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Background:Hydrogenases are complex metalloenzymes catalyzing the evolution of hydrogen gas but lacking an efficient
system to produce recombinant forms.
Results: An NADP(H)-dependent hydrogenase was overproduced by almost an order of magnitude in a hyperthermophilic
microorganism.
Conclusion: Homologous overproduction of an affinity-tagged hydrogenase was achieved.
Significance: Native and mutant forms of hydrogenase can now be generated for in vitro biochemical analyses and bioenergy
systems.

The cytoplasmic hydrogenase (SHI) of the hyperthermo-
philic archaeon Pyrococcus furiosus is an NADP(H)-depen-
dent heterotetrameric enzyme that contains a nickel-iron
catalytic site, flavin, and six iron-sulfur clusters. It has poten-
tial utility in a range of bioenergy systems in vitro, but a major
obstacle in its use is generating sufficient amounts. We have
engineered P. furiosus to overproduce SHI utilizing a
recently developed genetic system. In the overexpression
(OE-SHI) strain, transcription of the four-gene SHI operon
was under the control of a strong constitutive promoter, and
a Strep-tag II was added to the N terminus of one subunit.
OE-SHI and wild-type P. furiosus strains had similar rates of
growth and H2 production on maltose. Strain OE-SHI had a
20-fold higher transcription of the polycistronic hydrogenase
mRNA encoding SHI, and the specific activity of the cytoplas-
mic hydrogenase was �10-fold higher when compared with
the wild-type strain, although the expression levels of genes
encoding processing and maturation of SHI were the same in
both strains. Overexpressed SHI was purified by a single
affinity chromatography step using the Strep-tag II, and it
and the native form had comparable activities and physical
properties. Based on protein yield per gram of cells (wet
weight), the OE-SHI strain yields a 100-fold higher amount of
hydrogenase when compared with the highest homologous
[NiFe]-hydrogenase system previously reported (from Syn-
echocystis). This new P. furiosus system will allow further
engineering of SHI and provide hydrogenase for efficient in
vitro biohydrogen production.

Hydrogenases catalyze the reversible reduction of protons to
hydrogen gas (H2) (1–3). Their physiological roles in microor-
ganisms include the reduction of protons to evolve H2 to
remove excess reductant generated by oxidativemetabolismor,
in the reverse reaction, the oxidation of H2 and its use as a
source of reductant and energy. Structural and biochemical
analyses have revealed that most hydrogenases contain either
nickel and iron or only iron at their catalytic sites, and these are
referred to as the [NiFe] and [FeFe] enzymes, respectively (4, 5).
[NiFe]-hydrogenases have been extensively studied frommeso-
philic organisms, particularly from species of Desulfovibrio
(6–11). With the increasing demand for energy and limiting
supply of fossil fuels, carbon-neutral renewable energy sources
are receiving increased attention. Biological H2 production is a
potentially viable alternative to establish a renewable and low
carbon-emitting hydrogen economy (12, 13). One impetus for
this is the replacement of expensive palladium- and platinum-
based catalysts used in the current chemical generation of
hydrogen gas (14). Hence, any future cost-efficient hydrogen
production method is likely to have biological or bio-inspired
components (15).
Efforts to overproduce hydrogenases in various heterologous

systems to decipher their structural and biochemical properties
have met with limited success (16). A major limitation is the
complex oxygen-sensitive post-translational processing path-
way that is required to give a functional [NiFe] catalytic subunit
(17–19). For example, assembly of the Hyd3 hydrogenase of
E. coli, a membrane-bound [NiFe]-hydrogenase, requires the
participation of at least eight processing proteins (17). Conse-
quently, the majority of successful heterologous recombinant
expression systems for hydrogenase have been achieved in
closely related hosts. For example, the hydrogenase from Des-
ulfovibrio gigas was heterologously expressed in Desulfovibrio
fructosovorans (20), and a functional, NAD-dependent [NiFe]-
hydrogenase from the Gram-positive organism, Rhodococcus
opacus, was produced in the Gram-negative organism, Ralsto-
nia eutropha (21). The membrane-bound hydrogenase of
R. eutropha was produced in Pseudomonas stutzeri using a
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broad host range plasmid containing all the accessory genes
required for maturation of the [NiFe] active site (22). The one
example of heterologous production of a [NiFe]-hydrogenase
in a distantly related organism was the production of the cyto-
plasmic hydrogenase I (SHI)4 from the hyperthermophilic
archaeon P. furiosus, which grows at 100 °C, in the mesophilic
bacterium Escherichia coli (23). Interestingly, assembly and
maturation of P. furiosus SHIwas accomplished by the process-
ing proteins of E. coli, with the exception of the proteolytic
C-terminal cleavage to give the functional catalytic subunit,
which required the P. furiosus protease (FrxA) specific for SHI.
Unfortunately, however, none of the heterologous systems

