
Abstract A soluble hydrogenase from Allochroma-

tium vinosum was purified. It consisted of a large

(Mr = 52 kDa) and a small (Mr = 23 kDa) subunit. The

genes encoding for both subunits were identified. They

belong to an open reading frame where they are pre-

ceded by three more genes. A DNA fragment contain-

ing all five genes was cloned and sequenced. The

deduced amino acid sequences of the products charac-

terized the complex as a member of the HoxEFUYH

type of [NiFe] hydrogenases. Detailed sequence analy-

ses revealed binding sites for eight Fe–S clusters, three

[2Fe–2S] clusters and five [4Fe–4S] clusters, six of which

are also present in homologous subunits of [FeFe]

hydrogenases and NADH:ubiquione oxidoreductases

(complex I). This makes the HoxEFUYH type of

hydrogenases the one that is evolutionary closest to

complex I. The relative positions of six of the potential

Fe–S clusters are predicted on the basis of the X-ray

structures of the Clostridium pasteurianum [FeFe]

hydrogenase I and the hydrophilic domain of complex I

from Thermus thermophilus. Although the HoxF sub-

unit contains binding sites for flavin mononucleotide

and NAD(H), cell-free extracts of A. vinosum did not

catalyse a H2-dependent reduction of NAD+. Only the

hydrogenase module (HoxYH) could be purified. Its

electron paramagnetic resonance (EPR) and IR spectral

properties showed the presence of a Ni–Fe active site

and a [4Fe–4S] cluster. Its activity was sensitive to

carbon monoxide. No EPR signals from a light-sensitive

Nia–C* state could be observed. This study presents the

first IR spectroscopic data on the HoxYH module of a

HoxEFUYH type of [NiFe] hydrogenase.
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Abbreviations

BV Benzyl viologen

DCIP 2,6-Dichlorophenol-indophenol

EPR Electron paramagnetic resonance

FMN Flavin mononucleotide

FPLC Fast protein liquid chromatography

KPi Potassium phosphate (50 mM)

MBH Membrane-bound hydrogenase

MV Methyl viologen

PAGE Polyacrylamide gel electrophoresis

SDS Sodium dodecyl sulfate

SH Soluble hydrogenase

Tris Tris(hydroxymethyl)aminomethane–HCl

buffer (50 mM)

Introduction

Hydrogenases are found both in prokaryotes and in

eukaryotes, where they catalyse the interconversion

between H2 and protons H2 $ 2Hþ þ 2e�
� �

. There

are three classes: [FeFe] hydrogenases (formerly called
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[Fe] or Fe-only hydrogenases) [1] with two Fe atoms in

the active site [2, 3] coordinated by cyanide and carbon

monoxide ligands [4–7], [NiFe] hydrogenases [8],

which contain a Ni and an Fe atom in the active site

[9, 10], whereby the Fe atom is coordinated by one CO

and two CN– groups [11–14], and [Fe] hydrogenases

that have a single Fe atom with two CO ligands [15,

16]. Thus, all hydrogenases have at least one CO as a

ligand to Fe in the active site, whereas most have one

or more cyanide and cysteine thiol ligands as well. The

[FeFe] and [NiFe] hydrogenases also contain Fe–S

clusters, which provide a relay for electron transfer to

and from the active site which is buried deep inside the

protein.

[NiFe] hydrogenases consist of at least two subunits

of different size [8, 17, 18]. The larger subunit accom-

modates the active Ni–Fe site. The smaller subunit

contains at least one [4Fe–4S] cluster close to the

active site (proximal cluster). In standard [NiFe]

hydrogenases, like the Desulfovibrio gigas enzyme, this

subunit harbours two more clusters: a second cubane

cluster (distal cluster) and a [3Fe–4S] cluster (medial

cluster) situated between the two cubanes [9, 10].

The active site in standard [NiFe] hydrogenases is a

(CysS)2Ni(l-‘O’)(l-CysS)2Fe(CN)2(CO) centre [9–14,

19–22]. Nickel is coordinated by four thiol groups from

cysteine residues, two of which bridge towards Fe.

Aerobically purified enzymes are inactive and contain

a bridging ‘O’ species that blocks the active site. There

are two different forms of inactive enzyme with dif-

ferent electron paramagnetic resonance (EPR) signals

of Ni3+. One form activates within seconds to minutes

upon exposure to H2 and is called the ready state. The

other form cannot react with H2 unless it is first re-

duced by other means and is called the unready state

[23–27]. The ‘O’ species in both forms was expected to

be different [28]. Recent X-ray crystallographic anal-

yses suggest that it is a hydroxide group in the ready

enzyme and a peroxide group in the unready enzyme

[29, 30].

Many microorganisms can express more than one

hydrogenase, as was first described for Escherichia coli

[31]. It is now known that E. coli contains genes

encoding for four different [NiFe] hydrogenases

[32–34]. The photosynthetic purple sulfur bacterium

Allochromatium vinosum contains at least two hy-

drogenases, a membrane-bound hydrogenase (MBH)

and a soluble hydrogenase (SH). Evidence for the

possible existence of two hydrogenase activities goes

back to the 1960s [35–39]. The properties of the

solubilized MBH have been thoroughly studied in the

Amsterdam group using a variety of techniques,

like EPR [8], IR [11–14], stopped-flow IR [25, 40],

Mössbauer [41] and X-ray absorption spectroscopy [42,

43]. The purified MBH shows all the physicochemical

characteristics of a standard [NiFe] hydrogenase.

Also the amino acid sequences of the two subunits

[Y. Liang, M. Long, X. Wu, H. Xu and S.P.J. Albracht,

unpublished data; UniProtKB/TrEMBL, primary

accession numbers Q4KVK0 (large subunit) and

Q5XQ37 (small subunit)] are highly similar to those of

standard [NiFe] hydrogenases. The DNA-based

N-terminus of the small subunit (Q5XQ37) is preceded

by EQARR, as determined from protein sequencing

(E.C. Bouwens and S.P.J. Albracht, unpublished data).

In this paper, we report on the isolation, purification

and characterization of the SH from A. vinosum. The

purified enzyme consisted of two subunits. The genes

encoding for these subunits were cloned and se-

quenced. They belong to an open reading frame

including three more genes. The five genes encode

proteins characterizing the enzyme as belonging to the

HoxEFUYH type of [NiFe] hydrogenases first found in

Cyanobacteria [44–48] and more recently also in

Thiocapsa roseopersicina [49]. The purified enzyme

represented only the hydrogenase module (HoxYH).

Detailed sequence comparisons showed that the intact

HoxEFUYH complex may contain three [2Fe–2S]

clusters and five [4Fe–4S] clusters. We predict that its

basic structure is like that of the domains formed by

the subunits Nqo2 (24 kDa), Nqo1 (51 kDa) and the

N-terminal part of Nqo3 (75 kDa) from the hydrophilic

fragment of Thermus thermophilus NADH:ubiquinone

oxidoreductase (complex I), the X-ray structure of

which has been published recently [50–52].

Materials and methods

Cell growth and harvest

A. vinosum strain DSM 185 was grown in a 700-l batch

culture [53] in a medium as described before [54, 55].

The cells were harvested by means of a Sharples MP4

continuous-flow centrifuge and stored at –20 �C.

Small-scale purification of the SH

Frozen cells (50-g wet weight) were thawed in a cold

room (4 �C) overnight. The cell paste was suspended in

200 ml cold 50 mM tris(hydroxymethyl)aminometh-

ane–HCl buffer (Tris) of pH 8.0 and stirred for 20 min

at 4 �C. The suspension (cooled in an ice–water bath)

was then treated with ultrasound (10 · 2 min with

intermittent cooling) with a Branson Sonifier (W-380,

Heat Systems, Farmington, NY, USA) at an output
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setting of 8 and centrifuged at 20,000g for 30 min to

remove unbroken cells and cell walls. The supernatant

was centrifuged at 200,000g for 90 min. The clear

supernatant was applied onto a (diethylamino)ethyl

(DEAE)–cellulose column (Whatman DE-52; 60 cm ·
5 cm) equilibrated with Tris (pH 7.4). The column

was washed with two bed volumes of starting buffer.

