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a b s t r a c t

The large subunit of the [NiFe] hydrogenases harbors a NiFe(CN)2(CO) cluster. Maturation proteins HypA,
B, C, D, E, and F are required for the NiFe cluster biosynthesis. While the maturation machinery has been
hitherto studied intensively, little is known about interactions between the Hyp proteins and the large
subunit of the [NiFe] hydrogenase. In this study, we have purified and characterized the cytosolic [NiFe]
hydrogenase large subunit HyhL from Thermococcus kodakarensis (Tk-HyhL). Tk-HyhL exists in equilib-
rium between monomeric and dimeric forms. In vitro interaction analyses showed that Tk-HyhL mono-
mer forms a tight complex with Tk-HypA and weakly interacts with Tk-HypC. The expected ternary
complex formation was not detected. These observations reflect a diversity in the mechanism of Ni inser-
tion in [NiFe] hydrogenase maturation depending on the organism.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Hydrogenases, which are widely distributed in bacteria,
archaea, and some eukaryotes, catalyze the reversible formation
and consumption of molecular hydrogen and contribute to energy
metabolism [1]. The core structure of the [NiFe] hydrogenase con-
sists of a large and a small subunit [2]. The large subunit carries a
NiFe(CN)2(CO) cluster at the active site [3–5]. The NiFe cluster is
not formed spontaneously. The biosynthesis/maturation of the
[NiFe] hydrogenase proceeds through a stepwise process per-
formed by HypA, HypB, HypC, HypD, HypE, and HypF as well as
specific endopeptidases [6–8]. At present, the overall maturation
process is proposed as follows; First, HypC, HypD, HypE and HypF
catalyze the synthesis and incorporation of a Fe atom ligated with
diatomic CN and CO [9–13]. Second, the Ni atom is inserted into
the large subunit. HypA and HypB have been shown to play a major
role in this step [14–19]. Finally, specific endopeptidases such as
HycI cleave off the C-terminal tail of the large subunit to form an
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active ‘‘mature’’ enzyme followed by binding of the small subunit
[20].

The functions of the Hyp proteins have been widely
investigated in Escherichia coli and other bacteria [6]. Furthermore,
we have performed structural and functional analyses of the Hyp
proteins from the hyperthermophilic archaeon Thermococcus
kodakarensis KOD1 [21–26]. These results have provided significant
insights into the functional roles of each Hyp protein and the inter-
actions among these Hyp proteins during the maturation process.
However, little is known about how the Hyp proteins interact with
the large subunit of the [NiFe] hydrogenase.

In this study, we have purified and characterized the cytosolic
[NiFe] hydrogenase large subunit, HyhL from T. kodakarensis
(Tk-HyhL). SEC analyses of mixtures containing Tk-HyhL and Hyp
proteins indicate a tight complex formation between Tk-HyhL
and Tk-HypA, and weak interaction between Tk-HyhL and Tk-HypC.
2. Materials and methods

2.1. Cloning, expression, and purification of the large subunit Tk-HyhL
and maturation proteins Tk-HypA and Tk-HypC

The gene fragment encoding Tk-HyhL (TK2069, 428 a.a.) was
amplified by PCR using the genomic DNA of T. kodakarensis KOD1
[21] with the forward primer 50-ggtctagaaataattttgtttaactttaagaag-
gagatatacatatgaagaacgtttatctcccgatcaccg-30 (XbaI site is shown in
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bold) and the reverse primer 50-cgcggatccgcaagcctcgccacgtgcac-30

