
Amino Acid Replacements at the H2-Activating Site of the NAD-Reducing
Hydrogenase fromAlcaligenes eutrophus†

Christian Massanz and Ba¨rbel Friedrich*

Institut für Biologie, Humboldt-UniVersität zu Berlin, Chausseestrasse 117, D-10115 Berlin, Germany

ReceiVed April 7, 1999; ReVised Manuscript ReceiVed August 3, 1999

ABSTRACT: The role of amino acid residues in the H2-activating subunit (HoxH) of the NAD-reducing
hydrogenase (SH) fromAlcaligenes eutrophushas been investigated by site-directed mutagenesis. Conserved
residues in the N-terminal L1 (RGxE) and L2 (RxCGxCx3H) and the C-terminal L5 (DPCx2Cx2H/R)
motifs of the active site-harboring subunit were chosen as targets. Crystal structure analysis of the [NiFe]
hydrogenase fromDesulfoVibrio gigasuncovered two pairs of cysteines (motifs L2 and L5) as coordinating
ligands of Ni and Fe. Glutamate (L1) and histidine residues (L2 and L5) were proposed as being involved
in proton transfer [Volbeda, A., Charon, M.-H., Piras, C., Hatchikian, E. C., Frey, M., and Fontecilla
Camps, J. C. (1995)Nature 373, 580-587]. TheA. eutrophusmutant proteins fell into three classes. (i)
Replacement of the putative four metal-binding cysteines with serine led to the loss of H2 reactivity and
blocked the assembly of the holoenzyme. Exchange of Cys62, Cys65, or Cys458 was accompanied by
the failure of the HoxH subunit to incorporate nickel, supporting the essential function of these residues
in the formation of the active site. Although the fourth mutant of this class (HoxH[C461S]) exhibited
nickel binding, the modified protein was catalytically inactive and unable to oligomerize. (ii) Mutations
in residues possibly involved in proton transfer (HoxH[E43V], HoxH[H69L], and HoxH[H464L]) yielded
Ni-containing proteins with residual low levels of hydrogenase activity. (iii) The most promising mutant
protein (HoxH[R40L]), which was identified as a metal-containing tetrametric enzyme, was completely
devoid of H2-dependent oxidoreductase activity but exhibited a remarkably high level of D2-H+ exchange
activity. These characteristics are compatible with the interpretation of a functional proton transfer uncoupled
from the flow of electrons.

Hydrogenases, which are abundant among microorgan-
isms, catalyze the reversible cleavage of H2 into 2H+ and
2e-. On the basis of their metal content, two major classes
of proteins are distinguished, [Fe] and [NiFe] hydrogenases.
The more common [NiFe] hydrogenases consist of a large
approximately 60 kDa subunit and a small 30 kDa subunit.
The large subunit contains a heterodinuclear NiFe center,
and the small subunit harbors one to three Fe-S clusters. It
is generally accepted that H2 activation occurs at the NiFe
center and that the Fe-S clusters mediate electron transfer
between the active site and redox partners such as cyto-
chromes and ferredoxins (revieved in refs1 and2).

The Gram-negative bacteriumAlcaligenes eutrophus(re-
namedRalstonia eutropha) is able to use molecular hydrogen
as a sole source of energy for the synthesis of cell carbon
from CO2 (reviewed in ref3). Energy-linked H2 oxidation
in this bacterium is catalyzed by two [NiFe] hydrogenases.
The membrane-bound hydrogenase (MBH)1 is composed of
a large subunit and a small subunit which are coupled to the

electron transport chain via a cytochromeb-type anchor (4,
5). The second hydrogenase (SH) ofA. eutrophusis soluble
and resides in the cytoplasm, where it reacts with NAD as
the physiological electron acceptor (6). The SH is composed
of two dimeric modules; the HoxH subunit with the NiFe
center forms together with HoxY the hydrogenase unit (7-
9). The NADH oxidoreductase module (diaphorase) consists
of HoxF and HoxU and contains several not completely
defined Fe-S clusters, in addition to one FMN and the NAD
binding site. This Fe-S flavoprotein is closely related to
the NADH:ubiquinone oxidoreductase of mitochondria and
bacterial species (reviewed in refs10 and11). The SH and
MBH proteins ofA. eutrophusare encoded by the genes
hoxFUYHandhoxKG, respectively, which are arranged in
two separate operons located on the 450 kb megaplasmid
pHG1 (12, 13).