Subsequently, a linear salt gradient (0–0.4 M NaCl in

Tris pH 7.4) was applied. Two H2-production activity

peaks were observed. The first one occurred around

0.25 M NaCl and contained the SH. Active fractions

were pooled and dialysed against 10 mM Tris–HCl

buffer (pH 8.0). The second peak, which occurred

around 0.3 M NaCl, contained some MBH and was

discarded. The dialysed SH solution was applied onto a

TSK–DEAE 650 (M) column (Merck; 28 cm · 3 cm).

The contents of the column were eluted batchwise with

two bed volumes each of 0.1, 0.13 and 0.15 M NaCl in

Tris (pH 8.0). The active fractions were combined,

concentrated to about 0.5 ml and then applied onto an

Ultragel ACA-44 column (LKB; 180 cm · 1.5 cm),

which was equilibrated with 0.1 M NaCl in Tris (pH

8.0); the flow rate was adjusted to about 45 ml h–1. The

active fractions were pooled, dialysed against 20 mM

Tris–HCl buffer (pH 8.0) and applied onto a fast pro-

tein liquid chromatography (FPLC) Mono-Q column

(Pharmacia). The contents of the column were eluted

with a linear salt gradient (0–0.3 M NaCl) in Tris

(pH 8.0).

Large-scale purification of the SH and purification

of the MBH

A bacterial cell paste (500 g) was subjected to an

acetone-extraction procedure [56] to remove lipids and

photosynthetic pigments. The resulting dry powder

(190 g) was suspended in 600 ml Tris (pH 7.4) and

stirred for 30 min at 4 �C. The suspension was centri-

fuged at low speed (1,000g) for 10 min and the pellet

was extracted once more with 400-ml buffer. The

combined extracts were subjected to a high-speed

centrifugation step (35,000g, 45 min) and applied onto

a DEAE–cellulose column (Whatman DE-23;

65 cm · 7 cm). The column was first washed with 5 l

Tris (pH 7.4). Hydrogenases were eluted with a linear

NaCl gradient (0–0.5 M). The second activity peak was

used for the purification of the MBH as described

earlier [57]. The purification of the SH (first activity

peak) was performed by using a TSK-DEAE column

and an AcA-44 column. Then a second TSK-DEAE

column step with a linear gradient elution (0–0.25 M

NaCl) was applied. Thereafter the hydrogenase was

further purified by a FPLC Superdex 200 column

(Hiload 16/60), the contents of which were eluted with

Tris (pH 8.0), containing 0.1 M NaCl, at a rate of

0.5 ml min–1. All purification steps were performed

between 4 and 8 �C, except for those involving the

FPLC columns, which were run at room temperature.

Preparations were stored in liquid nitrogen until fur-

ther use. Protein was determined according to the

method of Lowry et al. [58] with bovine serum albumin

as a standard.

Activity measurements

Hydrogenase activities were measured at 30 �C in a

2.1-ml cell with a Clark electrode (type YSI 5331) for

polarographic measurement of H2 [59]. Hydrogen-

production activity was determined in 50 mM potas-

sium phosphate (KPi) buffer (pH 6.0), 1.5 mM methyl

viologen (MV), 50 mM dithionite and an appropriate

amount of enzyme. The H2-uptake activity of the SH

was measured in KPi buffer (pH 7.4). For the MBH,

Tris (pH 8.0), containing 2.2 M KCl, was used. A final

concentration of 40 lM H2, 2.0 mM benzyl viologen

(BV) and an appropriate amount of enzyme was ad-

ded. Just before the start of the reaction, 50 lM

dithionite was added to remove oxygen and to activate

the enzyme.

Native gel electrophoresis, activity staining

and subunit composition

Native gel electrophoresis was conducted in a flat-gel

apparatus for vertical slabs [60] using the buffer

system of Laemmli [61]. The polyacrylamide con-

centration was 3.5% for the stacking gel and 7.5%

for the running gel. A current of 20 mA was used for

the stacking gel and 30 mA for the running gel.

Duplicate samples were applied. After the run, the

gel was divided into two parts. One part was stained

for protein by incubation in a staining solution

(0.25% Coomassie brilliant blue R-250, 10% acetic

acid and 40% methanol) for 30 min and subsequent

destaining in 10% acetic acid and 40% methanol.

The other part was stained for activity by incubating

the gel in a reaction buffer (KPi buffer pH 6.0,

50 mM 2-mercaptoethanol and 1 mM MV) for

30 min at room temperature. After discarding the

liquid phase, the gel was kept under 100% H2 at

room temperature. When the blue colour of reduced

MV appeared, an anaerobic solution of 2.5% 2,3,5-

triphenyl-2H-tetrazoliumchloride was added and the

gel was kept under 100% Ar for 20 min [31, 62, 63].
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To determine the subunit composition, the activity

band was cut out from the native gel and incubated

at room temperature in a denaturing buffer (1.25 M

Tris–HCl, pH 6.8, 13% glycerol, 5% sodium dodecyl

sulfate (SDS), 0.003% bromophenol blue and 0.14 M

2-mercaptoethanol) for 20 min at room temperature.

Thereafter the enzyme was further denatured at

100 �C for 5 min and subjected to SDS polyacrylamide

gel electrophoresis (PAGE) with 0.5% SDS [61]. The

apparent molecular mass of the subunits was deter-

mined by the Rf value relative to standard protein

markers (94, 67, 30, 20.1 and 14.4 kDa; Pharmacia).

Analysis of N-terminal sequences of the SH

and DNA sequencing

After activity staining, the activity band was cut out

from the native gel and denatured in SDS buffer as

described already. After SDS-PAGE, the bands of the

subunits were electroblotted onto a poly(vinyl formal)

membrane [64] with an electroblot instrument (semi-

dry transfer, Bio-Rad), cut out and used for N-terminal

amino acid analysis by automated Edman degradation

using an Applied Biosystems 470A gas-phase protein

sequencer.

On the bais of the N-terminal amino acid se-

quences of the large and small subunits of the SH,

two sets of PCR primers were synthesized. The

genomic DNA from A. vinosum was extracted [65]

and the gene encoding the small subunit was cloned

by standard PCR procedures [65]. DNA sequencing

was performed using dye-primer chemistry (Base-

Clear, Leiden, The Netherlands). To obtain the

complete sequence of the SH, the genomic DNA was

first digested with restriction endonuclease BamHI. It

was then ligated with an adapter containing BamHI

cohesive ends. PCR primers were designed according

to the upstream sequence of the small subunit and the

sequence of the adapter. The sequences of the large

subunit and the accessory genes were cloned by PCR

using the ligation product as a template. DNA

sequencing of double strands was performed by the

Shenggong Company (Shanghai, China). Sequences

have been submitted to the NCBI/GenBank databases

(AY944574).

IR and EPR spectrometry

IR and EPR spectra were obtained as before [14, 66].

For IR measurements, the enzyme samples were con-

centrated in a Millipore Centricon YM-10 centrifugal

filter unit.

Results

Small-scale purifications

When A. vinosum cells were treated with ultrasound,

two types of hydrogenase activities could be detected

in the supernatant after the high-speed centrifugation

step (90 min at 200,000g) by using the H2-uptake assay

in native gels. As observed before [57], the enzymes

responsible for the two activities could be separated at

the first column (DE-52). One activity peak appeared

to be due to the SH and appeared at 0.25 M salt. The

second activity peak, due to some solubilized MBH,

occurred at a higher salt concentration (0.3 M). The

majority of the MBH activity was found in the pellet

after the high-speed centrifugation step.

