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Abstract The cellular location of membrane-bound NiFe- 
hydrogenase 2 (HYD2) from Escherichia coil was studied by 
immunobiot analysis and by activity staining. Treatment of 
spheroplasts with trypsin was able to release active HYD2 into 
the soluble fraction, indicating that HYD2 is attached to the 
periplasmic side of the cytoplasmic membrane and that HYD2 
undergoes a trans-membrane translocation during its biosyn- 
thesis. By using a n/k mutant deficient in the high affinity specific 
nickel transport system, we show that the intracellniar avail- 
ability of nickel is essential for the processing of the large subunit 
and for the transmembrane translocation of HYD2. We also 
demonstrate that the processing of the precursor, which is related 
with nickel incorporation, can occur in the membrane-depleted 
soluble fraction and that it is associated with the increase in 
resistance to proteolysis of the processed form of the large 
subunit. The mechanism of the transmembrane translocation of 
HYD2 is discussed. 

Aey words: Nickel; Hydrogenase; Escherichia coli; Cellular 
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1 Introduction 

The enterobacterium Escherichia coli synthesizes three 
lX iFe-hydrogenase isoenzymes (EC 1.12.-.-) under anaerobic 
conditions [1]. Hydrogenases 1 and 2 (HYD1 and HYD2) 
catalyze the anaerobic oxidation of hydrogen linked to the 
u timate reduction of a terminal electron acceptor, which en- 
a l)les the bacterium to use hydrogen as an energy source to 
g 'ow on nonfermentable carbon sources in the presence of 
h ~drogen. It has been proposed that HYD2 catalyzes the en- 
ergy-conserving oxidation of hydrogen via fumarate-reduc- 
tz.~se, whereas HYD1 is involved in the recycling of hydrogen 
produced by hydrogenase 3 (HYD3) [1]. HYD3 is part of the 
f,,rmate hydrogenlyase complex and is responsible for for- 
n~ate-dependent dihydrogen evolution. This system catalyzes 
t!Le oxidation of endogenously produced formate to carbon 
d~oxide and passes the electrons so generated to protons to 
e,Jolve gaseous hydrogen. The overall reaction is scalar, non- 
eaergy conserving, and functions both to remove redox 
equivalents exchangeable with formate and to help offset acid- 
iI~cation of the growth medium during fermentative growth. 
qhe structural genes of the three hydrogenases lie in three 
operons hya, hyb and hyc, each of which contains 4, 5 and 
7 additional accessory genes specifically required for HYD1, 
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HYD2 and HYD3 activities, respectively [2-5]. All three hy- 
drogenases contain nickel [1,6-8]. 

Almost all NiFe-hydrogenases consist of a large subunit 
and a small subunit of about 60 and 30 kDa, respectively 
[9]. Two forms of the large subunits of NiFe-hydrogenases 
from several bacteria have been observed on sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The 
small, faster migrating form is recognized as mature form 
while the large, slower migrating form is considered as its 
precursor. The processing of the large subunits of the hydro- 
genase from Azotobacter vinelandii [10], of HYD3 from E. coil 
[8], and of the periplasmic hydrogenase from Desulfovibrio 
gigas [11] results from a proteolytic cleavage after a histidine 
or an arginine residue in the conserved motif Asp-Pro-Cys- 
Xaa-Xaa-Cys-Xaa-Xaa-His/Arg (DPCxxCxxH/R) located at 
the C-termini of the large subunits. The highly conserved his- 
tidyl residue is naturally substituted by an arginine in the 
HYD3 of E. coli [8]. In the purified coenzyme-F420 non-re- 
ducing selenium-containing NiFe-hydrogenase from Methano- 
coccus voltae, this conserved motif is located on a third sub- 
unit composed of 25 residues. The corresponding vhuU gene 
encodes a precursor of 44 amino acids whose C-terminal part 
is removed after the histidyl residue during the processing [12]. 
The structural data indicate that the two conserved cysteines 
in the motif DPCxxCxxH in the large subunits of D. gigas 
provide the ligands required for the binding of nickel [11]. The 
processing of the large subunit of HYD3 is correlated with the 
nickel incorporation into the polypeptide chain [8]. The C- 
terminal extension in the precursor form of the large subunit 
of HYD3 has recently been shown to keep the protein in a 
conformation required for the liganding of the metal [13]. 