for hydrogenase have achieved significant overproduction of
the enzyme relative to the amount produced in the native host
organism (16, 23). An alternative approach is to homologously
overproduce hydrogenase, but this obviously requires a genetic
system for the host organism. To date, the only successful
homologous overexpression of a [NiFe]-hydrogenase was
reportedwith the enzyme from themesophilic cyanobacterium
Synechocystis sp. PCC6803 (24). This enzyme consists of five
different subunits and utilizes NAD(P) as an electron carrier.
To overexpress the hydrogenase operon and incorporate an
affinity Strep-tag II, expression was controlled by a light-in-
duced promoter psbAII. Simultaneously, five hyp accessory
genes from the closely related organism Nostoc sp PCC7120
were expressed using the same promoter (24). This resulted in
increased expression of the hydrogenase operon by 5-fold, but
simultaneous overexpression of the maturation genes was nec-
essary to process the increased amounts of the enzyme, result-
ing in a 2–3-fold increase in the amount of active hydrogenase.
The goal of the current study was to develop a homologous

expression system for P. furiosus SHI. This is a heterotetra-
meric enzyme that contains flavin and six iron-sulfur clusters,
in addition to the [NiFe] catalytic site, and utilizes NADP(H) as
an electron carrier (1–3, 23, 25, 26). A diagrammatic represen-
tation of the enzyme is shown in Fig. 1, which is based on

sequence analyses of the four subunits and themeasured cofac-
tor content of the purified enzyme. SHI has been shown to be
very efficient in in vitro systems to produce H2 from starch and
cellulose in synthetic enzyme pathways (26). These approaches
are limited, however, as they utilize SHI purified from P. furio-
sus biomass. Our goal is, therefore, to take advantage of the
genetic system recently reported with P. furiosus (27) to over-
produce the holoenzyme and variousmutant forms lacking one
or more subunit (28). Herein we describe the development of a
one-stepmarked knock-inmethodusing linearDNA fragments
to construct a strain that overproduces SHI by at least an order
of magnitudemore than the wild-type strain. The recombinant
hydrogenase has a Strep-tag II affinity tag to facilitate purifica-
tion and has properties that are comparable, although not iden-
tical, with those of SHI purified from wild-type P. furiosus (25).
Surprisingly, although an order ofmagnitude ofmore fully pro-
cessed SHI was produced in the recombinant strain, expression
of the maturation genes was at the same level as in the parent
strain.

EXPERIMENTAL PROCEDURES

Growth of P. furiosus—The strains used in this work are
shown in Table 1. Cells were grown in defined medium for all
the genetic manipulation work (27). Large scale growth was
carried out using a 20-liter fermentor using maltose as the car-
bon source (29). Cells were grown at 90 °C with constant flush-
ing of N2/CO2 at 90 °C for 14 h. Cells were harvested by centri-
fugation, flash-frozen in liquid N2, and stored at �80 °C until
used for protein purification.
Construction of Knock-in Cassette by Overlapping PCR—The

knock-in cassette was created using overlapping PCR (30)
where the primers used contained �20-bp overhangs (supple-
mental Fig. S1A). The selectable marker and flanking regions
were amplified from pGLW021 (27) and P. furiosus genomic
DNA, respectively. The cassette also had a codon-optimized
8-amino acid long Strep-tag II with an extra 2-amino acid linker
sequence (31). PCR products were purified using a commercial
extraction protocol (Stratagene, Santa Clara, CA) and were
used in overlapping PCR reactions using the Pfx supermix
(Invitrogen). Final overlapping PCR products were gel-purified
and used for COM1 (the parent strain of P. furiosus) transfor-
mation as described previously (27). Standard molecular biol-
ogy techniques were performed as described (32).
P. furiosus Transformation and Construction of OE-SHI