Identification of the two hydrogenases was per-

formed by native PAGE analysis (Fig. 1, lanes A–F).

Activity staining showed that the two activity peaks

clearly differed in mobility. The second activity peak

exhibited the same electrophoretic properties as the

purified MBH.

As shown later, the SH showed a greater activity in

the H2-production assay than in the H2-uptake reaction

when compared with the MBH; therefore, the two

peaks in the activity profile of the DE-52 column were

best recognized when the fractions were assayed for H2

production. On the second column (TSK-DEAE), the

SH was eluted at 0.13 M NaCl, and 67% of the activity

A B C D E F G H I J

Fig. 1 Native polyacrylamide gel electrophoresis (PAGE) anal-
ysis of fractions during the small-scale purification procedure.
Lanes A–F show the analysis of the two activity peaks from the
DE-52 column. A, F Control with purified membrane-bound
hydrogenase (MBH) from Allochromatium vinosum. B, D A
sample from the first activity peak. C, E A sample from the
second activity peak. Lanes G–J show the analysis of the purified
soluble hydrogenase (SH). G, J Control with purified MBH from
A. vinosum. H, I Purified SH. Lanes A–C, G and H were stained
with Coomassie brilliant blue and lanes D–F, I and J were stained
for activity. Protein bands run from top (negative) to bottom
(positive)
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was recovered and a sevenfold purification was

achieved. The third column (AcA-44) yielded another

fourfold purification, and 78% of enzyme activity was

recovered. As a last purification step, an FPLC Mono-

Q column was used. The activity was eluted at 0.17 M

NaCl. Native-gel analyses indicated that the SH was

still not absolutely pure (Fig. 1, lane H).

After four purification steps, the SH from A. vino-

sum was purified 78-fold with a yield of 37% and a

specific H2-production activity of 7.5 U mg–1 of protein

(in KPi buffer at pH 6.0). The purification procedure is

summarized in Table 1.

Determination of the subunit composition

of the SH

The purified SH was subjected to a native PAGE

treatment. After identification of the SH band by

activity staining, the band was sliced out and used for

SDS-PAGE. Two bands were observed after Coo-

massie brilliant blue staining (Fig. 2).

The apparent molecular mass of the two subunits

was determined as 52 and 23 kDa. This fits nicely with

the masses predicted from the amino acid sequences

(HoxH, 53.5 kDa; HoxY, 19.8 kDa) as reported later.

Amino acid sequences

For the small hydrogenase subunit, the N-terminal

sequence deduced from the DNA was STQPKIT-

VATAWLDG; this was identical to the N-terminal

sequence of the protein (STQPKITVATxxLDG).

The absence of a leader sequence points to a cyto-

plasmic location of this soluble enzyme. For the large

subunit, the DNA-based N-terminal sequence was

SRTITIEPVTRIEGHAR and matched the protein N-

terminal sequence (SRTITIEPVTRxEGHAR). The

genes encoding for the small and large hydrogenase

subunits were preceded by three other genes which

appeared to be highly similar to the hoxEFU genes

found in a number of other organisms [44–47, 49].

Inspection of the HoxEFUYH subunits for binding

motifs of prosthetic groups and substrates

A decade ago Schmitz et al. [44] reported a detailed

sequence analysis of the HoxEFUYH subunits of the

hydrogenase from Cyanobacteria. They corroborated

and extended the several evolutionary links reported

earlier for this type of enzyme to subunits of

NADH:ubiquinone oxidoreductase (complex I) and

the Clostridium pasteurianum [FeFe] hydrogenase I.

In the meantime, the X-ray structures of the two

latter enzymes have appeared and many new se-

quences have been added to the databases. This

prompted us to reexamine the similarities of the five

subunits of the A. vinosum HoxEFUYH complex

with known sequences. To this purpose, BLAST

searches [67] with the five subunits were performed at

ExPASy in the UniProtKB database and the 60 most

similar sequences were aligned with CLUSTAL X

(1.64b) [68]. The main results are given in the fol-

lowing subsections.

The HoxE subunit

The HoxE subunit of A. vinosum has a cysteine motif

Cx4Cx35CxGxCx3P (x denotes a nonconserved residue;

residues predicted to bind an Fe–S cluster are printed

in bold and have the same notation) in common with

all of the 60 most similar sequences. The 24-kDa sub-

unit of complex I, which is amongst them, contains a

[2Fe–2S] cluster as originally demonstrated for the

bovine enzyme by Ohnishi et al. [69–71].

Table 1 Small-scale purification of the soluble hydrogenase
activity from Allochromatium vinosum, starting with 50 g (wet
weight) of cells

Step Total
protein
(mg)

Total
activity
(U)

SA
(U mg–1)

Purification
(fold)

Yield
(%)

DE-52 230 22.0 0.096 1 100
TSK-DEAE 20.8 14.7 0.71 7.4 67
AcA-44 4.2 11.4 2.71 28.2 52
FPLC Mono-Q 1.1 8.3 7.5 78.1 37

SA specific H2-production activity, DEAE diethylaminoethyl,
FPLC fast protein liquid chromatography

A B C
kDa

94

67

43

30

20.1

Fig. 2 Sodium dodecyl sulfate PAGE analysis of the SH from A.
vinosum. A Standard protein markers (94, 67, 43, 30 and
20.1 kDa). B SH. C Purified MBH from A. vinosum. The
concentration of the gel was 7.5%
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The recently published structure of the T. thermo-

philus 24-kDa (Nqo2) subunit demonstrates that

this [2Fe–2S] cluster is indeed bound by the

Cx4Cx35CxGxCx3P motif [51]. We predict that the

A. vinosum HoxE also contains a [2Fe–2S] cluster

(Table 2).

The HoxF subunit

The A. vinosum HoxF subunit and many of the other

60 sequences contain a cysteine motif in the N-terminal

region (Cx4Cx28–30GCx3Cx3PL), which could host an

additional Fe–S cluster. As noted before [44], this

motif is highly similar to the cysteine motif in the

HoxE-like proteins (Cx4Cx35Cx3Cx3P) discussed ear-

lier and this suggests that also the HoxF subunits may

contain a [2Fe–2S] cluster (Table 2).

Further on in the HoxF sequence, several motifs

homologous to those in the 51-kDa subunit of complex

I are present. The X-ray structure of the 51-kDa

(Nqo1) subunit in the T. thermophilus complex I [51]

shows that these motifs, within residues 73–240, are

involved in the binding of a flavin mononucleotide

(FMN) group and also have the capacity to bind

NAD(H). The HoxF-like sequences are highly similar

to this stretch of residues starting with the RGRGG

motif up to the motif INNVET at the end of this

stretch (Table 2); hence, it can safely be concluded that

the binding sites for FMN and NAD(H) are also

present in HoxF. The presence of a glutamic acid res-

idue in the conserved CGEETAL motif within this

stretch of residues suggests that the subunits bind

NAD(H) rather than NADP(H) because the glutamic

acid residue forms a hydrogen bond with the 2¢-OH of

the adenine ribose ring of NAD(H). This glutamic acid

residue would repel the phosphate group in this posi-

tion in NADP(H) [72, 73].

A conserved cysteine motif CGxCx2CRxG-x35–

LCx2G on the C-terminal side of the FMN/NAD(H)

binding motifs is present in all of the 60 similar se-

quences, including the 51-kDa subunit of complex I.

