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The hydrogenase maturation factor HypF1 is a truncated but functional version

of the HypF protein. HypF is known to be involved in the supply of the CN�

ligands of the active site of [NiFe]-hydrogenases, utilizing carbamoyl phosphate

as a substrate. The first crystallization and preliminary X-ray studies of HypF1

from Ralstonia eutropha H16 are reported here. Crystals of HypF1 (394 amino

acids, 40.7 kDa) were obtained by the sitting-drop vapour-diffusion technique

using sodium formate as a precipitant. The crystals belonged to space group

I222, with unit-cell parameters a = 79.7, b = 91.6, c = 107.2 Å. Complete X-ray

diffraction data sets were collected at 100 K from native crystals and from a

platinum derivative to a maximum resolution of 1.65 Å.

1. Introduction

Hydrogenases are widespread among all domains of microorganisms

and catalyze the oxidation of hydrogen and the reverse reaction, the

reduction of protons to molecular hydrogen. Their catalysis of this

biotechnologically important process has brought them into the

spotlight as potential catalysts for the production or utilization of

hydrogen, a sustainable energy source (Cammack et al., 2001).

Three major classes of hydrogenases have evolved convergently

(see Vignais & Billoud, 2007): the mono-iron hydrogenases

([Fe]-hydrogenases) or Hmds (H2-forming methylenetetrahydro-

methanopterin dehydrogenases), the di-iron hydrogenases ([FeFe]-

hydrogenases) and the [NiFe]-hydrogenases.

The catalytic centre of the [NiFe]-hydrogenases contains Fe and Ni

atoms coordinated by the thiol groups of four conserved cysteines.

Furthermore, in the vast majority of [NiFe]-hydrogenases known

to date one CO and two cyanides are coordinated at the iron. The

assembly of the [NiFe] active site and thus the integration of the

diatomic ligands has predominantly been investigated using hydro-

genase 3 from Escherichia coli (Blokesch & Böck, 2002). The

products of a set of six hyp (hydrogenase pleiotropic) genes,

hypABCDEF, are necessary for active-site incorporation, and, in

some cases, an additional hyp gene (hypX; Buhrke & Friedrich, 1998;

Schwartz et al., 2003) is also required. Organism-specific duplications

and modifications of gene products can also play a role in [NiFe]-

hydrogenase maturation, leaving a number of questions unresolved

(Wolf et al., 1998). The proteins encoded by hypA and hypB are

responsible for nickel allocation (Atanassova & Zamble, 2005; Maier

et al., 1995).

Incorporation of the iron and the diatomic ligands relies on the

proteins encoded by hypCDE and hypF. HypC forms distinct

complexes with the large subunit of the hydrogenase (Blokesch &

Böck, 2002; Winter et al., 2005) and the maturation proteins HypD

and HypE (Jones et al., 2004). This indicates a function for HypC as

a bilateral chaperone that interacts with two partners: the catalytic

subunit and HypD. The maturation protein HypD contains nine

conserved cysteine residues. While four of these residues coordinate

a [4Fe–4S] cluster, the others have been proposed to act as a thiol

redox-signalling pathway for cyanation of the active-site iron

(Blokesch & Böck, 2006; Watanabe et al., 2007). An iron-binding site

has been hypothesized within the HypCD complex.
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While the source of CO remains unclear (Roseboom et al., 2005),

the cyanide ligands are derived from carbamoyl phosphate provided

by HypE and HypF (Lenz et al., 2007; Forzi et al., 2007). The HypF

protein first couples ATP hydrolysis to the synthesis of a carbamoyl-

AMP complex and then transfers the carbamoyl moiety to the

C-terminal cysteine residue in the conserved PR(V/I)C motif of

HypE (Reissmann et al., 2003; Watanabe et al., 2007). The resulting

HypE-thiocarboxamide is transformed into HypE-thiocyanate in a

reaction coupled to ATP hydrolysis. The cyanide ligand is reductively

transferred to HypCD (Blokesch & Böck, 2002).

On the basis of DNA-sequence analysis, E. coli HypF and homo-

logous proteins accommodate three major functional domains: an

N-terminal acylphosphatase domain, two zinc-finger motifs and a

C-terminal O-carbamoyltransferase domain (Paschos et al., 2002;

Wolf et al., 1998). Acylphosphatases usually catalyze ATP-indepen-

dent cleavage of an acylphosphate into carboxylate and phosphate.