Strain—Transformations were carried out using freshly grown
COM1 strain (uracil auxotroph), a competent strain of P. furio-
sus (27). For transformation, 200 ng of DNA (knock-in cassette,
supplemental Fig. S1A) was mixed with 100 �l of an overnight
culture of COM1 cells and grown on defined medium. After
incubation at 90 °C for 72 h, plates were examined for colonies
on defined medium plates for gain of the pyrFmarker as trans-
formed cells are able to grow without uracil. Three colonies
were picked from defined medium plates and grown overnight
in 5 ml of defined medium, and 1.5-ml samples were used to
isolate genomic DNA. PCR was used to confirm the correct
insertion using the primers listed in supplemental Table S1,
which were designed to bind outside of the homologous flank-
ing regions and amplified using the Prime Star HS polymerase

4 The abbreviations used are: SHI, soluble hydrogenase I; OE-SHI, engineered
strain of P. furiosus; MV, methyl viologen; qPCR, quantitative PCR; EPPS,
4-(2-hydroxyethyl)-1-piperazinepropanesulfonic acid.

FIGURE 1. Model of affinity-tagged SHI showing subunit and cofactor
content. The Strep-tag II is located at the N terminus of PF0891. Adapted from
Ref. 25.
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mix (Clontech). PCR-positive colonies were further purified by
three separate consecutive transfers in the defined medium
lacking uracil to confirm the culture phenotype. PCR screening
was done after each round to ensure that proper incorporation
of the knock-in cassette was maintained. The PCR product
amplified from genomic DNA of one positive clone was con-
firmed by sequencing (Macrogen Sequencing Facility, Rock-
ville, MD).
RNA Isolation and qPCR—Total RNAwas extracted from 10

ml of mid-log phase cultures grown in rich maltose medium
using theAbsolute RNAprep kit (Stratagene) and quantified by
Thermo Scientific NanoDrop spectrophotometer. Before
quantitative PCR (qPCR) analyses, the RNA was treated with
Turbo DNase (Ambion; Applied Biosystems, Bedford, CA) for
30 min at 37 °C and further purified using the DNase inactiva-
tion reagent (Ambion; Applied Biosystems, Bedford, CA).
cDNAwas prepared using the Affinity Script qPCR cDNA syn-
thesis kit (Agilent Technologies, Santa Clara, CA). All quanti-
tative reverse transcription-PCR (RT-qPCR) experiments were
carried out with an Mx3000P instrument (Stratagene) with the
Brilliant SYBRGreen qPCRmastermix (AgilentTechnologies).
The genes encoding the housekeeping enzymes pyruvate ferre-
doxin oxidoreductase (� subunit, PF0971) and DNA polymer-
ase sliding clamp (PF0983) were used as internal controls to
normalize the amounts of cDNA that were used for qPCR (sup-
plemental Fig. S2).
Growth Studies and Purification of OE-SHI—Growth of and

H2 production by the OE-SHI (for overexpressed SHI) strain
were carried out in 250-ml cultures at 90 °C in sealed bottles. At
various times, the medium was sampled (1 ml) for protein esti-
mation by the Bradford method (33), and the headspace was
analyzed for H2 by transferring samples (1 ml) into 10-ml vials
containing 1 ml of 0.5 M NaOH. After equilibration for 16 h to
remove any residual H2S (which poisons the chromatography
column), H2 was estimated by using a 6850 network gas chro-
matograph (Agilent Technologies, Santa Clara, CA) (23, 27).
Samples of the media were also removed throughout the
growth phase, and the concentration of maltose was deter-
mined. OE-SHI was purified under strictly reducing and anaer-
obic conditions. Frozen cells (25 g) were thawed and lysed
osmotically in 75 ml of Buffer A (50 mM Tris/HCL, pH 8.0,
containing 2 mM sodium dithionite) and 50 �g/ml deoxyribo-
nuclease I (Sigma) with stirring for 1 h at 23 °C. The superna-
tant (cytoplasmic extract (S100), 40 ml, 11.7 mg of protein/ml)
was obtained after removal of cell debris by ultracentrifugation
at 100,000 � g for 1 h. Avidin (1.0 mg, Sigma) was added to the
S100, and it was directly loaded using an ÄKTA purifier system
(GE Healthcare) onto three 5-ml StrepTactin Sepharose high
performance/StrepTrapHP columns (GEHealthcare) joined in
series. The columns were pre-equilibrated and washed, and
OE-SHI was eluted using the binding and elution buffers
described in themanufacturer’s protocol, except that all buffers
contained 2mM sodium dithionite. In addition, to optimize the
overall recovery, the flow-through was reloaded onto the col-
umns prior to washing and elution.
Other Methods—Maltose concentrations were measured

spectrophotometrically using an assay kit (BioVision). Samples
(50�l) of themediumwere diluted 500-foldwith distilledwater

prior to analysis. To measure protein stability using fluores-
cence spectroscopy, the hydrogenase (0.1 mg/ml in 100 mM