All three NiFe-hydrogenase isoenzymes of E. coli have been 
purified [68]. The large subunit of HYD3 is a peripheral 
membrane protein and is released into the soluble state 
when cells are broken by passage through a French press 
[4]. In contrast, HYD1 and HYD2 are integral membrane 
proteins [6,7]. HYD2 is particular in that an active HYD2 
can be solubilized following treatment of the isolated mem- 
brane fraction with trypsin [14]. However, it remained unclear 
to which surface of the cytoplasmic membrane HYD2 is at- 
tached. In addition, the relationship between nickel insertion 
and membrane-targeting of the membrane-bound hydroge- 
nases has so far remained elusive. In this communication, 
we report on the cellular location of HYD2 and the require- 
ment for nickel of its trans-membrane translocation. 

2. Materials and methods 

2.1. Bacterial strains 
HYD723 (nikA::MudI(laeZ, AmpR)) and HYD 720 (AnikA), deriv- 

0014-5793196/$12.00 © 1996 Federation of European Biochemical Societies. All rights reserved. 
1H S00 1 4 - 5 7 9 3 ( 9 6 ) 0 0 7 8 8 - 0  



82 

atives of MC4100 (F-,  araD139, A(argF-lac)U169, ptsF25, relA1, 
flbB5301, rpsL150, deoC1, rbsR, ~,-), are defective in the specific nick- 
el transport system and therefore display a hydrogenase minus phe- 
notype [15-17]. Addition of 300 ~M NiC12 to the growth medium 
results in restoration of the intracellular nickel concentration and 
hydrogenase activity in this mutant. Deletion mutant HDK203 
(Ahyb, Ahyc), a derivative of MC4100, is described in [18]. 

2.2. Media and growth conditions 
Bacteria were routinely grown in LB medium or on LB plates [19]. 

Anaerobic growth was achieved normally in LB medium supplemen- 
ted with 2 ktM sodium selenite and 2 ~tM ammonium molybdate in 
100-ml bottles filled to the top or on LB plates in GasPak anaerobic 
jars (BBL Microbiology Systems). When required, ampicillin (50 pg/ 
ml) and kanamycin (20 ~tg/ml) were added. To assess the influence of 
nickel on HYD2 synthesis, 300 I.tM NiCl2 was added to the growth 
medium when noted. 

2.3. Activity staining 
To detect HYD1 and HYD2 activities specifically, crude extracts 

were separated on 7.5% non-denaturing polyacrylamide gels and 
HYD1 and HYD2 were visualized with a benzyl viologen-linked hy- 
drogen uptake assay [14]. The activity bands were fixed by the addi- 
tion of 1 mM 2,3,5-triphenyltetrazolium chloride. Protein concentra- 
tion was determined by using the DC Protein assay kit (BioRad). 

2.4. Western blot analysis 
Denatured polypeptides were separated by sodium dodecyl sulfate- 

polyacrylamide gel (7.5%) electrophoresis (SDS-PAGE) [20]. Immu- 
noblotting was performed by using the ECL method according to the 
manufacturer's (Amersham) instruction. Antisera were used at the 
following dilution: anti-HYD1 1/20000, anti-HYD2 1/10000, and 
goat anti-rabbit IgG-peroxidase 1/20 000. 

2.5. Preparation of spheroplasts, and membrane fraction 
Anaerobic grown bacteria were sedimented from exponential cul- 

tures (A600 = 0.5) by centrifugation at 7000Xg for 15 min at 4°C. Cells 
were broken by 2 passages through a French press cell. Crude extracts 
were obtained by centrifugation at 20 000 x g for 15 min. The mem- 
brane and soluble fractions were prepared by further centrifugation of 
the supernatant at 130000xg for 2 h at 4°C. The membrane pellets 
were resuspended in 50 mM Tris-HC1 (pH 7.0) supplemented with 6 M 
urea, and then ultracentrifuged under the same conditions. The pellets 
were washed twice with 50 mM Tris-HCl (pH 7.0) and resuspended to 
a protein concentration of 0.3 mg/ml in the same buffer. The soluble 
fraction was obtained by centrifugation for 2 h at 130000Xg the 
supernatant from the first ultracentrifugation. Spheroplasts were pre- 
pared from whole bacterial cells by a lysozyme/EDTA method [21] 
and the periplasmic fraction was separated from the spheroplasts by 
centrifugation at 5000 × g for 10 min. The resulting spheroplasts were 
washed once and resuspended to a protein concentration of 25 mg/ml 
in the Tris-HC1 buffer and then treated by trypsin at 0.25 mg/ml for 
60 min at 30°C. The reaction was stopped by adding into the reaction 
solution the protease inhibitor Pefabloc (Boehringer Mannheim) at a 
final concentration of 1 mM and the solubilized proteins were sepa- 
rated from the spheroplasts by centrifugation at 15 000 × g for 10 min. 