Nonetheless, it has been shown that ATP can be a competitive

inhibitor (Paoli et al., 2000). Carbamoyltransferases transfer the

carbamoyl group to an acceptor in an ATP-dependent fashion (Freel

Meyers et al., 2004).

While structures of HypCD and HypE from several organisms are

now available (Watanabe et al., 2007; Shomura et al., 2007; Rangar-

ajan et al., 2008), only the N-terminal acylphosphatase domain of

HypF has been characterized via crystallography (Rosano et al.,

2002). This particular fragment has been used as a model for amyloid-

fibril formation in neurodegenerative diseases (Bucciantini et al.,

2004). However, the structures of a complete HypF protein, of the

remaining domains or even of homologous proteins are not yet

available.

In addition to the HypF protein as described above, a truncated

version has also been characterized. In Ralstonia eutropha this

variant has been designated HypF1 (GeneID 2656435). The corre-

sponding gene only encodes the C-terminal O-carbamoyltransferase

domain and therefore the protein lacks more than 50% of the

comparable E. coli-type HypF, including the acylphosphatase

domain. HypF1 consists of 394 amino-acid residues and has a mole-

cular mass of 40.7 kDa. While the majority of [NiFe]-hydrogenase-

containing organisms harbour the larger version of HypF, several

others possess only the truncated protein. In addition, some bacteria

such as R. eutropha harbour genes coding for both HypF variants.

Mutational analysis has demonstrated that the truncated HypF1 in

R. eutropha is sufficient for hydrogenase maturation (Wolf et al.,

1998). As the roles of this truncated protein in [NiFe]-hydrogenase

maturation are unresolved, the crystal structure of HypF1 will shed

light not only on the structure of full-length HypF but also on the

distinct functions of the shorter HypF1 protein.

2. Material and methods

2.1. Expression and purification of HypF1

The construction of the vector pCH1053 used for the expression of

HypF1 has been described previously (Jones et al., 2004). The over-

expression of the HypF1 protein harbouring a C-terminal Strep-Tag

II (amino-acid sequence SAWSHPQFEK) was controlled using a

modified version of the R. eutropha acoX promoter. The tagged

version of the HypF1 protein consists of 404 amino-acid residues and

has a slightly increased molecular mass of 41.8 kDa.

Cells were grown in mineral salts medium containing 0.4% fructose

or a mixture of fructose and glycerol [0.2%(w/v) each; fructose–

glycerol minimal medium (FGN); Schwartz et al., 1998] using 10 l

fermenters (Braun) for 48 h at 303 K to a final OD436 of 11.

Expression of HypF1 was induced at an OD436 of 5 by the addition of

acetoin to a final concentration of 1 mM. All purification steps were

carried out at 277 K. The cells were harvested by centrifugation. The

pellet was resuspended in 100 mM Tris–HCl buffer pH 8, 150 mM

NaCl (Strep-Tag buffer A) and disrupted by three passages through a

chilled French pressure cell (SLM-Aminco, Rochester, USA) at

7.58 MPa. Cell debris and membranes were separated from the

soluble fraction by ultracentrifugation for 45 min at 90 000g. The

soluble extract was loaded onto a glass column (Applied Biosystems)

filled with 3 ml Strep-Tactin Superflow (IBA, Göttingen, Germany).

The extract was applied in 5 ml fractions with 1 ml washes between

each application on a BioCad Sprint Workstation (PE Biosystems) at

1.3 ml min�1. Loosely bound proteins were removed by washing with

ten column volumes (CV) of Strep-tag buffer A at 3.3 ml min�1.