(BamHI site is shown in bold). The amplified gene was inserted into
pUC19 and, after confirming the sequences of the DNA fragments,
the fragments were inserted into XbaI/BamHI sites of pET21a(+)
(hyhL_pET21a(+)) (Novagen). The E. coli Rosetta2(DE3)pLysS cells
were transformed with hyhL_pET21a(+). The transformants were
plated on Luria–Bertani (LB) agar plates containing 34 lg/mL of
chloramphenicol and 100 lg/mL of ampicillin. Single colonies were
separately picked and pre-cultured overnight at 37 �C. One percent
(v/v) of pre-culture was inoculated into LB medium containing the
same antibiotics as the LB agar plate. Expression of the recombi-
nant protein was induced with 0.1 mM IPTG when cell density
reached 0.4 at OD600 and was further incubated for 6 h at 37 �C.
The harvested cell pellet was suspended in 50 mM Tris–HCl pH
8.0, 1 mM DTT, and the suspension was sonicated on ice with an
output energy of 50 W for a total period of 150 s. The supernatant
after centrifugation (30,000g, 30 min at 4 �C) was subjected to heat
treatment at 80 �C for 10 min. The supernatant after centrifugation
(30,000g, 30 min at 4 �C) was filtrated with a 0.22 lm pore filter
(Millipore) and applied onto an anion exchange column (Resour-
ceQ 6 mL, GE healthcare) equilibrated with 50 mM Tris–HCl pH
8.0, 1 mM DTT. Proteins were eluted with a 0–0.2 M linear gradient
of NaCl. The eluted sample was concentrated and applied onto a
size exclusion column (Superdex 200 10/300 GL 24 mL, GE health-
care) equilibrated with 20 mM Tris–HCl pH 8.0, 150 mM NaCl,
1 mM DTT at a flow rate of 0.5 mL/min. All chromatography proce-
dures were performed at room temperature using ÄKTA explorer
system (GE healthcare) under aerobic conditions.

Molecular mass of the purified sample was estimated with size
exclusion chromatography (SEC) by comparing its retention vol-
ume to those of marker proteins (GE healthcare), aldolase
(158 kDa), conalbumin (75 kDa), ovalbumin (44 kDa), carbonic
anhydrase (29 kDa), ribonuclease A (17.3 kDa), and aprotinin
(6.5 kDa). The Kav value is defined by the equation Kav = (Ve � Vo)/
(Vc � Vo), where Ve, Vo, and Vc are the elution, column void, and
geometric column volumes, respectively. Oligomeric states were
also confirmed by non-denaturing native-PAGE analysis. The quan-
titative and qualitative metal analyses of the sample were per-
formed by ICP-AES using Optima 4300DV (PerkinElmer Inc.,
Waltham, MA, USA). UV–visible absorption spectrum was
measured with NanoDrop 1000 (Thermo Fisher Scientific Inc.,
Wilmington, DE, USA).

To obtain metal free samples, EDTA was added to a final concen-
tration of 10 mM in 50 mM Tris–HCl pH 8.0, 1 mM DTT prior to the
cell sonication. EDTA was removed from the supernatant after
heat-treatment by buffer exchange, and an anion exchange column
chromatography was performed. (NH4)2SO4 was added to a con-
centration of 1.5 M and the sample was applied onto a hydropho-
bic interaction column (Resource ISO 6 mL, GE healthcare)
equilibrated with the same buffer. Proteins were eluted by a linear
1.5–0.3 M gradient of (NH4)2SO4 at a flow rate of 6.0 mL/min. Size
exclusion column chromatography was subsequently performed.

Expressions and purifications of Tk-HypA and Tk-HypC were
performed as previously reported [24,26].

2.2. Interaction analysis between the large subunit and maturation
protein

SEC analysis was carried out by using a size exclusion column
(Superdex 200 10/300 GL 24 mL, GE healthcare) equilibrated with
20 mM Tris–HCl pH 8.0, 150 mM NaCl, 1 mM DTT. Protein mixture
solutions (200 ll) containing the indicated amounts of Tk-HyhL
and Hyp proteins were prepared by mixing the proteins and incu-
bating overnight at room temperature. As for the mixtures contain-
ing three proteins, three kinds of the mixtures were prepared.
Mixture I was prepared by adding Tk-HyhL to the mixture of
Tk-HypA and Tk-HypC. Mixture II was prepared by adding Tk-HypC
to the mixture of Tk-HypA and Tk-HyhL. Mixture III was prepared
by adding Tk-HypA to the mixture of Tk-HypC and Tk-HyhL. These
protein mixtures were subjected to heat-treatment at 85 �C for
15 min after overnight incubation. Complex formation was also
confirmed by non-denaturing native-PAGE analysis.
3. Results