EPPS, pH 8.4) was incubated at 90 °C. Samples (50 �l) were
periodically removed, and the tryptophan emission spectra
were recorded using an RF-5301PC spectrofluorometer (Shi-
madzu,Columbia,MD). The excitationwavelengthwas 280nm
using a bandwidth of 5 nm.
Hydrogenase activity was routinely measured by H2 produc-

tion from methyl viologen (MV, 1 mM) reduced by sodium
dithionite (10 mM) at 80 °C in 100 mM EPPS buffer, pH 8.4,
using gas chromatography (23, 25). One unit of hydrogenase
activity is defined as 1 �mol of H2 evolved min�1. Assays were
also carried out using NADPH (1 mM) as the electron donor in
place of reduced methyl viologen (23, 25, 34). H2 oxidation
activitywasmeasured by theH2-dependent reduction ofNADP
as described previously (35). Stability assays were performed by
exposing hydrogenase samples to air at 23 °C, and thermal sta-
bility assays were carried out at 90 °C under argon. Samples of
purified hydrogenase, OE-SHI, and native SHI control (0.1
mg/ml) were incubated in 100 mM EPPS buffer, pH 8.0, con-
taining 2 mM sodium dithionite at 90 °C. Western blots were
prepared and analyzed using a chemiluminescent dye with the
GenScript one-step Western kit (GenScript USA Inc.; Piscat-
away, NJ) using antibodies for the catalytic subunit of SHI
(PF0894) and antibodies to P. furiosus superoxide reductase
(PF1281) as the internal control. Nickel and iron were mea-
sured using a quadrupole-based ICP-MS (7500ccAgilent Tech-
nologies, Tokyo, Japan), equipped with a MicroMist nebulizer
as described (36).

RESULTS

One-stepMarked Insertion of Pslp with Strep-tag II in P. furio-
sus Genome—TheCOM1mutant P. furiosus strain was utilized
to manipulate the native SHI operon. This strain has a deletion
in its pyrF gene and cannot grow in a minimal medium lacking
uracil (27). It was previously used for markerless gene deletion
by selection for uracil prototrophy and counter-selection using
resistance to 5-fluoroorotic acid, an inhibitor of uracil biosyn-
thesis. Herein we have developed a variation of that method for
inserting a genetic element at any locus using linear DNA and a
single double crossover event involving selection for uracil pro-
totrophy. The promoter (Pslp), which in the parent strain drives
expression of the gene encoding the S-Layer protein (PF1399),
was inserted in front of the four-gene operon (PF0891–PF0894)
that encodes SHI. In addition, an affinity Strep-tag II was
inserted in-framewith theN terminus of the first gene (PF0891,
Fig. 2). The genotypes of the COM1 parent and of the engi-
neered strain, termed OE-SHI, are shown in Table 1. In wild-
type cells, the gene encoding the S-layer protein is expressed by
an order of magnitude higher than that of the SHI operon
according to published DNA microarray data (37). The Strep-
tag II was chosen for affinity purification as its function is not
affected by the chemical reductant, sodium dithionite, which is
used to maintain anaerobic conditions during hydrogenase
purification. In addition, this tag was assumed not to interfere
with nickel incorporation into SHI, a potential problem with a
polyhistidine tag.
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Constructs were generated by overlapping PCR (supplemen-
tal Fig. S1, B and C), transformed into the COM1 parental
strain, and transformants were selected on plates containing
the minimal medium lacking uracil. Selected colonies were
screened by PCR using primers specific for regions outside of
the flanking region (supplemental Table S1). A PCR product
was expected for both the COM1 and the OE-SHI strains,
with the product for OE-SHI being �1 kb larger than COM1,
indicating correct insertion at the specified locus (supple-
mental Fig. S1D). One colony was selected and designated as
OE-SHI. Correct incorporation withoutmutation of the Pslp-
Strep-tag II upstream of the SHI operon was confirmed by
DNA sequencing.
Cytoplasmic Fraction of OE-SHI Strain Shows Increased