Alignment of more than 70 primary sequences of [NiFe]
hydrogenases revealed five consensus motifs in the Ni-
containing large subunit: RGxE (L1), RxCGxCx3H (L2),
Hx6L (L3), Gx4PRGx3H (L4), and DPCx2Cx2H/R (L5) (1,
14). In [NiFeSe] hydrogenases, the first cysteine of the L5
motif is replaced with selenocysteine, which was identified
as a ligand of the Ni ion in hydrogenases fromDesulfoVibrio
baculatus(15) and MethanococcusVoltae (16). The first
crystallographic analysis of the periplasmic [NiFe] hydro-
genase ofDesufoVibrio gigas showed that the active site is
deeply buried inside the protein and that Ni and Fe are
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bridged by two cysteine thiolates of the L2 and L5 motifs.
The remaining thiolates of both cysteine pairs are mono-
dentate ligands to the Ni atom. Moreover, the Fe coordinates
three additional diatomic ligands (17, 18). Very similar
protein structures have been obtained for the [NiFe] hydro-
genases from otherDesulfoVibrio species (19, 20). Fourier
transform infrared (FTIR) spectroscopy identified the di-
atomic ligands as one CO and two CN- molecules (21-
23). FTIR bands characteristic of these ligands were also
identified in [NiFe] hydrogenases from other organisms,
includingA. eutrophus(24). Despite individual characteristics
of the H2 active site in the various [NiFe] hydrogenases,
spectroscopic similarities and conservation of potential metal
ligands are consistent with an overall conservation of the
structure and function of the NiFe center. Moreover, the
X-ray data of the crystallized hydrogenases showed that the
small electron-transferring subunit is composed of two
domains. The N-terminal domain harbors one [4Fe-4S]
cluster proximal to the NiFe center. The C-terminal domain
of the small subunit contains one [3Fe-4S] and one [4Fe-
4S] cluster, and its tail obviously docks the enzyme to an
electron acceptor (17-20). An equivalent electron-transfer-
ring function is assigned to HoxY, the small hydrogenase
subunit of the SH fromA. eutrophus. Its primary structure
predicts a truncated protein bearing only the N-terminal
domain with the proximal [4Fe-4S] cluster (12, 25).

Despite an enormous wealth of structural information
about [NiFe] hydrogenases, the precise role of Ni, Fe, and
their associated ligands in H2 catalysis is still a matter of
debate (2, 26, 27). Early hydrogen-isotope exchange experi-
ments showed that H2 cleavage occurs heterolytically,
yielding H+ and H- (28). Most of the [NiFe] hydrogenases
undergo reductive activation before H2 turnover occurs, but
again, the underlying molecular mechanisms are scarcely
known (1).

Application of genetic techniques in the analysis of
hydrogenase catalysis has been hampered by the failure to
express active hydrogenase heterologously inEscherichia
coli and by deficiencies in appropriate systems for those
organisms whose hydrogenases are biochemically and struc-
turally well characterized. Although X-ray structure data are
not yet available for the SH ofA. eutrophus, this enzyme
offers the following advantages. The biochemical properties

are well defined; its maturation pathway is less complex than
that of membrane-bound or periplasmic proteins, and its host
is easily accessible to standard genetic manipulations. To
gain insights into the function of the catalytic site, we
generated a set of point mutations in the gene encoding HoxH
and characterized the resulting mutant proteins with respect
to enzymatic properties, Ni content, and structural composi-
tion.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Growth Conditions. The bacterial
strains and plasmids used in this study are listed in Table 1.
Strains carrying the initials HF are derivatives ofA. eutrophus
H16 which harbors the endogenous megaplasmid pHG1.E.
coli S17-1 (30) was used as a host in standard cloning
procedures and was the donor in conjugative plasmid transfer.

Strains ofA. eutrophuswere cultivated in mineral salts
medium containing 0.4% (w/v) fructose or a mixture of 0.2%
(w/v) fructose and 0.2% (v/v) glycerol (FGN medium) (32).
The standard medium was supplemented with 1µM NiCl2.
Lithoautotrophic cultures were grown on mineral salts
medium under an atmosphere of hydrogen, carbon dioxide,
and oxygen (8:1:1, v/v/v). Strains ofE. coli were grown in
Luria-Bertani medium (33). Antibiotics were supplemented
as follows: 350µg of kanamycin per milliliter and 15µg of
tetracycline per milliliter forA. eutrophusand 25µg of
kanamycin per milliliter, 15µg of tetracycline per milliliter,
and 100µg of ampicillin per milliliter for E. coli.