Elution of the protein was performed at 1.3 ml min�1 using 15 CV

100 mM Tris–HCl pH 8, 150 mM NaCl, 5 mM desthiobiotin (Strep-

tag buffer B). The column material was regenerated using 40 CV of

100 mM Tris–HCl pH 8, 150 mM NaCl, 5 mM HABA (Strep-tag

buffer C) at 3.3 ml min�1. Protein-containing fractions were pooled

and concentrated in an Amicon Ultra-15 (Millipore) filtration device

with a molecular-weight cutoff of 30 kDa. The buffer was also

changed to 10 mM MOPS pH 7.5 by three additional centrifugation

steps. The volume of the protein solution was reduced to less than

2 ml for size-exclusion chromatography. Using an ÄKTA Purifier 10

(Amersham Pharmacia), the protein solution was loaded onto a gel-

filtration column (HiLoad 16/60 Superdex prep grade, Amersham

Pharmacia) at 1 ml min�1 with 10 mM MOPS buffer pH 7.5 and

150 mM NaCl. Fractions containing pure protein were pooled,

concentrated to a final concentration of approximately 10 mg ml�1

and buffer-exchanged to 10 mM MOPS pH 7.5 and 1.5 mM of the

reducing agent TCEP–HCl (Hampton Research). The protein

concentration was estimated by the method of Bradford (1976) and

by the use of a microvolume spectrophotometer (ND-1000 Spectro-

photometer, NanoDrop Technologies Inc.). The purity was verified

by 12% SDS–PAGE (Fig. 1) and DLS measurements.

2.2. Crystallization

The hydrogenase maturation factor HypF1 was crystallized using

the sitting-drop vapour-diffusion method. A broad variety of condi-

tions were tested using kits from Hampton Research (Crystal Screen,
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Figure 1
Silver staining of a 12% SDS–PAGE of the purified HypF1 protein (40.7 kDa).
Protein Ladder (New England Biolabs) was used as a protein molecular-weight
marker (molecular weights are labelled in kDa).



Crystal Screen 2, Crystal Screen Cryo, Low Ionic Strength Screen and

Additive Screen) and Jena Bioscience (JBScreen Classic). Freshly

purified protein at a concentration of 7 mg ml�1 was used immedi-

ately. The screening drops were prepared in CrystalQuick 96-well

Greiner plates (Hampton Research) by mixing equal volumes (1–

1.5 ml) of protein solution and crystallization solution. The plates

were sealed with Clearseal Film (Hampton Research) and kept in a

vibration-isolated box at a constant temperature of 293 K. After

screening, crystals suitable for diffraction experiments were obtained

by sitting-drop vapour diffusion using Linbro plates containing 24

wells each filled with 500 ml reservoir solution and Micro-Bridges

(Hampton Research) with the following composition of the reservoir

solution: 2.4 M sodium formate, 100 mM MOPS buffer pH 7.5,

100 mM MgCl2. After mixing the protein and reservoir solutions

Na2ATP was added to the drop to give a final concentration of

0.5 mM. The crystals were grown at 285 K in a vibration-free crys-

tallization refrigerator (Typ 3201, RUMED). Square-shaped crystal

plates appeared after approximately 5 d with dimensions of 0.4 � 0.4

� 0.2 mm (Fig. 2).

The methionine-auxotrophic strain HF41 (Friedrich et al., 1981) of

R. eutropha was tested for selenomethionine incorporation, but the

material obtained was insufficient for crystallization experiments.

Expression in E. coli strains was also ineffective. In order to obtain

derivatives, crystals were transferred to drops of reservoir solution

containing heavy-atom compounds. All screens tested (Platinum,

Gold, Mercury, M1, M2; Hampton Research) were varied in con-

centration and soaking time. Crystals that were exposed for 12 h to

5 mM PIP [di-�-iodobis(ethylenediamine)diplatinum(II) nitrate]

remained stable and diffracting after back-soaking for 15 min in

buffer lacking PIP. For cryoprotection, the crystals were transferred

into drops of reservoir solution containing sodium formate at

gradually increasing concentrations (2.4, 3.5 and 4.5 M) and flash-

cooled in liquid nitrogen.

2.3. Data collection and processing

A large number of data sets of variable quality were collected from

native crystals as well as from heavy-atom-soaked crystals. Only the

best native and heavy-atom-derivative data sets collected so far are

described here.

Diffraction data were collected at 100 K on beamlines 14.1 or 14.2

at BESSY of the Protein Structure Factory and Freie Universität

Berlin (Berlin, Germany). The detector was a fast-scanning MX-225

CCD detector from Rayonics (Evanston, USA) mounted on a

MARdtb goniostat from MAR Research (Norderstedt, Germany).

For the native data, a set of 360 images of 10 s exposure time and 0.5�

oscillation increments was collected (Fig. 3.).

The first evidence that platinum was incorporated in the putative

PIP-derivative crystal after back-soaking was provided by the

appearance of a clear platinum absorption edge as deduced from

the X-ray fluorescence scan, enabling us to determine the peak

(� = 1.07225 Å) and inflection (� = 1.07252 Å) wavelengths.