Hydrogenase Activity—Cytoplasmic extracts (S100) were pre-
pared from fermentor-grown cells of the OE-SHI strain and of
the parental strain, and SHI activity was measured using the
MV-linked hydrogenase assay (28). Approximately 20 �g of
protein was used in the assays for both enzymes. The specific
activity at 80 °C of the OE-SHI strain extract was 7.96 � 3.3
units/mg when compared with 1.23 � 0.3 units/mg for the
COM1 strain (Fig. 3). Hence, theOE-SHI strain had an�7-fold
higher level of SHI when compared with the parental strain,
assuming comparable activities for the native and recombinant
enzymes (see below). Immunoanalyses using a polyclonal anti-
body specific for the catalytic subunit of SHI (PF0894 (23)) also
confirmed an increased amount of the catalytic subunit in the
OE-SHI strain when compared with the parent (Fig. 3). Quan-
titative PCR showed that the transcript for PF0894 (the fourth
gene in the SHI operon) was 20.2 � 6.2-fold higher in the OE-
SHI strain when compared with the parental strain (Fig. 4), in
which transcription of the SHI operon is controlled by the Pslp
system and by the native promoter, respectively.
Accessory Genes Encoding Hydrogenase Maturation Proteins

Are Not Up-regulated in OE-SHI Strain—Because the OE-SHI
strain contained 7-fold higher hydrogenase activity in its cyto-

plasm than the cytoplasm of COM1 cells, it was important to
determine whether genes encoding the accessory proteins
required for assembly of the [NiFe] active site in the catalytic
subunit of SHI (PF0894) were also up-regulated by some type of
feedbackmechanism.We focused on the hydrogenase protease
frxA (PF0975), which specifically cleaves the C terminus of the
catalytic subunit (PF0894), and hypF (PF0559), which is
involved is the assembly of the diatomic cyanide and carbon
monoxide ligands on the iron atom of the [NiFe] catalytic site
(17, 19, 23). Linkage between production of hydrogenase and
the maturation process is shown by the fact that expression of
the genes encoding these two proteins (PF0975 and PF0559)
and those encoding SHI are all dramatically down-regulated
when P. furiosus is grown on elemental sulfur (38). However, in
the OE-SHI strain, the expression of both frxA or hypF was

FIGURE 2. Marked knock-in strategy to modify operon (PF0891– 0894)
encoding SHI. A schematic representation of the knock-in cassette is pre-
sented. The abbreviations are: UFR, upstream flanking region; Pgdh-pyrF,
marker driven by the promoter for the glutamate dehydrogenase gene; Pslp-
strep-tagII, S-Layer promoter with codon-optimized 8-amino acid Strep-tag II
sequence; DFR, downstream flanking region.

TABLE 1
Properties of P. furiosus strains used in this study
COM1 is the parent strain that was engineered to generate the OE-SHI strain to
overproduce the SHI enzyme.

Strain
designation Genotype

Deleted or inserted
ORF/elements Source

COM1 �pyrF PF1114 Ref. 27
OE-SHI PslpStrep-tag II-shI���� PslpStrep-tag II This study

FIGURE 3. Increased catalytic activity and amount of catalytic subunit of
SHI in OE-SHI strain. The bar graph compares the MV-linked hydrogenase
activity in cytoplasmic extracts (S100) of the parent COM1 and OE-SHI strains.
The error bars represent standard deviations obtained from three indepen-
dent experiments. The corresponding immunoanalysis of the extracts is
shown below using anti-PF0894 (catalytic subunit, see Fig. 1) with anti-
PF1281 (superoxide reductase) as the internal loading control.

FIGURE 4. Relative mRNA abundance in OE-SHI and COM1 strains. The
relative levels were determined by qPCR of the mRNA encoding PF0894 (the
catalytic subunit of SHI), PF0975 (frxA), and PF0559 (hypF). The error bars
represent standard deviations obtained using triplicate independent
samples.
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unaffected (Fig. 4) despite an almost order of magnitude
increase in the amount of their “substrate,” namely, unpro-
cessed inactive SHI. The activities of these two maturation
enzymes at their wild-type levels in the parental strain are
apparently high enough to keep up with processing the
increased amounts of the SHI protein. This includes the forma-
tion of iron-sulfur clusters as well as assembly and insertion of
the [NiFe] site and proteolysis of the catalytic subunit (Fig. 1).
OE-SHI Strain Has Similar Growth Properties as Parental