Recombinant DNA Techniques and Plasmid Constructions.
Standard DNA techniques were used (34). Site-directed
mutations inhoxH were constructed by a two-step PCR
method (35). hoxHof pGE15 was subcloned into pBluescript
KS+, yielding pCH472. Plasmid pCH472 served as a
template, andTaqpolymerase was used for DNA amplifica-
tion. Mutations located at the 5′ end ofhoxHwere introduced
by recombination of a 198 bpStyI-BstEII fragment into
pCH472. Likewise, mutations located at the 3′ end ofhoxH
were introduced on a 98 bpBsmI-BsmAI fragment into
pCH472. Codon changes and the resulting plasmids are listed
in Table 2. Mutations were verified by double-stranded
sequencing of the inserted DNA.

The broad-host-range plasmid pGE331 (Table 1) was
derived from pGE15 by deletion ofhoxH contained on a

Table 1: Bacterial Strains and Plasmids

relevant characteristics source or ref

strain
A. eutrophus

H16 SH+ MBH+ a DSM 428, ATCC 17699
HF371 SH- MBH-,hoxH∆, hoxG∆ 29
HF387 SH- MBH+, ∆(hoxFUYHW) 29
HF442 hoxH[TGC f AGC (C458S)] this study
HF443 hoxH[TGC f AGC (C461S)] this study

E. coli
S17-1 recA pro thi hsdR chr::RP4-2 Tra+ 30

plasmid
pBluescript KS+ lAprlacZ′ T7 φ10 promoter f1ori Stratagene, cloning system
pLO1 KmrsacBRP4oriT ColE1ori 31
pCH472 1.9 kbSstI fragment of pGE15 in pBluescript KS+ 29
pCH570 1.9 kbSstI fragment of pGE289b in pLO1 this study
pCH571 1.9 kbSstI fragment of pGE290b in pLO1 this study
pGE15 15.0 kbHindIII fragment of pHG1 in pVK101 12
pGE331 derivative of pGE15 with a 1.9 kbSstI fragment deleted 29

a SH, soluble hydrogenase; MBH, membrane-bound hydrogenase.b Listed in Table 2.
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1.9 kbSstI fragment. To generate recombinant plasmids for
complementation studies, the modifiedhoxH alleles were
inserted as a 1.9 kbSstI fragment into pGE331 (Table 2).
The mobilizable plasmids were transferred fromE. coliS17-1
cells to SH-deficientA. eutrophusHF387 cells (Table 1) by
a spot mating technique (36). Transconjugants were selected
on minimal medium containing fructose and the appropriate
antibiotics.

Two of the 12hoxH mutant alleles were introduced into
the endogenous megaplasmid pHG1 ofA. eutrophusH16 to
generate the isogenic strains HF442 and HF443 (Table 1).
This was achived by inserting the corresponding 1.9 kbSstI
fragments of pCH388 and pCH390, respectively, into pLO1
and using the recombinant plasmids for allelic exchange with
A. eutrophusH16 (31). Isolates were verified by PCR and
restriction analysis.

Preparation of Soluble and Membrane Extracts. A. eu-
trophus cells were grown in FGN medium to an optical
density of 10-11 at 436 nm. Cells were harvested by
centrifugation, washed once, and resuspended in 50 mM
potassium phosphate buffer (pH 7) containing 0.1 mM
phenylmethanesulfonyl flouride. Cells were disrupted by two
passages through a French pressure cell at 119 MPa, and
soluble and membrane fractions were prepared as described
previously (32). Protein concentrations were determined by
the method of Lowry et al. (37) with bovine serum albumin
as the reference.

Autoradiography of63Ni-Labeled Proteins. Proteins were
labeled in vivo by growing the cells to an optical density of
10-11 at 436 nm in FGN medium containing 150 nM
63NiCl2 (867 mCi/mmol; Amersham Buchler). Soluble
extracts were analyzed by native PAGE and autoradiography
as described previously (38).