2.6. Monitoring conformational change by limited proteolysis 
The conformational change of the precursor of the large subunit of 

HYD2 was monitored by limited proteolysis. The nik mutant 
HYD720 was grown anaerobically until the logarithmic growth phase 
(OD600=0.4) in 2 1 LB medium in the absence of nickel. Cells were 
harvested, washed with phosphate buffer (50 mM Na2HPO4, 50 mM 
KH2PO4, pH 6.8), resuspended into 40 ml of the same phosphate 
buffer with 0.5 mM I$-mercaptoethanol and broken by 2 passages 
through a French press. The cell debris was eliminated by centrifuga- 
tion at 15000xg for 15 min and the supernatant was saved as a crude 
extract. To obtain a soluble fraction free of membrane, the crude 
extract was centrifuged twice each for 90 min at 220 000 x g. To in- 
itiate the processing of the precursor (HybC-P), 500 pM NiClz was 
added to the soluble fraction and incubated at 30°C for 3 h. The 
reaction mixture was aliquoted and proteinase K was added at final 
concentrations of 0, 1, 2, 5 and 8 pg/ml. After 20 min incubation at 
room temperature, proteolysis was stopped by adding 1 mM Pefabloc. 
The samples were precipitated with 5% trichloroacetic acid, resolved 
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by SDS-PAGE, and the precursor (HybC-P) and the processed form 
(HybC-M) of the large subunit of HYD2 were analyzed by immuno- 
blotting. 

3. Results 

3.1. Effects o f  nickel on the processing of  the precursor o f  the 
large subunit (HybC) of  HYD2 and its membrane 
targeting 

We previously reported that the nik (hydC) mutant  is de- 
fective in the specific nickel transport system and that its in- 
tracellular nickel concentration is less than 1% of the level of  a 
wild-type strain, which results in the absence of  hydrogenase 
activity ( H Y D -  phenotype). The addition of  nickel to the 
growth medium specifically restores the intracellular nickel 
concentration and the hydrogenase activity in this mutant  
[15-17]. In this case, nickel is taken up through the nonspecific 
magnesium transport system. In the absence of  nickel neither 
HYD1 nor H Y D 2  can be detected immunologically in the 
membrane fraction of  the nik mutant  [16], which suggests 
that the lack of  a functional nik product either abolishes the 
expression of  hydrogenases or prevents the hydrogenase pre- 
cursors from being targeted to the membrane. To assess this 
point we examined the biosynthesis of  the hydrogenases and 
their cellular location by immunoblott ing.  

Three polypeptides were detected in the crude extracts of  
the wild-type strain (Fig. 1, lane 1), using antiserum against 
the large subunit (HybC) of  HYD2.  The polypeptide with the 
highest molecular weight (approx. 65 000) must be a contam- 
inating band detected that is not  related to H Y D 2  since it was 
also present in the crude extract of  the hyb deletion mutant  
(Fig. 1, lane 10). The two specific bands with apparent molec- 
ular weights of  62 500 and 61 000 correspond to the sizes pre- 
dicted from the hybC gene sequence for the precursor (HybC- 
P) and the processed (HybC-M) form of the large subunit of  
HYD2,  respectively. The processed form was detected in both 
the soluble (Fig. 1, lane 2) and membrane (Fig. 1, lane 3) 
fractions, whereas the precursor was present exclusively in 
the soluble fraction. Immunoblo t  analysis revealed the pre- 
sence of  the precursor in the crude extract of  the nik mutant  
cells grown without nickel (Fig. 1, lane 4). Therefore, H Y D 2  
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Fig. 1. Intracellular nickel availability is essential for the processing 
and membrane targeting of the large subunit of HYD2. After anae- 
robic growth the following strains were tested: the wild-type strain 
MC4100 (lanes 1-3); the nik mutant HYD723 deficient in specific 
nickel transport system, grown without (lanes 4-6) or with 300 I.tM 
NiC12 (lanes 7-9) and the hyb deletion mutant HDK203 (lane 10). 
About 20 pg proteins from crude extracts (C), or soluble (S) frac- 
tions, or 30 I.tg proteins from the membrane (M) fractions were sub- 
jected to SDS-PAGE (7.5%) electrophoresis and analyzed by immu- 
noblot analysis employing antisera raised against the large subunit 
of HYD2, HybC. The precursor (HybC-P) and the processed 
(HybC-M) forms of HybC are indicated on the right. 