The structure of the T. thermophilus 51-kDa (Nqo1)

subunit shows that a [4Fe–4S] cluster is bound to a

Cx2Cx2Cx40C motif; hence we predict that the A.

vinosum HoxF binds a [4Fe–4S] cluster, even though

the spacing between the third and the fourth cysteine

residue is one residue shorter than the spacing found in

the 51-kDa subunit.

Table 2 Important sequence motifs in the subunits of the HoxEFUYH [NiFe] hydrogenase of A. vinosum and homologous sequences

Subunit Motifa Predicted binding site for Homologous sequences containing this motif

HoxE Cx2Cx4C-x35–CxGxCx3P [2Fe–2S] cluster 24 kDa of complex I
HoxF Cx4Cx28–30GCx3Cx3PL [2Fe–2S] cluster 24 kDa of complex I; not present in 51 kDa

of complex I or HoxF of Ralstonia eutropha
RGRGGxGYP-x145–154–

INNVET
Flavin mononucleotide

and NAD(H)
51 kDa of complex I and HoxF of R. eutropha

FCx2ESCGKCxPCRx26

ExLCx7LCGLG
[4Fe–4S] cluster 51 kDa of complex I and HoxF of R. eutropha

HoxU Cx10Cx2Cx13C-x33– [2Fe–2S] cluster Clostridium pasterianum [FeFe]
hydrogenase I, 75 kDa of complex I
and HoxU of R. eutropha

HxCx2Cx5C-x38– [4Fe–4S] cluster
with histidine ligand

C. pasterianum [FeFe] hydrogenase I, 75 kDa
of complex I (both with Hx3C); not
in R. eutropha HoxU

Cx2Cx2Cx3C-x33–
Cx2Cx2Cx3CP

[4Fe–4S] and [4Fe–4S]
cluster

[FeFe] hydrogenases (distal and medial
to the Fe-Fe active site); medial cluster not
in 75 kDa of complex I or HoxU of R. eutropha

HoxY Cx2C-xn–GxCA-xm–GCPP [4Fe–4S] cluster proximal
to Ni–Fe active site

All [NiFe] hydrogenases, all PSST subunits
(20 kDa) of complex I
(which have CC instead of Cx2C)

HoxH CGxC N-terminal cysteine ligands
to Ni–Fe active site

All [NiFe] hydrogenases

GxxEAPRGxL Arginine residue capping
the Ni–Fe active site

All [NiFe] hydrogenases

DPCx2Cx2H C-terminal cysteine ligands
to Ni–Fe active site

All [NiFe] hydrogenases

a Order of motifs is from N- to C-terminus. Only the residues in bold are involved in the predicted binding of the Fe–S clusters or of
the Ni–Fe centre
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The HoxU subunit

Almost all of the 60 sequences most similar to the

HoxU subunit from the soluble A. vinosum enzyme

have four cysteine motifs in common that have nearly

the same spacing: Cx10Cx2Cx13C-x31,33–Hx1,3Cx2Cx5

C-x38–53–Cx2Cx2Cx3C-x31–33–Cx2Cx2Cx3CP (x31,33

means 31 or 33 residues; x31–33 means 31 to 33 resi-

dues). Pilkington et al. [72] discovered that the Rals-

tonia eutropha HoxU protein has a sequence similar to

the first 240 amino acids of the 75-kDa subunit of bo-

vine complex I. Later it was recognized that this stretch

was also similar to the first 201 amino acids of the se-

quence from the [FeFe] hydrogenase I of C. pasteuri-

anum [8, 74]. In fact, the C. pasteurianum hydrogenase

contains a Cx11Cx2Cx12C-x31–Hx3Cx2Cx5C-x39–Cx2Cx2

Cx3C-x32–Cx2Cx2Cx3CP motif (residues predicted

to bind a particular Fe–S cluster [74] are printed in

bold and have the same notation) which is nearly

identical to that found in the HoxU subunit. The

75-kDa subunit of bovine complex I has a similar

motif but lacks the four cysteine residues (motif

is Cx10Cx2Cx13C-x31–Hx3Cx2Cx5C-x38–Cx2Cx2C-x43–

CP). Because the rest of the sequences of these two

proteins differ greatly from that of HoxU, they did not

score well in the BLAST search with HoxU. Yet, they

are of great interest because the 3D structure of both

proteins is now known.

In 1998, the crystal structure of the C. pasteurianum

hydrogenase I was published [2] and shortly afterwards

that of the D. desulfuricans enzyme appeared [3]. Both

hydrogenases contain the H cluster (hydrogen-acti-

vating cluster), which consists of a [2Fe]H subcluster,

with CO and CN– ligands [5, 7], linked via a cysteine

thiol to a [4Fe–4S] cluster called the [4Fe–4S]H sub-

cluster. In addition there are two [4Fe–4S] clusters, one

close to the H cluster (medial cluster) and one further

away (distal cluster). The C. pasteurianum enzyme has

an N-terminal extension binding a fourth [4Fe–4S]

cluster and a [2Fe–2S] cluster. In this enzyme the H

cluster is bound by the C-terminal part of the protein,

whereas the four Fe–S clusters are bound by the first

201 N-terminal amino acids. On the basis of the crystal

structures of the [FeFe] hydrogenases, we predict the

following for the A. vinosum HoxU subunit (Table 2).

The first four cysteine residues in the N-terminal re-

gion may bind a [2Fe–2S] cluster. The second motif,

with three cysteine ligands and one histidine ligand,

possibly binds a [4Fe–4S] cluster. The spacing between

the conserved histidine residue and the following cys-

teine residue is HxC in the A. vinosum HoxU, but

HxxxC in the [FeFe] hydrogenase. Yet, the spacing

between the last cysteine residue in the [2Fe–2S]-

binding motif and the first cysteine residue in the

[4Fe–4S]-binding motif is the same, 35 residues. The

two remaining cysteine motifs probably bind two

[4Fe–4S] clusters, which in the [FeFe] hydrogenases

are the distal and medial clusters, respectively. We

note that, just like the 75-kDa subunits of complex I,

the HoxU subunit of R. eutropha lacks the four con-

served cysteine residues that bind the medial [4Fe–4S]

cluster in [FeFe] hydrogenases.

Interestingly, the calculated isoelectric point of the

A. vinosum HoxU subunit is 7.5. This value is much

closer to that of the homologous N-terminal sequence

of the 75-kDa subunit of bovine complex I (8.2) than to

those of the homologous N-termini of the [FeFe]

hydrogenase I (5.4) or the T. thermophilus 75-kDa

(Nqo3) subunit (5.5). In general, Fe–S proteins are

rather acidic.

The HoxY subunit

The A. vinosum HoxY subunit has homologues in a

group of [NiFe] hydrogenases that carry only one Fe–S

cluster in the hydrogenase module, because there is

only one conserved cysteine motif: CxGC-xn–GxCA-

xm–GCPP. This typical pattern binds the proximal

[4Fe–4S] cluster, close to the Ni–Fe site, in all [NiFe]

hydrogenases [8, 17].

Also quite a number of sequences annotated as

‘NADH ubiquinone oxidoreductase, 20-kDa subunit’

showed up in the BLAST search. In bovine complex I,

this subunit [75] is often called the PSST subunit after

its first four amino acids [76]. As described earlier, both

the small subunits of hydrogenases and the PSST

subunits of NADH:Q oxidoreductases have stretches

of amino acids in common which in [NiFe] hydrogen-

ases form a conserved flavodoxin fold [77]. In the

NAD+-reducing [NiFe] hydrogenase from R. eutropha,

this flavodoxin fold is proposed to bind one of the two

FMN groups in this enzyme [77, 78], namely the FMN

responsible for the radical EPR signal in the reduced

enzyme [79].