Immunoblot Analysis. Proteins were separated by electro-
phoresis in polyacrylamide gels and transferred to BA83
nitrocellulose membranes (Schleicher and Schuell) according
to a standard protocol (39). Subunits of the SH were detected
with rabbit polyclonal antisera and an alkaline phosphatase-
labeled goat anti-rabbit immunoglobuin (Jackson Immuno
Research Laboratories). The antisera were prepared with
individually isolated SH subunit proteins.

Enzyme Assays. Activities of the SH (hydrogen:NAD+

oxidoreductase, EC 1.12.1.2) and the MBH (ferredoxin:H+

oxidoreductase, EC 1.18.99.1) were determined with cells
grown in FGN medium to an optical density of 10-11 at

436 nm. The hydrogenase activity of the SH was determined
spectrophotometrically in soluble extracts by assessing the
H2-dependent reduction of NAD and benzyl viologen (BV).
Diaphorase activity was assayed with the soluble fraction
using BV as the acceptor and NADH as the electron donor
(6). Deuterium-water (D2-H2O) exchange experiments were
carried out as described previously (29).

RESULTS

Effect of Amino Acid Replacements in the ActiVe Site-
Containing Subunit HoxH on Lithoautotrophic Growth.The
SH structural geneshoxF, hoxU, hoxY, and hoxH are
clustered on megaplasmid pHG1 ofA. eutrophus(12)
together with the carboxyl-terminal protease genehoxWand
an open reading frame of unknown function (40). This gene
cluster had been cloned in plasmid pGE15 (Figure 1) which
restored the SH activity in strain HF387 from which the SH
structural genes had been removed (29). We used plasmid
pGE15 for introducing mutatedhoxH alleles (Table 2) and
for expression of the mutated genes in the SH-deficient
recipient HF387. Site-directed mutations were constructed
in vitro. The target residues which were altered in the HoxH
polypeptide are highlighted in Figure 1. The conserved pairs
of cysteine residues in the L2 and L5 motifs were each
replaced with serine. In addition, the nonconserved Cys72
was exchanged with alanine. Nonpolar leucine was selected
for substitution of arginine and histidine residues. The polar
amino acids aspartate and glutamate were each replaced with
nonpolar valine.

To obtain a first estimate on the phenotypic effect of the
various mutations, cells were cultivated autotrophically with
H2 as the sole source of energy. With the exception of a
single strain [HF387(pGE338)], the majority of mutants
exhibited a significant retardation of lithoautotrophic growth
(Table 3). This phenotype is characteristic of strains whose
growth is solely supported by the MBH, e.g., HF387. A
mutation of the nonconserved Cys72 yielded wild-type like
lithoautotrophic growth, pointing to an unimpaired function
of both hydrogenases.

Catalytic Properties of the Modified Proteins. Normally,
assays for hydrogenase activity are restricted to the use of
redox dyes as electron carriers or the application of the
oxidoreductase-independent D2-H+ exchange reaction (41).

Table 2: MutanthoxH Alleles in Derivatives of pGE15a

plasmid

pBluescript
cloning

intermediate codon change
amino acid

change

pGE332 pCH475 CGGf CTG R40L
pGE333 pCH476 GAAf GTA E43V
pGE334 pCH477 CGCf CTC R60L
pGE335 pCH478 TGCf AGC C62S
pGE336 pCH479 TGTf AGT C65S
pGE337 pCH480 CACf CTC H69L
pGE338 pCH481 TGCf GCC C72A
pGE339 pCH482 GATf GTT D456V
pGE289 pCH388 TGCf AGC C458S
pGE290 pCH390 TGCf AGC C461S
pGE340 pCH483 TGCf AGC, TGCf AGC C458S/C461S
pGE341 pCH484 CACf CCA H464L

a The characteristics of pGE15 are described in Table 1.

FIGURE 1: Replacement of selected amino acids in active site-
containing subunit HoxH of the soluble hydrogenase. A simplified
map displays the four SH structural geneshoxF, -U, -Y, and -H
and two accessory geneshoxWand ORF2. The bar represents the
HoxH protein. Numbers indicate the position of altered residues,
and the replaced amino acids are listed below. The conserved motifs
L1, L2, and L5 were adopted from Albracht (1).
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The SH ofA. eutrophusoffers the advantage of using, in
addition to the standard protocols, NAD as the physiological
electron acceptor. Moreover, NADH oxidation can be
monitored as an enzymatic function of the diaphorase module
(8, 9).