3.1. Characterization of the large subunit Tk-HyhL

T. kodakarensis possesses three distinct [NiFe] hydrogenase
homologs on its genome; one encodes the cytosolic hydrogenase
Hyh, another encodes the membrane-bound hydrogenase Mbh,
whereas the third encodes a complex (Mbx) which does not exhibit
hydrogenase activity and whole function is still not clear [22,23]. In
this study, the cytosolic [NiFe] hydrogenase large subunit gene, the
Tk-hyhL gene was cloned and the recombinant protein was suc-
cessfully obtained using an E. coli expression system. An elution
profile of the SEC of Tk-HyhL showed two major peaks (the bold line
in Fig. 1A). The estimated molecular masses of Tk-HyhL proteins
from these peaks are �49 and �94 kDa, which correspond to a
monomer (48.3 kDa) and a dimer (96.6 kDa), respectively. When
fractions containing only the monomer or dimer were individually
reapplied to SEC, both monomeric and dimeric states were ob-
served (data not shown). These results clearly show that Tk-HyhL
is in slow equilibrium between monomeric and dimeric states. This
monomer–dimer equilibrium was also observed by non-denatur-
ing native-PAGE analysis (Fig. 1B). The equilibrium was partially
shifted to the monomer when the sample was subjected to heat-
treatment at 85 �C for 15 min and analyzed by SEC (data not
shown).

The purified sample was brown in color. An ICP-AES analysis
showed that the sample contained 0.23 Fe atoms per molecule of
Tk-HyhL, along with a small amount of Zn and Ca atoms. No Ni
atoms were detected. A UV–visible absorption spectrum of the
Tk-HyhL solution showed broad absorption bands in 300–700 nm
(the bold line in Fig. 1C). Monitoring at the wavelengths of 330
and 450 nm during SEC showed that both monomer and dimer
contained Fe atoms (data not shown). An EDTA treated sample
showed no absorption bands in the UV spectrum (the broken line
in Fig. 1C), indicating that the Fe atom was completely removed
from the sample. The EDTA treated sample also existed in the
monomer–dimer equilibrium (data not shown).
3.2. In vitro interaction analysis between Tk-HyhL and Tk-HypA or Tk-
HypC by SEC

When SEC was performed with a mixture of Tk-HypA and Tk-
HyhL, the two proteins co-eluted as a new single peak (the arrow
in Fig. 2A), indicating tight complex formation between these
two proteins. The HyhL–HypA complex appeared at an elution vol-
ume of �15.2 mL corresponding to an estimated molecular mass of
�63 kDa, which is consistent with the sum of the calculated molec-
ular masses of Tk-HypA (15.7 kDa) and Tk-HyhL monomer (Tk-
HyhLm) (48.3 kDa). These results indicate that Tk-HyhL forms a
1:1 binary complex with Tk-HypA. The EDTA treated sample of
Tk-HyhL also formed a 1:1 complex with Tk-HypA (data not
shown).

When a mixture of Tk-HypC and Tk-HyhL at an equal molar
ratio was applied to the column, the peak height of Tk-HypC subtly
decreased (the gray arrow in Fig. 2B) and the elution peak of
Tk-HyhLm slightly shifted to a higher molecular mass (the black
arrow in Fig. 2B). When the mixtures were prepared at a 2–3-fold
molar excess of Tk-HypC, the peak height of Tk-HyhLm in SEC
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Fig. 1. Characterization of the [NiFe] hydrogenase large subunit HyhL from the
Thermococcus kodakarensis KOD1 (Tk-HyhL). (A) Elution profiles from a superdex
200 10/300 GL column of Tk-HyhL. The molecular mass was estimated by the
retention volume of the sample (bold line) compared with the protein markers
(broken lines). (B) Non-denaturing native PAGE analysis (13% gel) of the fractions
indicated in figure (A). Marker proteins (indicated by M) and the sample were
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gradually increased. These observations suggest that Tk-HypC
weakly interacts with Tk-HyhLm, most likely at a 1:1 M ratio.