Also in bovine complex I the predicted flavodoxin

fold in the PSST subunit is expected to bind the

second FMN present in the intact complex [77, 80]. It

was gratifying to see that the PSST (Nqo6) subunit of

T. thermophilus indeed contains the predicted flavo-

doxin fold, although no bound FMN was detected [51,

52]. This FMN may be lost during the purification of

the hydrophilic domain, where the stabilizing effects

of the membrane-bound domain and the phospholip-

ids are removed. Also in the soluble NAD+-reducing

[NiFe] hydrogenase from R. eutropha this FMN is

readily lost [78]. For the T. thermophilus complex I it
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has not yet been shown whether the specific reaction

site for NADPH, which is present in bovine complex

I [81] and the HoxFUYHI2 [NiFe] hydrogenase from

A. eutrophus [79, 82], is functional.

The HoxH subunit

As expected, the A. vinosum HoxH subunit is similar

to virtually all large subunits of [NiFe] hydrogenases in

that it has the two well-known cysteine motifs that bind

the active site: a CGxC motif in the N-terminal region

and a DPCxxCxxH at the C-terminus. At some distance

before the second cysteine motif a GxxEAPRGxL

motif contains the strictly conserved arginine residue

which acts as a cap on the Ni–Fe active site as observed

in all crystal structures of these enzymes [9, 10, 21, 22,

29, 30, 83–87]. As predicted by earlier sequence com-

parison [77],the structure around the Ni–Fe site is

indeed preserved in the X-ray structure of the homol-

ogous 49-kDa (Nqo4) subunit in complex I from

T. thermophilus [51].

In summary, inspection of the sequences of the

subunits of the A. vinosum HoxEFUYH complex

predicts the presence of eight Fe–S clusters (Table 2).

Large-scale purification

As described already, the purification starting with

50 g of cells yielded only about 1 mg of purified

HoxYH enzyme. In order to study some enzymologi-

cal and spectral properties of the enzyme, a large-scale

purification procedure was developed starting with

500 g of cells. In this case the sonification method was

inadequate to open up the cells. We therefore tried to

use the dry powder obtained after acetone extraction

of the cells [56] as the starting material, a method

successfully applied for the isolation and purification

of the MBH [57]. As a result, also a large amount of

the MBH was present after buffer extraction of the

dry powder. With a DE-23 column as the first column,

the HoxYH enzyme could be separated nearly com-

pletely from the MBH. Nevertheless, an extra TSK–

DEAE column was invoked in the subsequent purifi-

cation to eliminate trace amounts of the MBH. The

large-scale purification procedure is summarized in

Table 3.

After five purification steps, the HoxYH enzyme

from A. vinosum was purified 52-fold with a yield of

39% and a specific H2-production activity of 8.4 U mg–1

of protein (in KPi buffer, pH 6.0). Apparently the

acetone treatment of the cells had no effect on the

properties of the HoxYH enzyme when compared with

the small-scale procedure where cells were disrupted by

ultrasound. The procedure was performed three times

and was quite reproducible. The amount of purified

enzyme was 10–15 mg from 500 g of cells. We noted

that a concentrated enzyme solution (40–60 mg ml–1)

as required for EPR had a pinkish-brown colour.

Enzymological, EPR and IR properties

of the HoxYH enzyme

As described already, the purified enzyme consisted

only of the HoxYH subunits. This means that the

HoxEFUYH complex apparently breaks up or disso-

ciates upon destruction of the cells. This may explain

why we, in accordance with earlier observations [36,

38], could not find any H2 fi NAD+ activity in cell-

free extracts.

The calculated pI values for the A. vinosum HoxYH

and MBH [NiFe] hydrogenases were 5.9 and 5.4,

respectively. This slight difference is in agreement with

the difference in mobility of the two enzymes on native

gels, i.e. the more positive HoxYH enzyme runs more

slowly to the positive pole than the solubilized MBH.

The optimum pH for the H2-production activity of

the HoxYH enzyme in KPi buffer was about 6.0 (not

shown). Whereas the MBH of A. vinosum is quite

stable at higher temperatures (e.g. little loss of activity

after 10 min at 65 �C [53, 88]), the HoxYH enzyme was

not. At temperatures up to 40 �C, the enzyme was

stable for up to 1 h in air (not shown). When kept for

1 h at 50 �C, about 30% of the activity was lost. At

60 �C, the loss was about 70%, whereas at 70 �C, no

activity could be measured anymore after 1 h. No sig-

nificant loss of activity was noticed after storage for

several weeks at –20 �C.

The A. vinosum MBH is very resistant to trypsin and

chymotrypsin degradation, e.g. when incubated with

chymotrypsin at 37 �C for 1 h, almost no activity is lost.

In fact, a treatment with chymotrypsin is routinely used

during the MBH purification to eliminate contaminat-

ing proteins [57]. The HoxYH enzyme of A. vinosum

Table 3 Large-scale purification of the soluble hydrogenase
activity from A. vinosum, starting with 500 g (wet weight) of cells

Step Total
protein
(mg)

Total
activity
(U)

SA
(U mg–1)

Purification
(fold)

Yield
(%)

DE-23 1,744 282 0.162 1.0 100
TSK-DEAE (I) 494 241 0.48 3.0 85
AcA-44 148 180 1.22 7.5 64
TSK-DEAE (II) 61 146 2.40 14.8 52
FPLC Superdex 13 109 8.4 51.9 39

SA specific H2-production activity
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was somewhat less stable in the presence of trypsin. A

slight but noticeable inactivation was observed when

the enzyme was incubated with trypsin at 37 �C. Native

PAGE showed that the enzyme was partly digested by

trypsin and that two of the degradation products still

exhibited hydrogenase activity (Fig. 3).

Several electron carriers were tested for their reac-

tivity with the HoxYH enzyme (not shown). The

maximum H2-production activity (8.1–8.4 U mg–1) was

obtained with dithionite-reduced MV. BV was the best

electron acceptor in the H2-uptake assay (2.6 U mg–1).

Also horse-heart cytochrome c as an electron acceptor

gave some activity (0.3 U mg–1) in the latter assay. The

HoxYH enzyme showed no activity with NAD(H),

NADP(H) or K3Fe(CN)6. The H2-uptake reaction

with MV (0.75 U mg–1) was 10 times lower than the

H2-production reaction with MV.

Most hydrogenases are inhibited by CO in a way

competitive towards dihydrogen. We tested the sen-

sitivity of the HoxYH enzyme to CO in the H2-pro-

duction reaction (Fig. 4a). Half-maximal inhibition

was obtained with about 3 lM CO. We compared this

with the CO sensitivity of the MBH in the H2-pro-

duction reaction (Fig. 4b). In this case the activity was

already 50% inhibited at a concentration of about

0.25 lM.

The amino acid sequences of the HoxYH subunits

strongly indicated that the enzyme from A. vinosum is

a [NiFe] hydrogenase with one [4Fe–4S] cluster. To

obtain further evidence for this, the HoxYH enzyme

obtained from the large-scale purifications was in-

spected by EPR (Fig. 5). Wide-field scans of the un-

treated enzyme at 45 and 10 K showed several signals

(Fig. 5, panel I):

1. A prominent rhombic signal around g = 4

(g123 = 4.76, 4.047, 3.73). It is assigned to the

middle doublet of an S = 5/2 system with rhombic

symmetry. By treating it as an apparent S = 1/2

signal, we obtained an estimated spin concentra-

tion (by direct double integration) of 107 lM.
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37 �C. The purified HoxYH enzyme, in 50 mM tris(hydroxym-
ethyl)aminomethane–HCl buffer (pH 8.0), was incubated with
trypsin (40 U mg–1 hydrogenase protein) at 37 �C. Upper panel:
Every 30 min a sample was taken for activity measurements.
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production activity of the trypsin-treated sample. Triangles H2-
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Taking into consideration that the signal repre-

sents only the spins in the middle doublet and

assuming an equal population of all three doublets

at 45 K, we have to multiply this concentration by

3, so the signal represents a species with a con-

centration of 322 lM. At 10 K, a direct double

integration gave an apparent spin concentration of

74 lM, in agreement with a depopulation of the

middle doublet at lower temperatures.