The results of the mutant analysis are summarized in Table
4. All mutant proteins with the exception of the SH prepared
from HF387(pGE338) exhibited a significant decrease in the
rate of H2-dependent reduction of both NAD and BV. The
loss of H2-acceptor-reducing ability correlated in most cases
with the activity pattern obtained with the D2-H+ exchange
assay (Table 4). A remarkably different behavior, however,
was observed with a protein modified in Arg40 (HoxH-
[R40L]) which exhibited D2-H+ exchange activity of the
wild-type level but a complete lack of H2-acceptor-reducing
activity. Overall, the NADH-BV-reducing activity of the
mutant proteins ranged between 51 and 92% of the wild-
type level. The reduced diaphorase activity results from
protein degradation (data not shown).

Structure of Mutant Proteins. Biosynthesis of [NiFe]
hydrogenases is a complex process which involves a series
of maturation steps required for the assembly of the NiFe

center (42). Ni insertion into the SH ofA. eutrophusdepends
on at least sixhyp gene products (38, 43). Moreover, 24
amino acids have to be proteolytically removed from the
C-terminus of HoxH before subunit oligomerization can
occur (29, 40).

To investigate if mutations inhoxHaffect the maturation
process and the stability of the mutant proteins, immunologi-
cal investigations by Western blot analysis were performed.
Under denaturing conditions, the less mobile HoxH precursor
can be distinguished from its mature form (38) which
comigrates with the purified HoxH polypeptide as demon-
strated in Figure 2A (lanes 1 and 2). The existence of the
HoxH precursor in the wild-type strain HF387(pGE15)
probably results from a rate-limiting maturation process due
to a high level of SH gene expression (29). Four mutants
(Figure 2A, lanes 6, 7, 10, and 11) exhibited an accumulation
of the precursor, which correlated with a deficiency in Ni
incorporation (Figure 3). We cannot exclude the possibility
of nonspecific proteolysis by HoxW since the signals from
fast-migrating HoxH are slightly distinct form those of the
wild-type protein (Figure 2A, lanes 7, 10, and 11). The
His69-modified protein of mutant HF387(pGE337) exhibited
an increased instability (Figure 2A, lane 8). In the remaining
mutant strains, the mature version of HoxH was the dominant
form pointing to normal C-terminal proteolysis.

To determine if the subunits assembled properly to the
holoenzyme, an immunological assay was conducted under
nondenaturing conditions (Figure 2B). As expected, the wild
type exhibited two signals, one typical of the tetramer and a
second assigned to unassembled HoxH (Figure 2B, lanes 1
and 2). Oligomerization to the tetramer was prevented in
strains carrying modifications in the L2 and L5 motifs of
HoxH (Figure 2B, lanes 5-7 and 10-12). Exchange of the
putative Ni coordinating Cys residues led to the occurrence
of unassembled HoxH derivatives. Similar results were
obtained with mutants altered in the adjacent Arg60 and
Asp456 residues.

Ni Content of the Mutant Proteins.To investigate whether
a correlation exists among the loss of catalytic activity (Table

Table 3: Lithoautotrophic Growth of Strains Bearing MutatedhoxH
Alleles

straina relevant characteristics growthb

HF387 SH-, MBH+ +
HF387(pGE15) SH+, MBH+ ++
HF387(pGE332) HoxH[R40L], MBH+ +
HF387(pGE333) HoxH[E43V], MBH+ +
HF387(pGE334) HoxH[R60L], MBH+ +
HF387(pGE335) HoxH[C62S], MBH+ +
HF387(pGE336) HoxH[C65S], MBH+ +
HF387(pGE337) HoxH[H69L], MBH+ +
HF387(pGE338) HoxH[C72A], MBH+ ++
HF387(pGE339) HoxH[D456V], MBH+ +
HF387(pGE289) HoxH[C458S], MBH+ +
HF387(pGE290) HoxH[C461S], MBH+ +
HF387(pGE341) HoxH[H464L], MBH+ +
a pGE15 is described in Table 1.b ++, doubling time of ap-

proximately 3.8 h;+, doubling time between 6 and 8.9 h.