Strain—P. furiosus grown on maltose produces H2 as an end
product of carbohydrate fermentation, and SHI has been pro-
posed to recycle the H2 for biosynthetic purposes (3). However,
the growth of the two strains usingmaltose as the carbon source
was comparable (Fig. 5). Moreover, the amounts of H2 pro-
duced by the two strains and the amounts ofmaltose consumed
throughout the growth phase were also similar (Fig. 5). The
dramatically increased amount of SHI in the OE-SHI strain
might be expected to lead to an increased uptake of H2 and
perhaps an increase in cell yield. However, it is clear from these
data that the growth of P. furiosus on the maltose-based
medium is not limited by the ability of the organism to recycle
H2.
Affinity Purification and Characterization of OE-SHI

Hydrogenase—The recombinant enzyme containing the Strep-
tag II (attached to the PF0891 subunit, Fig. 1), was purified from
the OE-SHI strain using a StrepTactin column. The cytoplas-

mic fraction from the OE-SHI cells was applied directly to the
column without any initial purification, and to optimize recov-
ery of the hydrogenase, the material that flowed through the
column was reapplied to the column prior to washing the col-
umn with buffer. The hydrogenase was eluted with desthiobio-
tin as determined by its activity. The OE-SHI enzyme was puri-
fied 24-fold by the single affinity step with a 21% recovery of
activity (Table 2). Note that this is an underestimate because
the S100 fraction also contains hydrogenase II (SHII), which
represents about 15% of the total cytoplasmic hydrogenase
activity of wild-type cells (39). Approximately 4.2 mg of the
OE-SHI enzyme was obtained with a specific activity of 120
units/mg from 25 g (wet weight) of cells of theOE-SHI strain by
this one-step purification (supplemental Fig. S3). A highly
homogeneous preparation of the OE-SHI enzyme (Fig. 6)
exhibiting a specific activity of 272 units/mg was obtained by
including two additional steps of conventional chromatogra-
phy (supplemental Table S2), but this yieldedmuch less protein
due to the relatively inefficient binding to the hydrophobic
interaction column (supplemental Table S2). The overall yield
of recombinant OE-SHI enzyme after the single affinity step
(4.2 mg/25 g of cells, wet weight) is significantly higher than

FIGURE 6. Electrophoretic analysis of OE-SHI hydrogenase. The purified
enzyme was analyzed by conventional SDS-PAGE except that the protein was
incubated with the SDS-loading buffer for 10 min (lane 1) or for 60 min (lane 3)
prior to electrophoresis. Native SHI (treated for 10 min) is shown in lane 2. The
arrow indicates the high molecular weight catalytically active protein band
seen in lanes 1 and 2 (see Ref. 25). The center lane (M) contains the protein
molecular weight ladder (Invitrogen) with corresponding masses as indi-
cated in kDa.

TABLE 2
One-step purification of the overproduced affinity-tagged OE-SHI
enzyme
The cytoplasmic extract from cells of the OE-SHI strain was purified using a Strep-
Tactin affinity column. Hydrogenase activity was measured by H2 production from
reduced methyl viologen, where “unit” is one unit of activity.

Step Units Protein Specific activity Yield -Fold purification

mg unit � mg�1 %
S100 2536 468 5.4 100 1
StrepTactin 530 4.2 126 21 24

FIGURE 5. Comparison of growth and H2 production and maltose con-
sumption by OE-SHI and COM1 strains. A, growth of the two strains using
maltose as the carbon source and consumption of maltose during growth in
closed bottles at 95 °C. B, corresponding production of H2 during growth. The
error bars represent standard deviation obtained from three independent
samples.
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that reported with SHI after four chromatography steps (0.6
mg/25 g of cells, wet weight (25)).
The properties of the hydrogenase purified from theOE-SHI