2. Two small lines at g1 = 6.1 and g2 = 5.7, ascribed to

an S = 5/2 system with nearly axial symmetry,

presumably a high-spin haem.

3. A small peak at g = 9.82 and one at g = 9.36, which

had a different temperature dependence. These

lines are assigned to the other doublets of the

rhombic S = 5/2 system.

There was no signal attributable to an oxidized

[3Fe–4S]+ cluster. At 45 K two weak signals due to

Ni3+ were noticed. This is shown in detail in trace A of

panel II in Fig. 5. The signals could be simulated as a

summation of two S = 1/2 signals. The close analogy of

the g values with those of the Ni signals of the A.

vinosum MBH led us to ascribe the signals to the Nir*

state (with g123 = 2.37, 2.16, 2.02) and the Niu* state

(with g123 = 2.30, 2.23, 2.02). The combined signal

intensity amounted only to 4.2 lM. The signal ob-

tained after subtraction of the simulated Ni spectra is

reminiscent to that of Cu2+ as found in type-II copper

proteins or in proteins which have aspecifically bound

copper [89].

When the solution was placed under H2 (evacuation

and flushing eight times) for 16 h at 4 �C, no changes

were observed. A subsequent incubation under H2 at

room temperature (20 �C) for 4.5 h did change the

spectrum. The g = 4 signal collapsed to half of its ori-

ginal amplitude, the g = 6 signals as well as the Ni3+

signals disappeared and a new signal appeared in the

g = 2 region. It was optimally sharpened at 12 K

(Fig. 5, panel III). This property and its g values

(g123 = 2.05, 1.90, 1.88) identify it as due to a reduced

[4Fe–4S] cluster. In view of the cysteine motif in the

HoxY subunit, we assign the signal to the proximal

[4Fe–4S] cluster. The estimated spin concentration of

the signal, obtained from the simulation, was 6.2 lM.

The signal around g = 4 disappeared completely only

upon addition of excess dithionite plus MV (not

shown).

Two more preparations from large-scale purifica-

tions were inspected by EPR. Both showed the strong

signal around g = 4 as well as the nickel-based signals.

The ratio of the Nir* and Niu* signals varied, as is often

observed with [NiFe] hydrogenases. In none of the

preparations could the characteristic light-sensitive

EPR signal of the Nia–C* state be induced using

methods which gave an optimal Nia–C* signal with the

MBH, e.g. flushing with Ar or 1% H2 after reduction

with H2 [90, 91].
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Fig. 5 Electron paramagnetic resonance spectra of the HoxYH
enzyme. Panel I: Wide-field scans of untreated enzyme. A
Spectrum at 45 K and a microwave power attenuation of 20 dB
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Spectra of untreated enzyme in the g = 2 region. A Spectrum
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Difference spectrum A minus B. Panel III: Spectrum of
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Untreated, aerobic enzyme showed several IR bands

in the 2,120–1,880 cm–1 region (Fig. 6, trace A). In the

m(CO) region, a strong band at 1,962 cm–1 with a

shoulder at 1,955 cm–1 and a weak band at 1,929 cm–1

were present. In the m(CN) region, three bands at

2,104, 2,086 and 2,055 cm–1 were observed with a

shoulder at 2,078 cm–1. The m(CO) region changed

after keeping the enzyme in the IR cell at 4 �C for

3 days (Fig. 6, trace B): the 1,955-cm–1 band consid-

erably decreased, the 1,929-cm–1 band disappeared and

a weak band at 1,980 cm–1 showed up. The m(CN)

region did not change. Enzyme mixed with 2 mM

2,6-dichlorophenol-indophenol (DCIP), to optimally

oxidize the HoxYH enzyme, had a similar effect,

although the 1,929-cm–1 band was not affected (Fig. 6,

trace C). The slight decrease in amplitude of the bands

was caused by dilution. After an additional period of

19 h at room temperature, the spectrum hardly chan-

ged (Fig. 6, trace D).

Reduction of the HoxYH enzyme with 20 mM

dithionite under an Ar atmosphere during 2 h at room

temperature resulted in replacement of the three bands

in the m(CO) region by two bands at 1,969 and

1,947 cm–1 (Fig. 6, trace E). In the m(CN) region, the

prominent band at 2,055 cm–1 disappeared and only

one band at 2,093 cm–1 was observed. After an addi-

tional period of 1.5 h at room temperature, the band at

1,969 cm–1 disappeared (Fig. 6, trace F). Because of

the poor signal-to-noise ratio in the cyanide region of

trace E, it cannot be excluded that the two weak bands

around 2,077 and 2,072 cm–1 in trace F were already

present in trace E of Fig. 6.

Reduction of enzyme with 20 mM dithionite under a

CO atmosphere for 5 h at room temperature caused a

quite different spectrum (Fig. 6, trace G). Three bands

were observed in the m(CO) region (at 1,968, 1,955 and

1,946 cm–1), whereas four weaker bands were noticed

in the m(CN) region (at 2,093, 2,079, 2,072 and

2,064 cm–1).

When the areas of the m(CO) peaks around

1,950 cm–1 in Fig. 6 were determined (via curve fitting)

and compared with the area of the m(CO) peak in an IR

spectrum of the A. vinosum MBH of known concen-

tration, the calculated HoxYH concentrations were

approximately 0.5, 0.2 and 0.1 mM for the samples

used for traces A, B and C, and E–G, respectively. The

assumption was made that the intrinsic COs in both

enzymes give rise to the same IR intensity. These

concentrations are of importance for the possible

explanation of the low EPR signal intensities found for

the Ni and Fe–S signals (see ‘‘Discussion’’).

Discussion

We start with a few initial remarks about the purifi-

cation procedure. The Amsterdam laboratory had

earlier inspected the second hydrogenase activity from

A. vinosum. Upon partial purification of this soluble

activity, a preparation was obtained that showed both a

H2-production activity and an NADH–K3Fe(CN)6

activity. Addition of NADH induced a rhombic EPR

signal from a [2Fe–2S] cluster plus a radical signal (J.

W. van der Zwaan, as referred to in [57]). No EPR

signals of nickel were seen. We have spent a consid-

erable amount of time trying to purify fractions con-

taining both activities. We noticed that on the first

DEAE column, the NADH–K3Fe(CN)6 and hydro-
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genase activities stayed together only when the ace-

tone-powder extract was not too dilute. However, in

that case the binding of the hydrogenase activity to the

column was weak, prohibiting the preparation of suf-

ficient quantities of enzyme for spectroscopic studies.

For a good binding, a rather large dilution was

required. In that case both activities did not move

together. Addition of 1 mM NiCl2 to the extract had

no effect. We conclude that the HoxYH and HoxEFU

modules of the A. vinosum enzyme are only loosely

bound. This is reminiscent of the HoxFUYH enzyme

from Rhodococcus opacus (formerly Nocardia opaca),

which easily dissociates into HoxFU and HoxYH di-

mers [92, 93]. The related HoxFUYHI2 enzyme from

R. eutropha readily loses the HoxI subunits, but does

not further dissociate as tested under a variety of redox

and/or dilution conditions [78].

The HoxFU module in the R. eutropha and R. op-

acus enzymes catalyses a NADH–K3Fe(CN)6 activity.