Table 4: Activity and Structure of SH Subunits in Soluble Extracts of Wild-Type and MutantA. eutrophusStrainsa,b

enzyme activityc

hydrogenase diaphorase enzyme structure
relevant

characteristicsb (H2 f NAD) (H2 f BV) (D2-H+) (NADH f BV) tetramer processing of HoxH Ni in HoxH

WT SH 100 100.0 100.0 100 + + +
SH- 0 <0.5 <0.5 5 NDd ND ND
R40L 0 <0.5 110.0 83 + + +
E43V 4 5.0 5.0 77 + + +
R60L 0 <0.5 <0.5 57 - + +
C62S 0 <0.5 <0.5 61 - + -
C65S 0 <0.5 <0.5 51 - - -
H69L 1 2.0 8.0 65 + + +
C72A 88 82.0 nde 92 + + +
D456V 0 <0.5 <0.5 62 - - (-)f

C458S 0 <0.5 <0.5 60 - - -
C461S 0 <0.5 <0.5 54 - + +
H464L 5 5.0 24.0 67 + + +

a Cells were grown in fructose/glycerol medium (Friedrich 81).b HF387(pGE15) is the wild-type (WT) strain, and HF387 is the SH-negative
(SH-) strain; for mutant strains, see Table 3.c Activities are given in percentages; values of strain HF387(pGE15) are taken as 100%. The maximum
level of H2-dependent NAD and BV reduction is 3.1 and 1.5µmol of H2 min-1 mg of protein-1, respectively. The maximal D2-H+ exchange rate
is 0.91µmol of HD min-1 mg of protein-1. The maximal level of NADH-dependent benzyl viologen (BV) reduction is 5.1µmol of NADH min-1

mg of protein-1. Values give the average of data from three independent experinents. The variation was less than 25%.d ND, not detectable.e nd,
not determined.f A weak signal of63Ni was detected.
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4), the deficiency in maturation (Figure 2), and the absence
of Ni, the mutants were cultivated under hydrogenase-
derepression conditions in a medium supplemented with
63NiCl2. Soluble extracts of these cells were separated by
native PAGE, and Ni-labeled proteins were identified by
autoradiography and Western blot analysis. Both techniques
have been applied previously (8, 27, 38, 40).

Of the five Cys-substituted mutants, only strain HF387-
(pGE338), affected in the nonconserved Cys72, yielded an
SH-specific Ni signal which was equivalent to the signal
obtained with wild-type cells (Figure 3, lanes 3 and 6). Other
Ni-labeled proteins, including the MBH, are demonstrated
in the controls (lanes 1 and 2). Inspection of four mutants,
altered in the putative Ni coordination residues Cys62, Cys65,

Cys458, and Cys461, revealed absolutely no Ni signal in
the L2 mutants (lanes 4 and 5), traces in the first L5 mutant
(lane 8), and a remarkably intense signal in cells altered in
the distal Cys461 residue (lane 9). The latter signal correlates
with the immunologically identified HoxH subunit (data not
shown). Exchange of Asp456, located close to the C-terminal
pair of cysteine residues, yielded a weak Ni signal (lane 7)
which indicates that this particular residue has a function in
the assembly or structure of the NiFe center.

The mutant alleleshoxH[C458S] andhoxH[C461S] were
also introduced into the endogenous megaplasmid of strain
H16. The HoxH proteins of the resulting isogenic strains
HF442 and HF443 exhibited the characteristics of the
corresponding HoxH proteins from the transconjugants
HF387(pGE289) and HF387(pGE390), respectively.

DISCUSSION

The mechanism of how the simplest molecule on earth,
molecular hydrogen, is cleaved into protons and electrons
is still a matter of debate, although three crystal structures
of [NiFe] hydrogenases are available and more than 70
primary hydrogenase sequences have been deposited in the
database. This wealth of information led to the identification
of conserved structures in specific parts of the large subunit
and the N-terminal region of the small subunit. A variable
C-terminal domain docks the small subunit to the specific
physiological acceptor (1). Moreover, a wide range of
spectroscopic techniques have been applied to hydrogenases
from various sources to obtain insights into their reaction
mechanism. This is the first comprehensive report of directed
mutagenesis focused on the catalytic site of [NiFe] hydro-
genase. In previous studies, mutants ofAzotobacterVinelandii
(44) andDesulfoVibrio fructosoVorans(45) were generated
with specific mutations in the gene for the electron-
transferring small subunit and formerly isolated hydrogenase