strain were determined and compared with those of the native
enzyme purified from the biomass of wild-type cells (25, 39).
The results are summarized in Table 3. The specific activity of
the recombinant enzyme was about 50% higher than that of the
native enzyme in the standard MV-linked H2 production assay
measured at 80 °C. This may be related to the finding that the
OE-SHI enzyme was not quite as thermostable as the native
form, with a half-time for inactivation of 6 rather than 14 h at
90 °C (Table 3). The thermal stability of OE-SHI was also
assessed using the H2-dependent reduction of NADP, which
involves electron transfer by flavin and iron-sulfur centers and
may be a more accurate reflection of protein stability. The
results were in accord with those obtained using the H2 evolu-
tion assay, with half-life values for OE-SHI and SHI of 5 and
10 h, respectively, at 90 °C (Table 3, supplemental Fig. S6). The
OE-SHI enzymemay therefore bemore flexible and dynamic at
90 °C when compared with the native enzyme and hence more
catalytically active at higher temperatures (supplemental Fig.
S4). The lower thermal stability of OE-SHI at the growth tem-
perature of the organism may also explain why there is no sig-
nificant increase in H2 uptake by the OE-SHI strain in compar-
ison with the parental strain (Fig. 5B). Nevertheless, the high
stability of the recombinant enzymewas shown by the presence
of the SDS-resistant and catalytically active, high molecular
weight band (Fig. 6) that is evident after SDS electrophoresis of
the native hydrogenase and represents undenatured holoen-
zyme (25, 40). That the OE-SHI protein was fully folded and
contained the full complements of flavin and iron-sulfur clus-
ters was shown by its ability to use NADPH as the electron
donor for H2 production and H2 oxidation (Table 3, supple-
mental Fig. S6). Furthermore, the tryptophan emission spec-
trum of both proteins showed the same emissionmaxima (�max

of 355 nm) with almost the same fluorescence yield (supple-
mental Fig. S7), which suggests that both have a similar three-
dimensional structure. However, both proteins showed little
change in their emission spectra even after 16 h at 90 °C, sug-
gesting that the difference in their residual activities after pro-
longed is not due to gross structural changes.
SHI is predicted to contain 23 iron atoms/heterotetramer

together with a single nickel atom (Fig. 1), and the measured
ratio for the OE-SHI hydrogenase (27 � 2.84:1) is slightly
higher than that of the native (21 � 3.23:1, Table 3). However,
given the high specific activity of the recombinant enzyme, it
would seem unlikely that it contains a significant amount of
enzyme lacking a [NiFe] catalytic site. The sensitivity of the
OE-SHI enzyme to inactivation by oxygen (air) was also similar

to that of the native enzymewith a half-life of about 1 day (Table
3), indicating that the catalytic sites of the two forms of the
enzyme are in virtually identical environments within the
protein.

DISCUSSION

The development of a genetic system for P. furiosus has
important implications for this organism as we now have a tool
tomanipulate any gene within its genome. In the present study,
we focused on SHI, one of three hydrogenases of P. furiosus (3).
Overexpression of the four genes encoding this enzyme, which
are arranged in a single operon, led to several unexpected
results. First, more than a 7-fold increase in specific hydrogen-
ase activitywas observed in theOE-SHI strain, but this had little
effect on the growth of the organism in closed (non-sparged)
cultures, conditions under which H2 accumulates. In fact, the
recombinant strain if anything grew marginally better than the
COM1parent (Fig. 5 and supplemental Fig. S5). The physiolog-
ical effect of an increased amount of SHI is presumably an
increase in the amount of NADPH produced, but this is clearly
not significant under the growth conditions studied.
We successfully increased the amount of SHI produced by

P. furiosus generating an enzyme that can be obtained in a
highly purified form by a single affinity step. Remarkably, in
comparison with other homologous expression systems for
[NiFe]-hydrogenases, that of P. furiosus represents a 100-fold
higher yield of the hydrogenase. For the homologous expres-
sion system of Synechocystis sp. PCC 6803, a total of 25 g of cells
yielded only 0.04 mg of hydrogenase protein, which compares
with 4.2 mg from the OE-SHI strain (24). One-step affinity
purification based on the Strep-tag II tag was used to purify
both types of recombinant enzyme from their cytoplasmic
extracts, and in both cases, the recovery of activity was �20%.
However, there were some important differences between the
strategies employed with these two overexpression systems.
With Synechocystis sp. PCC 6803, a 5-fold increase in the pro-
duction of the hydrogenase was obtained, but this also required
overexpression of the five hyp genes encoding the maturation
and accessory proteins. In contrast, no attempt was made to
overexpress the genes encoding the maturation proteins for
P. furiosus SHI. In fact, the wild-type expression levels of the
genes encoding the protease (frxA) that processes the C termi-
nus of the SHI catalytic subunit and the key processing protein,
hypF (17, 19), were unaffected, although expression of the SHI
operon increased 20-fold. How the hydrogenase maturation
process is regulated is not understood, but clearly, P. furiosus
can respond to the increased production of SHI to give the fully
functional protein with a full complement of cofactors, includ-
ing the [NiFe] catalytic site, flavin, and multiple [FeS] clusters.
However, the slightly lower Fe:Ni ratio in the OE-SHI enzyme
when comparedwith the native form (Table 3) suggests that the
limit may have been reached in processing this amount of the
catalytic subunit of the OE-SHI enzyme. Consequently, even
more OE-SHI might be produced if frxA and/or hypF, and/or
one or more the other six processing proteins in P. furiosus, are
also overproduced, and such studies are planned.
The properties of the recombinant affinity-tagged hydrogen-