Assuming that this activity in the A. vinosum cell-free

extract is, at least in part, due to the HoxEFU module,

then it is curious to note that we could not measure any

H2–NAD+ activity. It has been reported that such an

activity was only measurable when a soluble electron

carrier (e.g. ferredoxin from C. pasteurianum or A.

vinosum, or BV) was added [38]; hence, the apparent

dissociation of the A. vinosum HoxEFUYH complex

may already occur upon opening of the cells. The

purified reversible hydrogenase of Anabaena variabilis

ATCC 29413, which is now known to be a HoxEFUYH

[NiFe] hydrogenase, contains FMN and the reduced

enzyme exhibits EPR signals of at least one type of

[2Fe–2S] cluster, one type of [4Fe–4S] cluster, but no

signals from nickel [94]. Apparently, the HoxEFUYH

enzymes from Cyanobacteria are much stabler, because

two more enzymes have been successfully purified

from Synechocystis and Synechococcus [46].

Possible structural composition of the A. vinosum

HoxEFUYH complex

We have demonstrated that the A. vinosum Ho-

xEFUYH complex has the binding sites for three [2Fe–

2S] clusters and five [4Fe–4S] clusters. The amino acid

sequences of the subunits have their counterparts in

subunits of complex I, and that of HoxU also in the N-

terminal part of the C. pasteurianum [FeFe] hydroge-

nase I.

The crystal structure (at 4-Å resolution) of the

hydrophilic domain of complex I from T. thermophilus,

containing all Fe–S clusters of the intact complex I, was

published last year [50]. The 3.3-Å structure was pub-

lished recently [51]. In Fig. 7, we compare the

arrangement of the Fe–S clusters in this domain

(panel I) with that of the C. pasteurianum [FeFe]

hydrogenase (panel II). It can be seen that within the

red dashed ovals the structural arrangement of the

[2Fe–2S] and the two [4Fe–4S] clusters in both

enzymes is highly similar, as was described (but not

shown) by Sazanov and Hinchliffe [51]. These clusters

are bound to the N-terminal regions of the 75-kDa

subunit (called Nqo3 for T. thermophilus) of complex I

and that of the [FeFe] hydrogenase I (Table 2). Even

although the 75-kDa subunit of complex I does not

have the cysteine motif for binding an analogue of the

medial cluster in the [FeFe] hydrogenase, the number

of amino acids between the first three cysteine residues

binding the distal-cluster analogue and the conserved

CP couple, where the cysteine residue acts as the

fourth ligand to this cluster, is the same [74] and this

resulted in the conservation of the structure of this

polypeptide piece [51]. We predict that the structure of

the HoxU subunit and its arrangement of the Fe–S

clusters (Fig. 8) is highly similar to that of the N-terminal

part of the C. pasteurianum [FeFe] hydrogenase (green

oval in Fig. 7, panel II). Although Fig. 7 may suggest

that the [4Fe–4S] cluster labeled as ‘Extra’ in the

complex I structure (extra, because this cluster is not

present in bovine complex I and many others) could be

related to the [4Fe–4S]H subcluster being part of the H

cluster in [FeFe] hydrogenases, this can be ruled out by

the sequence comparisons, because the cysteine motifs

binding these clusters are completely different.

In complex I, a second [2Fe–2S] cluster is present in

the 24-kDa subunit (encircled green; upper left in

Fig. 7, panel I). This subunit is highly similar to the

HoxE subunit (Table 2). The 51-kDa (Nqo1) subunit

contains a [4Fe–4S] cluster plus FMN [51]. This is in

agreement with early studies on an enzyme, called the

low molecular weight NADH dehydrogenase, pre-

pared from bovine complex I. This consisted of the 51-,

24- and 9-kDa subunits [95] and contained two

NADH-reducible Fe–S clusters with the typical EPR

characteristics of a [4Fe–4S] and a [2Fe–2S] cluster

[70]. The [2Fe–2S] cluster was shown to reside in the

24 + 9-kDa subcomplex. The HoxF subunits have the

same binding domains for FMN/NAD(H) and a [4Fe–

4S] cluster as the 51-kDa (Nqo1) subunit (Table 2);

hence, we propose that the HoxEFU module of the A.

vinosum HoxEFUYH complex is structurally similar to

the centre plus the top-left parts of complex I in Fig. 7,

panel I. This is depicted in Fig. 8. We note that the

A. vinosum HoxF has an extra binding site for a [2Fe–

2S] cluster (absent in complex I and in HoxF from

R. eutropha). The spatial position of this cluster cannot

be predicted because it is bound by an N-terminal
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extension in HoxF which is absent in the 51-kDa

(Nqo1) subunits. One possibility is that it forms an

electronic bridge between the [2Fe–2S] cluster in

HoxE (24 kDa) and the [4Fe–4S] cluster in HoxF

(51 kDa). In complex I, the distance between the two

relevant clusters is 22.3 Å and this is considered inad-

equate for fast electron transfer [50, 51]. An interme-

diate [2Fe–2S] cluster would repair the electronic

contact. The spatial positions of the Fe–S clusters in

the HoxU subunit (Fig. 8) can be predicted by com-

parison with the structures of complex I and the

C. pasteurianum [FeFe] hydrogenase I (Fig. 7).

The remaining HoxYH subunits form the hydroge-

nase module of the soluble [NiFe] hydrogenase.

Structurally this part can be compared with standard

[NiFe] hydrogenases. A first possibility for direct

attachment of the HoxYH module to the HoxEFU

module is via the medial cluster in the structural ana-

logue of the [FeFe] hydrogenase in HoxU (possibility

A in Fig. 8). In that case the [4Fe–4S] cluster and the

Ni–Fe site in the HoxYH subunits would ‘replace’ the

H cluster as an H2-reactive centre (cf. Fig. 7, panel II).

A second possible point for a direct attachment is via

the [4Fe–4S] cluster with the histidine ligand in HoxU

(not shown). In both cases the complex would be

expected to show H2–NAD+ activity.

In complex I, the link between the HoxYH homo-

logues (the PSST and 49-kDa subunits, respectively)

and the HoxU homologue (the 75-kDa subunit) ap-

pears to be formed by the TYKY (Nqo9) subunit with

its two [4Fe–4S] clusters [51] (Fig. 7, panel I); hence, a

third tentative possibility is to assume that the intact

HoxEFUYH complex in the cell has an attached

2[4Fe–4S] ferredoxin, e.g. the A. vinosum ferredoxin,

shunting between the HoxYH module and the Ho-

xEFU module in an arrangement similar to the

homologous subunits in complex I (possibility B in

Fig. 8; the two hypothetical [4Fe–4S] clusters are not

shown). In this connection, it is worthwhile mentioning

the possibility that in the energy-converting [NiFe]

hydrogenase (Ech) from Methanosarcina barkeri

[96–99] the hydrogenase module [EchC and EchE

subunits, homologues of the PSST (HoxY) and 49 kDa

(HoxH) subunits, respectively] may be attached to the

EchF subunit, a homologue of the TYKY (Nqo9)

subunit, in a way similar to that in complex I.