A. Rodrigue et aL/FEBS Letters 392 (1996) 81~86 83 

is in fact synthesized in the nik mutant in the absence of 
nickel, but it accumulates in the precursor form (HybC-P). 
In addition, this precursor form (HybC-P) was present exclu- 
sively in the soluble fraction (Fig. 1, lane 5), and absent from 
the membrane fraction (Fig. 1, lane 6) under this condition. 
The addition of nickel to the growth medium resulted in the 
appearance of the smaller processed form of HybC (HybC- 
M), which became detectable in both the soluble and mem- 
brane fractions (Fig. 1, lanes 7-9). The pattern of HybC pro- 
cessing and subcellular distribution in the nik mutant comple- 
mented with nickel was similar to that of the wild-type 
p,~rental strain (Fig. 1, compare lanes 1-3 with lanes 7-9). 
These results are consistent with our previous observation 
that HYD2 is absent from the membrane fraction in the nik 
mutant grown without nickel [16]. In addition, they indicate 
tt~at the lack of a functional nik product prevents the hydro- 
g, nase precursor from being processed and targeted to the 
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F g. 2. Cellular localization of the large subunits of HYD1 and 
I-tYD2. Antisera raised against the large subunit of HYD2 (HybC, 
A, upper panel; B), or the large subunit of HYD1 (HyaB, A, lower 
panel) were used to analyze, in panel A, crude extracts (C), periplas- 
n~ic fractions (P), or the trypsin-solubilized fractions (T) obtained 
after the exposure of spheroplasts to trypsin. Shown are results ob- 
t~rned with wild-type strain MC4100 (WT), hyb deletion mutant 
I-{DK203 (Ahyb) and nik mutant HYD723 (nikA::MudI) grown 
aaaerobically in the absence (nik) or presence (nik+Ni 2+) of 300 txM 
NiC12. After immunoblotting using anti-HybC antiserum (upper 
panel), the polyvinylidene difluoride (PVDF) membrane was 
stripped of bound antibodies and reprobed with anti-HyaB antiser- 
um (lower panel). (B) To analyze whether the cytoplasmic mem- 
brane remains intact after trypsin treatment, the spheroplasts (lanes 
1.2,4) obtained from the same cells as described in A and the same 
c~ude extracts (lanes 3,5) as those in A, lanes 5 and 2, were resolved 
by SDS-PAGE, and the precursor (HybC-P) and the processed 
fc, rm (HybC-M) of the large subunit of HYD2 were analyzed by 
inamunoblotting. 

4 

HYD2-a 
HYD2-b 
HYD1 
HYD2-c 

Ahyb WT n/k+Ni2+ nik nik+Ni2+WT 

I I I 
C T C 

Fig. 3. Release of active HYD2 from spheroplasts by trypsin pro- 
teolysis. The same samples as those in Fig. 2 were electrophoresed 
on native polyacrylamide gel (7.5% w/v) and subjected to hydroge- 
nase activity staining as described in Section 2. HYDI and the three 
forms of HYD2 are indicated on the right. 

membrane. Since the large subunit was not detectable in the 
periplasmic fraction (see below in Fig. 2), the precursor 
HybC-P must accumulate in the cytoplasmic fraction. 
Furthermore, this result suggests that the processing of the 
large subunit (HybC) of HYD2 occurs in the cytoplasm. Iden- 
tical results were obtained with respect to HYD1 processing 
and membrane targeting (data not shown). Therefore, intra- 
cellular availability of nickel is a prerequisite required for 
HYD2, as well as for HYD1, processing and membrane tar- 
geting. 

3.2. Periplasmic side location o f  HYD2 
In an early investigation using membrane-impermeant 

probes, Graham reported that a membrane-bound hydrogen- 
ase (Mol. Wt approx. 63 000) is accessible from both sides of 
the cytoplasmic membrane [22]. Sauter et al. showed that the 
large subunit of HYD3 (61 000) is a peripheral membrane 
protein being released into the soluble state when cells are 
broken by passage through a French Press [4]. In addition, 
an active soluble HYD2 consisting of both large (61 000) and 
small (30 000) subunits was released from the membrane frac- 
tion by trypsin treatment [7]. Compared to this trypsin re- 
leased derivative of HYD2, the detergent-dispersed native 
HYD2 is composed of the identical large subunit, but its small 
subunit is some 5 kDa larger than this subunit in the trypsin- 
treated enzyme [7]. Trypsin, therefore, cleaves the small sub- 
unit of HYD2. This cleavage correlates with the release of the 
active fragment from the membrane. However, it has not been 
established on which surface of the membrane the HYD2 is 
attached. These results illustrate a complex organization of 
the various hydrogenases in the membrane. 