FIGURE 2: Western blot analysis of mutant extracts under denaturing (A) and nondenaturing conditions (B). Soluble extracts were separated
on polyacrylamide gels, and HoxH-specific antibodies were used. (A) Soluble extracts (20µg of protein) were applied to lanes 2-13 and
separated by SDS-PAGE (12%): lane 1, 0.5µg of purified SH; lane 2, HF387(pGE15); lane 3, HF387(pGE332); lane 4, HF387(pGE333);
lane 5, HF387(pGE334); lane 6, HF387(pGE335); lane 7, HF387(pGE336); lane 8, HF387(pGE337); lane 9, HF387(pGE338); lane 10,
HF387(pGE339); lane 11, HF387(pGE289); lane 12, HF387(pGE290); and lane 13, HF387(pGE341). (B) Soluble extracts (50µg of protein)
were applied to lanes 2-13 and separated by nondenaturing PAGE (gradient gel from 4 to 15%). Samples were applied as described for
panel A.

FIGURE 3: 63Ni incorporation in vivo. Cells were grown in fructose/
glycerol medium in the presence of 150 nM63NiCl2. A total of
100 µg of soluble extract was applied to each lane and separated
by nondenaturing PAGE (gradient gel from 4 to 15%): lane 1,
HF371; lane 2, HF387; lane 3, HF387(pGE15); lane 4, HF387-
(pGE335); lane 5, HF387(pGE336); lane 6, HF387(pGE338); lane
7, HF387(pGE339); lane 8, HF387(pGE289); and lane 9, HF387-
(pGE290).
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mutants ofE. coli hydrogenase 1 were only preliminarily
characterized (46) without presenting data on the enzymatic
function and the structural composition of the mutant
proteins. Of the 11 mutants with amino acid exchanges in
the soluble hydrogenase ofA. eutrophus, 10 were hit in
highly conserved residues which lie in the L1, L2, and L5
motifs of the HoxH subunit (Figure 1). Only a single
nonconserved residue (Cys72) was selected as a mutational
target yielding a mutant HoxH[C72A] protein with almost
wild-type like properties.

Replacement of the two pairs of conserved cysteines,
which have been recognized as coordinating the NiFe site
in the enzymes crystallized so far (reviewed in ref2), resulted
in nonoligomerized HoxH[C62S], HoxH[C65S], HoxH-
[C458S], and HoxH[C461S] which were devoid of H2-
activating function irrespective of whether NAD and BV
reduction or D2-H+ exchange activity was tested. Three of
the four mutant proteins (HoxH[C62S], HoxH[C65S], and
HoxH[C458S]) exhibited no incorporation of Ni. When the
fact that Ni incorporation and C-terminal processing of the
large subunit are tightly coupled processes is taken into
account (42), it is not surprising that most of the Ni-free
mutant HoxH proteins accumulated as precursors. However,
it is remarkable that some of the HoxH[C62S] polypeptides
appeared to be processed like the wild-type HoxH.

To our surprise, replacement of the distal Cys461, which
correlates with the bridging ligand Cys533 in the crystallized
D. gigasenzyme (Figure 4), still allowed C-terminal pro-
teolysis of HoxH and Ni binding to this subunit. The fact
that the HoxH[C461S] mutant protein was catalytically
inactive and unable to form the tetramer suggests that proper
folding of the enzyme does not occur. It is also possible that
this mutant protein is trapped in a complex with Hyp proteins
which are involved in the insertion of the active site (38,
43). From the genetic approach, we conclude that Ni
coordination in the soluble hydrogenase ofA. eutrophusis
in general agreement with the published crystal structures
(17-20) which shows that the Ni ligands are arranged in a
highly distorted square pyramidal conformation in which the
distal cysteine occupies the axial position located opposite
a vacant site. This axial ligand correlates with Cys461 in
the HoxH subunit which proved to be dispensable for Ni
binding, suggesting that the remaining three cysteines that
are arranged in a plane are the major donors for Ni ligation.

An exchange of Asp456 in HoxH led to the formation of
catalytically inactive SH which contained only a residual
amount of Ni in the HoxH subunit. The distance between
the carboxyl group of the corresponding Asp528 in theD.
gigas hydrogenase (Figure 4) and the Ni atom is ap-
proximately 8 Å. Nevertheless, the aspartate is close to the
cysteines in motif L5, and a structural reorganization of the
molecule during NiFe cofactor insertion and C-terminal
processing has been discussed (17). Therefore, we propose
that Asp456 in HoxH is directly involved in the maturation
of the NiFe center.