3.3. In vitro interaction analysis between Tk-HyhL, Tk-HypA and Tk-
HypC by SEC

We next examined whether Tk-HypA and Tk-HypC simulta-
neously interact with Tk-HyhL. When all three proteins were
mixed together (mixture I) and applied to the column, a new peak
appeared at an elution volume of �15.2 mL (the arrow in Fig. 3),
suggesting complex formation among these proteins. However,
compared to the mixtures containing two components (continuous
and dotted lines in Fig. 3), significant amounts of both Tk-HypA and
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Tk-HypC remained in their free states. We further attempted to
distinguish whether these interactions were sequential. Similar
chromatography profiles were also observed when Tk-HypC
(mixture II) or Tk-HypA (mixture III) was mixed with the other
two proteins that were incubated in advance. The elution volume
of the new peak (�15.2 mL) was faster than that of the HyhL–HypC
complex (the dotted line in Fig. 3, �15.7 mL) but slightly later than
that of the HyhL–HypA complex (the continuous line in Fig. 3,
�15.2 mL). The peak height of the new peak was subtly higher than
that of the HyhL–HypA complex probably because of the small
overlap with the peak of the HyhL–HypC complex. Therefore, the
new peak observed in SEC of the three component mixtures prob-
ably represents a mixture of the HyhL–HypA and HyhL–HypC bin-
ary complexes. The ternary complex formation among Tk-HypA,
Tk-HypC and Tk-HyhL could not be detected under these
conditions.
4. Discussion

In this study, we have characterized the [NiFe] hydrogenase
large subunit HyhL from the hyperthermophilic archaeon T. koda-
karensis KOD1 (Tk-HyhL) and investigated in vitro interactions with
its maturation proteins Tk-HypA and Tk-HypC. The results from
interaction analyses by SEC are summarized in Fig. 4.

The SEC analysis showed that the purified Tk-HyhL is in an equi-
librium between monomer and dimer. Heat treatment at 85 �C af-
fected the monomer–dimer equilibrium, suggesting that Tk-HyhL
dominantly exists as a monomer rather than dimer under extreme
growth environment around 80–95 �C (Fig. 4a).

The ICP-AES analysis showed that a portion of the Tk-HyhL sam-
ple contained a Fe atom, whereas Ni was not detected. The Fe atom
is probably bound to the active site of the protein through con-
served N- and C-terminal CXXC motifs [2], because Tk-HyhL has
no cysteine residues other than those in the CXXC motif. It is very
interesting why the Fe atom was inserted into Tk-HyhL without the
assistance of the T. kodakarensis maturation proteins. The endoge-
nous maturation system in E. coli might have contributed to the Fe
atom insertion into the active site of Tk-HyhL [27].

Previous studies showed that, in the E. coli [NiFe] hydrogenase
maturation, HypC remains associated with the large subunit (LS)
after the incorporation of the Fe(CN)2(CO) ligand by the HypC–
HypD complex and that HypA inserts the Ni atom into this pre-
cluster buried in the LS-HypC complex together with HypB and
SlyD [6–8,28]. Interestingly, we have found that Tk-HyhL tightly
interacts with Tk-HypA without Tk-HypC and the Fe ligand
(Fig. 4b). On the other hand, Tk-HyhL weakly interacts with Tk-
HypC (Fig. 4c). Furthermore, the expected ternary complex forma-
tion was not detected. SEC of the three-protein mixture suggests
that the interaction site of the HyhL–HypA complex partially over-
laps with that of the HyhL–HypC complex. These observations re-
flect a diversity in the mechanism of Ni insertion in [NiFe]
hydrogenase maturation depending on the organism. For instance,
three different types of HypB proteins are known according to the
N-terminal region [29]. The gene of another Ni inserting protein
SlyD has not been found in some species. The SlyD proteins identi-
fied so far have various length of the C-terminal metal-binding re-
gion [30]. In addition, the corresponding genes to the bacterial
HypB and SlyD cannot be identified in T. kodakarensis and a num-
ber of species of archaea. Together with these genetic backgrounds
of the maturation proteins involved in the Ni atom insertion, tight
interaction between Tk-HypA and Tk-HyhL in the absence of Tk-
HypC and the Fe(CN)2CO ligand implies that the Ni insertion step
occurs independently of the incorporation of the Fe ligand in some
kinds of archaea including T. kodakarensis. The Fe(CN)2CO ligand
may be required for tight interaction between Tk-HypC and Tk-
HyhL and for the ternary complex formation.
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