II

[4Fe-4S]
with H ligand

[2Fe-2S]
Medial

[4Fe-4S]

Distal
[4Fe-4S]

[2Fe]H subcluster

[4Fe-4S]H subcluster

24 kDa

51 kDa

75 kDa

Extra

I

TYKY

PSST

22.3

14.2

13.9

24.2

12.2

16.9

12.2

14.2

Fig. 7 Comparison of the structures of complex I from Thermus
thermophilus [51] and the [FeFe] hydrogenase I from Clostrid-
ium pasteurianum [2] as a basis for the prediction of the relative
positions of the prosthetic groups of the A. vinosum
HoxEFUYH complex shown in Fig. 8. Panel I: 2D image of
the prosthetic groups in the hydrophilic domain of T. thermo-
philus complex I (adapted from [51]). The subunit names are
those from the bovine enzyme. The T. thermophilus names are as
follows: 24 kDa, Nqo2; 51 kDa, Nqo1; 75 kDa, Nqo3; TYKY,
Nqo9; PSST, Nqo6. The cubane cluster denoted as Extra is not
present in bovine complex I. The distances (in Å) between the

centres of the Fe–S clusters are taken from [51]. Panel II:
Prosthetic groups in the C. pasteurianum hydrogenase I [2].
Coordinates were taken from the structure file (PDB entry 1feh).
The 3D structure is represented such that the iron and sulfur
atoms of three of the Fe–S clusters in the N-terminal domain
optimally superimpose upon those of the 75-kDa subunit in the
2D image of complex I (red dashed ovals). The green circles/ovals
indicate flavin mononucleotide (FMN) and/or Fe–S clusters, the
binding sites of which are also present in the A. vinosum
HoxEFUYH complex
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Summarizing, we propose that the A. vinosum Ho-

xEFUYH [NiFe] hydrogenase is structurally related to

most of the hydrophilic domain of complex I and

shares six of its Fe–S clusters. Reduction of all Fe–S

clusters in bovine complex I by NADH is a very fast

reaction. Pre-steady-state kinetics experiments show

that reduction is completed within the dead time of the

freeze–quench machine (5 ms) even at 4 �C [81, 100].

The recent structure of the hydrophilic domain of

complex I from T. thermophilus [50, 51] suggests that

this submillisecond electron transfer covers a distance

of over 140 Å. At present it is unclear whether the

HoxEFUYH types of [NiFe] hydrogenases also have

such a property and why they would need this. Upon

opening of the A. vinosum cells, resulting in a dilution

of the cell contents, there is no measurable H2–NAD+

activity (unless electron carriers are added [36, 38], e.g.

the A. vinosum ferredoxin [37], a 2[4Fe–4S] protein

[101]). This prevents further study of the electron-

transfer properties.

EPR properties of the HoxYH enzyme

The protein concentrations used for the EPR experi-

ments (40–60 mg ml–1) predict enzyme concentrations

of 550–800 lM, assuming that the preparations were

completely pure. The spin concentration of the EPR

signals assigned to the Ni–Fe site and the proximal

[4Fe–4S] cluster amounted, however, only to 4–6 lM,

i.e. two orders of magnitude less. We note that the

HoxYH enzyme from the large-scale purification had

the same (even somewhat higher) specific activity as

the nearly pure enzyme from the small-scale purifica-

tion. This, and the fact that the IR spectra indicated

that the concentration of the Ni–Fe site was at least

one order of magnitude greater than the EPR-derived

concentrations, led us to conclude that the majority of

the molecules in the oxidized enzyme do not have an

EPR-detectable Ni centre. This also indicates that the

midpoint potential of the proximal cluster is presum-

ably considerably lower than that of the normal

hydrogen electrode. The latter property would be in

agreement with a H2-production function of the en-

zyme. However, these initial results remain to be ver-

ified.

The EPR spectra indicate that the enzyme prepa-

ration was not pure. Very weak signals around g = 6

point to the presence of traces of high-spin haem

proteins. The amount of these signals varied with the

preparation. The most intriguing signal in all three

preparations was the strong g = 4 signal. In the prep-

aration used for Fig. 5 it amounted to about 320 lM.

The signal is indistinguishable from that of the Fe

superoxide dismutases from M. bryanti [102] and sev-

eral other microorganisms [103–105]. Assuming that

such a protein, with a molecular mass of 22 kDa, is the

major contaminant, then this would amount to

7 mg ml–1 in the EPR tube, i.e. 12–18% of the protein.

This would, however, not invalidate the conclusions

made before about the properties of the Ni–Fe site and

the proximal cluster. Although it cannot be excluded, it

is highly surprising that an Fe superoxide dismutase

would copurify with the HoxYH enzyme. Hence, an-

other tentative possibility to explain the strong g = 4

signal is to assume that the low-spin Fe2+ in the Ni–Fe

HoxE

HoxF

HoxU

[4Fe-4S]
with H ligand

HoxY

HoxH

HoxY

HoxH

A

B

Fig. 8 Tentative spatial arrangement of the predicted prosthetic
groups (FMN and Fe–S clusters) in the HoxEFUYH [NiFe]
hydrogenase from A. vinosum. The positions of the 2Fe cluster in
HoxE, and of the FMN and the 4Fe cluster in HoxF, are taken
from the 2D image of complex I in Fig. 7, panel I. The position
of the extra 2Fe cluster in HoxF is arbitrary. The unit with the
four Fe–S clusters in HoxU is taken from the 2D image of the
[FeFe] hydrogenase structure in Fig. 7, panel II. The structures
of the 4Fe cluster in HoxY and the Ni–Fe centre in HoxH, as
well as their relative positions, are taken from the structure of
the Desulfovibrio gigas [NiFe] hydrogenase [10] (PDB entry
2frv). Two possible positions of the HoxYH module are shown
(red dashed rectangles). In position A the iron and sulfur atoms
of the 4Fe cluster were superimposed on those of the [4Fe–4S]H

subcluster in the structure of [FeFe] hydrogenase (cf. structure in
Fig. 7, panel II) such that the Ni–Fe centre pointed in the
direction of the [2Fe]H subcluster. In position B the iron and
sulfur atoms were superimposed on those of the cubane cluster in
the PSST subunit of the complex I structure (Fig. 7, panel I) such
that the Ni–Fe centre pointed to the direction of the position of
the 49-kDa subunit [51] (homologue of HoxH) of complex I (not
indicated in Fig. 7, panel I)
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site has turned into a high-spin Fe3+ by the loss of one

or more of its diatomic ligands.

IR properties of the HoxYH enzyme

We do not understand the origin of the band at

1,955 cm–1 (in untreated enzyme; Fig. 6, trace A) that

largely disappeared in time (Fig. 6, trace B) or upon

addition of excess DCIP. Also the origin of the rather

strong band at 2,055 cm–1 in the oxidized enzyme is

unclear. In standard [NiFe] hydrogenases, a band close

to this position is seen in three cases: (1) a m(CN) band

in H2-reduced enzyme [106, 107]; (2) a m(CN) band in

the so-called Nia–L* state [106, 107]; (3) a m(CO) band

of extrinsic CO bound to nickel [11, 12]. Because this

band persisted in HoxYH enzyme after treatment with

DCIP, it is unlikely to be caused by a m(CN) band from

reduced enzyme. This is in agreement with the fact that

the band disappeared upon reduction (Fig. 6). The

Nia–L* state can also be ruled out as a source, because

that state is only stable at cryogenic temperatures. Also

the third possibility is unlikely, because no 2,055-cm–1

band was observed in CO-treated enzyme (see below).

It cannot be ruled out that this band is due to the

species that shows the g = 4 EPR signal.

Reduction with dithionite resulted in replacement of

the m(CO) band at 1,962 cm–1 of the oxidized enzyme

by bands at 1,969 and 1,947 cm–1. The 1,969-cm–1 band

is presumably an intermediate redox state of the Ni–Fe

centre, possibly the Nia–S state, because only the 1,947-

cm–1 band remained present at longer times. The latter

band is assigned to the fully reduced state of the Ni–Fe

centre (Nia–SR state).

The CO inhibition of the HoxYH enzyme (Fig. 4) is

in agreement with the general CO sensitivity of [NiFe]

hydrogenases. In standard [NiFe] hydrogenases, CO

binds to nickel [86] and so this is also expected for the

HoxYH enzyme. We tentatively assign the band at

2,064 cm–1 in Fig. 6, trace G, from CO-treated enzyme,

to extrinsic CO bound to nickel.
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