The five remaining mutant proteins were shown to contain
Ni, indicating that metal insertion was not disturbed.
Nevertheless, our data clearly demonstrate that these con-
served residues are without exception important for the
function of the SH protein. An alteration of Arg60 in HoxH
had the most severe effect; the resulting mutant protein failed
to form the tetramer. The corresponding Arg63 residue of

the crystal structure is placed at the interface between the
large and the small subunit close to the proximal [4Fe-4S]
cluster (Figure 4). Therefore, we conclude that in the HoxH-
[R60L] mutant protein the contact with the subunit HoxY is
affected. The lack of any H2-activating function in this mutant
is consistent with previous results showing that the smallest
catalytically active hydrogenase unit is the dimer (8).

An important aspect in hydrogenase catalysis is the
disposal of protons and the transfer of electrons. A set of
histidines and a partially exposed glutamate of motifs L1,
L2, and L5 have been initially proposed for the transfer of
protons from the active site of theD. gigashydrogenases to
the solvent medium (17). Although the proposed proton-
transfer pathway needs some modification due to an error
in the original nucleotide sequence, which incorrectly
predicted a nonconserved histidine residue, a proton transfer-
ring function of the conserved glutamate and histidine
residues is still a viable consideration (2). The structure of
the enzyme fromDesulfoVibrio Vulgaris strain Miyasaki F
revealed a Mg atom in the large subunit, coordinated by the
glutamate of motif L1 and the histidine of L5 (19). The
function of the Mg is not known. SH mutant proteins
modified in corresponding residues of this region (Glu43,
His69, and His464; see Figure 4) were identified as Ni-
containing tetrameric proteins. The loss of at least 75% of
the D2-H+ exchange activity is in line with the hypothesis
that these mutant proteins are affected in proton transfer.

FIGURE 4: Closeup view of the hydrogen active site of the [NiFe]
hydrogenase fromD. gigas(17, 18). The coordinates (2frv) were
taken from the Brookhaven Protein Data Bank. Side chains of
conserved amino acids, the NiFe center with three diatomic ligands,
and the proximal [4Fe-4S] are shown in ball-and-stick representa-
tions in which the metal atoms and the acid-labile sulfur atoms are
emphasized as large balls. The CR backbones of the large and small
subunit are represented by lines. For the purpose of orientation,
the residue numbering ofA. eutrophusHoxH is adopted here, and
the numbers of theD. gigashydrogenase are given in parentheses:
R40 (R43), E43 (E46), R60 (R63), C62 (C65), C65 (C68), H69
(H72), D456 (D528), C458 (C530), C461 (C533), and H464
(H536). The figure was prepared using Molscript (47).
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Since this activity depends on proton exchange, H+ transfer-
ring functions seem not to be completely blocked.

The final most interesting mutant protein, HoxH[R40L],
shares some properties assigned to the putative proton-
transfer-deficient group. It is formed as a Ni-containing
tetrameric protein, which exhibits a high level of D2-H+

exchange activity but is completely devoid of H2:acceptor
oxidoreductase function. This result shows that the mutant
protein is still capable of binding and cleaving D2 and
exchanging D+ with solvent protons. The crystal structure
of the D. gigas enzyme illustrates that the corresponding
Arg43 is facing the space between the NiFe center and the
proximal [4Fe-4S] cluster (Figure 4) (17). The NH1 group
of the arginine side chain is 5.3 Å from the Câ atom of
Cys65, a terminal cysteine ligand of the Ni, and the NH2
group is 3.7 Å from the Câ atom of Cys17, a cysteine ligand
of the proximal cluster in the small subunit. These two
cysteines are on the axis between the Ni and the proximal
[4Fe-4S] cluster and could be involved in electron transfer
(17). Furthermore, a ligand-based redox chemistry in the
hydrogen active site was proposed (1, 48). Dole et al. (26)
favors the terminal cysteines of the Ni being directly involved
in H2 oxidation. The positively charged and strictly conserved
arginine may play an active role in the catalytic redox cycle
at the stage of hydride oxidation by providing an efficient
transfer of electrons from the active site to the connecting
cluster or by providing a catalytic proton-transfer reaction.

The mutant analysis presented in this study is a straight-
forward molecular approach contributing to the understanding
of the catalytic mechanism of [NiFe] hydrogenases. The
mutant proteins are promising tools for future more sophis-
ticated biochemical and spectroscopic investigations.
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