, upscaling

directly from robot-made nanodrops yields precipitated drops

on most occasions). The crystallization results were not very

reproducible and the crystals often appeared as sea-urchin-

like agglomerates (Fig. 2b) or long, thin needles (Fig. 2c).

These crystals only diffracted to �8 Å resolution using a

synchrotron source. We then tried to reproduce the crystal-

lization conditions using 20%(w/v) PEG 3350, 0.2 M ammo-

nium chloride (solution A9 from the JCSG+ screen), 20%(w/

v) PEG 3350, 0.2 M ammonium nitrate (solution C3 from the

JCSG+ screen), 20%(w/v) PEG 3350, 0.2 M sodium malonate

acid pH 7.0 (solution G6 from the JCSG+ screen) and 20%(w/

v) PEG 3350, 0.15 M dl-malic acid pH 7.0 (solution G8 from

the JCSG+ screen) from the original screen but no crystals

appeared. It was decided then to streak-seed these drops with

the poor-looking crystals from the hand-made optimization

trials. Small rhomboid crystals appeared within 24 h (Fig. 2d).

These crystals were cryoprotected by transferring them into a

solution consisting of 12.5%(w/v) diethylene glycol, 12.5%(w/

v) ethylene glycol, 25%(w/v) 1,2-propanediol, 12.5%(w/v)

dimethyl sulfoxide, 12.5%(w/v) glycerol (solution No. 7 from

the CryoProtX screen; Molecular Dimensions) and a complete

crystallographic data set was collected on beamline ID23-2 at

the ESRF, Grenoble, France (Fig. 3).

The crystals belonged to the orthorhombic space group

P212121, with unit-cell parameters a = 81.8, b = 86.0, c =

269.9 Å, � = � = � = 90�. Although the merging statistics seem

a little high (overall Rmeas and Rmerge of 0.18 and 0.15,
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Figure 2
NDH-II crystals grown (a), (b) during initial crystallization trials using the robot, (c) on scaling-up using the hand-made crystallization solution [20%(w/
v) PEG 3350, 0.2 M sodium acetate] and (d) on scaling-up using solution C3 [20%(w/v) PEG 3350, 0.2 M ammonium nitrate] from the JCSG+
crystallization screen (Molecular Dimensions) and streak-seeding from the crystals in (c). The crystals in (d) diffracted to 3.32 Å resolution using a
synchrotron-radiation source. The crystals are yellow owing to the presence of the FAD prosthetic group.
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respectively), careful attention was paid to point-group and

space-group determination. After processing the data in a

triclinic space group, POINTLESS (Evans, 2011) was used to

assess consistency between symmetry-equivalent reflections

and systematically absent reflections. With a probability of

98.5% of a Pmmm Laue group and twofold absences verified

in the three cell axes, space group P212121 was clearly identi-

fied. Moreover, processing the data in all monoclinic and

orthorhombic alternative space groups did not yield better

merging statistics. We attribute the high values of Rmeas and

Rmerge to the quality of the internal organization of the crystal.

Solvent-content analysis (Matthews, 1968) was compatible

with the following situations: (i) four molecules in the asym-

metric unit, with VM = 2.70 Å3 Da�1 and 54% solvent and (ii)

five molecules in the asymmetric unit, with VM = 2.16 Å3 Da�1

and 43% solvent. Before trying any phasing protocols, simply

taking into account that NDH-II should be a dimer, the first

situation appeared to be the correct one. Phasing was achieved

by molecular replacement using Phaser (McCoy et al., 2007)

within the PHENIX suite of programs (Adams et al., 2010).

The atomic coordinates of Caldalkalibacillus thermarum

NDH-II (PDB entry 4nwz; Heikal et al., 2014), without any

solvent or prosthetic group molecules, were used as search

model (46.0% sequence identity and 66.7% sequence simi-

larity for 185 and 268 aligned amino-acid residues, respec-

tively). The statistics from Phaser (McCoy et al., 2007) showed

a translation-function Z-score of 31.6 and a top LLG score of

1419.1 with four molecules in the asymmetric unit. Searching

for a putative fifth molecule yielded no solutions so the

molecular-replacement step allowed us to confirm the

presence of a tetramer (a dimer of dimers) in the asymmetric

unit. Model building and refinement are currently under way,

with promising preliminary results (Supplementary Fig. S1).
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