ase of Synechocystis sp. PCC 6803 were directly compared with

TABLE 3
Properties of affinity-tagged SHI purified from the OE-SHI strain and
SHI purified from native biomass

Property OE-SHI SHI

MV-linked specific activity (unit � mg�1) 272 190
NADPH linked specific activity (unit � mg�1) 2.0 1.5
Half-life (t1⁄2/h) at 90 °C under argon (H2 evolution) 6.0 14
Half-life (t1⁄2/h) at 25 °C under air (H2 evolution) 25 21
Half-life (t1⁄2/h) at 90 °C under argon (H2 oxidation) 5.0 10
Fe:Ni ratio 27:1 21:1
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that of the unmodified native enzyme because the latter has not
been characterized (24). The properties of the purified OE-SHI
enzyme from P. furiosuswere very similar to those of the native
enzyme, although the recombinant form was slightly more
active and also slightly less thermostable, suggesting that the
OE-SHI hydrogenase was folded differently, although the oxy-
gen sensitivities of the two enzyme forms were the same. These
differences in stability and activity of the OE-SHI enzyme are
presumably the result of the 8- amino acid Strep-tag II and linker,
which interferes with the folding process. The difference in ther-
mal stability is also very evident in its H2 oxidation activity (sup-
plemental Fig. S6). This has been previously reported using the
same affinity tag with the D-arabitol dehydrogenase from the
hyperthermophilic bacteriumThermotogamaritima. In this case,
the enzymewas heterologously produced inE. coli, and the tagless
form retained 90% of its original activity after 90 min at 85 °C,
whereas the Strep-tagged version had a half-life of only 5min (41).
The availability a P. furiosus strain that over produces the

SHI hydrogenase affords many opportunities for those inter-
ested in research on such enzymes. For example, it will now be
possible to generate site-directed mutants and active forms
lacking one ormore subunit of SHI (28). In addition, it provides
ameans to investigate the roles of the accessory genes hypF and
frxA in processing SHI as these are poorly understood. There is
also only limited insight into the functions of hypC, hypD, and
hypE and SlyD in the maturation mechanism (5, 19, 42). In the
engineered P. furiosus OE-SHI strain, the production of the
hydrogenase is under control at the transcriptional level by a
strong, constitutive promoter (that for the gene encoding the
S-Layer protein), which is not known to be down-regulated by
conditions that regulate the hydrogenase activity in this orga-
nism, such as elemental sulfur (So) (37). Hence, the addition of
So to maltose-grown cells would dramatically down-regulate
the expression of hypF (PF0559) and frxA (PF0975) significantly
(37), but production ofOE-SHIwould not be affected. It should
therefore be possible to trap processing intermediates in SHI
maturation by simply adding So to the OE-SHI strain, with and
without constitutive expression of one or more of the process-
ing genes that would normally be down-regulated by So. Such
an approach might allow the isolation of incompletely pro-
cessed OE-SHI containing its C-terminal peptide by a single
affinity purification step andpermit a study of its [NiFe] site and
the nature of the other three subunits of the enzyme and their
cofactor contents.
In conclusion, we have successfully overexpressed the het-

erotetrameric metalloenzyme SHI complex by using a marked
knock-in method to insert a stronger promoter and an affinity
tag for purification purposes. Despite the complex maturation
process involved with the [NiFe] active site, the production of
SHI was increased by almost an order of magnitude. This is the
first example of the overproduction of a thermostable [NiFe]-
hydrogenase and provides a method to obtain high amounts of
the enzyme necessary for further development of in vitro H2
production systems (15, 43).
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