For the PIP derivative, separate sets of 360 images with 0.5�

oscillation increments were measured at the peak and inflection

wavelengths, but the lower quality of the inflection-wavelength data
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Figure 2
Crystal of the hydrogenase maturation protein HypF1 from R. eutropha. The
crystal dimensions were 0.4 � 0.4 � 0.2 mm.

Figure 3
Diffraction image of a native HypF1 crystal with an enlarged view (right) of the area delimited by the rectangle. The circle marks a resolution of 1.65 Å.



set indicated that the crystal had suffered from significant radiation

damage, probably making it unsuitable for MAD phasing. However,

analysis using SHELXC (Sheldrick, 2008) provided further evidence

that derivatization using PIP was successful, since the correlation

coefficient between the signed anomalous differences in the two data

sets was still 31% in the resolution range 3.5–3.3 Å.

Data were indexed, integrated, scaled and merged using XDS

(Kabsch, 1993). Further processing was performed using the CCP4

program suite (Collaborative Computational Project, Number 4,

1994).

3. Results and discussion

The [NiFe]-hydrogenase maturation protein HypF1 was purified with

high quality from R. eutropha H16. The best crystallization results

were obtained using the sitting-drop vapour-diffusion technique. The

native crystals diffracted to 1.65 Å resolution and heavy-atom sites

were identified for a platinum derivative. The crystals belonged

to space group I222, with unit-cell parameters a = 79.7, b = 91.6,

c = 107.2 Å. Assuming that the crystals contained one monomer per

asymmetric unit, the solvent content was calculated to be 49%, with a

crystal volume per protein mass VM of 2.4 Å3 Da�1 (Matthews, 1968).

Analysis revealed characteristics of the diffraction pattern that

make structure solution a nontrivial challenge. Several data sets

showed anisotropy and high mosaicity effects. Furthermore, a

number of crystals showed reflections in addition to those consistent

with the I222 unit cell. These reflections suggest either the breakdown

of translational symmetry (body centring; orthorhombic P instead of

orthorhombic I) in the crystals or the presence of a superlattice with

the a axis being three times longer than in the original unit cell or

both, depending on the individual crystal. The intensity statistics of

these data sets indicated twinning or pseudo-translational symmetry.

Attempts to explain the observed features in the diffraction patterns

by nonmerohedral twinning assuming that the true unit cell is that

given in Table 1 failed. Even those crystals, including those for which

the diffraction data are summarized in Table 1, which appeared to

be true single crystals without any superlattice/pseudo-translation

features turned out to be non-isomorphous to each other after

scaling, thus preventing the determination of phases by combination

of the corresponding data sets.

This study reports the successful crystallization of the maturation

protein HypF1 from R. eutropha H16. As no homologous structure

is available to date, the structure could not be solved by molecular

replacement. Efforts to resolve the irregularities in the diffraction

patterns are in progress.
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Table 1
Data-collection statistics.

Values in parentheses are for the highest resolution shell.

PIP derivative

Native Peak Inflection

Unit-cell parameters (Å) a = 79.66, b = 91.64,
c = 107.15

a = 80.22, b = 91.39, c = 106.00

Space group I222
Wavelength (Å) 0.91841 1.07225 1.07252
Resolution (Å) 19.5–1.65

(1.75–1.65)
37.2–2.95

(3.12–2.95)
37.3–3.25

(3.44–3.25)
No. of measurements 173724 60709 45090
No. of unique reflections 46974 15798 11853
Completeness (%) 98.5 (98.1) 99.1 (95.0) 98.6 (91.7)
Redundancy 3.6 (3.7) 3.8 (3.8) 3.8 (3.5)
hI/�(I)i 15.9 (3.0) 11.3 (3.3) 12.8 (2.9)
Rmerge† (%) 4.5 (43.0) 9.4 (46.1) 8.1 (47.4)
Beamline BESSY BL14.2 BESSY BL14.1
No. of molecules in ASU 1

† Rmerge =
P

hkl

P
i jIiðhklÞ � hIðhklÞij=

P
hkl

P
i IiðhklÞ, where Ii(hkl) is the observed

intensity of reflection hkl and hI(hkl)i is the averaged intensity of symmetry-equivalent
measurements.
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