We investigated the orientation of HYD2 within the cyto- 
plasmic membrane by immunoblotting and by activity stain- 
ing. The large subunit (HybC) of HYD2 was detected in the 
crude extract (C) but was absent from the periplasmic fraction 
(P) in a wild-type strain (Fig. 2A, lanes 8,9). Limited tryptic 
proteolysis of the spheroplasts released HybC into the soluble 
fraction (Fig. 2A, lane 10), indicating that HybC is accessible 
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Fig. 4. Conformational change of the large subunit of HYD2 as de- 
fined by sensitivity to proteolysis. In vitro processing of the precur- 
sor of the large subunit of HYD2 from the nik mutant HYD720 
grown anaerobically in the absence of nickel was performed by add- 
ing 500 gM NiC12 to the membrane-depleted soluble fraction as de- 
scribed in Section 2. The reaction mixture containing equal amounts 
of the precursor (HybC-P) and the processed form (HybC-M) of 
the large subunit of HYD2 was aliquoted and subjected to proteoly- 
sis in the presence of 0, 1, 2, 5, and 8 Hg/ml proteinase K (PK, as 
indicated) at room temperature for 20 min. Proteolysis was stopped 
by 1 mM Pefabloc. The samples were precipitated with 5% 
trichloroacetic acid, resolved by SDS-PAGE, and the precursor 
(HybC-P) and the processed form (HybC-M) of the large subunit of 
HYD2 were analyzed by immunoblotting. Lane 6 shows the precur- 
sor of the large subunit of HYD2 present in the membrane-depleted 
soluble fraction before the processing procedure. 

from the periplasmic surface of the cytoplasmic membrane. 
To ensure that the trypsin solubilized fraction (T) is not con- 
taminated by the membrane, the polyvinylidene difluoride 
(PVDF) blotting membrane was stripped of bound antibodies 
and reprobed with anti-HyaB antiserum against the large sub- 
unit (HyaB) of HYD1 to check the location of HyaB. The 
previous finding that HYD1 cannot be released from the 
membrane by trypsin treatment [6] implies that it is trans- 
membranous or that the trypsin-cutting sites of HYD1 are 
poorly accessible. The absence of the large subunit HyaB of 
HYD1 from the trypsin solubilized fractions (T) is consistent 
with the previous report [6] and thus confirms that the tryp- 
sin-solubilized fractions were appropriately prepared (Fig. 2A, 
lane 10). In the nik mutant grown in the absence of nickel, 
only the precursor HybC-P was found in the crude extracts 
and it was undetectable in the periplasmic fraction nor was it 
released by trypsin treatment from the spheroplasts (Fig. 2A, 
lanes 5-7). Addition of nickel to the growth medium confers 
the wild-type patterns of the cellular location and processing 
of HybC on the nik mutant (Fig. 2A, lanes 2-4). 

In addition, examination of spheroplasts after incubation 
with trypsin did not reveal any accumulation of proteolysed 
form of the large subunit (HybC) of HYD2 (Fig. 2B, lanes 
1,2,4). This suggests that the cytoplasmic membrane remains 
intact and that cleavage of the small subunit is itself sufficient 
for release of HYD2 from the membrane. 

In accordance with the results obtained by immunoblotting, 
hydrogenase activity staining confirms the accessibility of 
HYD2 in the spheroplasts. Crude extracts of different cells 
or trypsin-released soluble fractions of the spheroplasts were 
separated by native PAGE and hydrogenase enzymes were 
visualized by activity staining. Wild-type strain MC4100 ex- 
hibited three active bands (Fig. 3, lane 6), which is in good 
agreement with the result previously reported by Sawers and 
Boxer [6]. As they demonstrated, the faster migrating band 

corresponds to HYD1 while the two more slowly migrating 
bands are HYD2. The difference between the two forms of 
HYD2 is unknown. As anticipated, mutant HDK203 carrying 
a deletion in the hyb operon displays only HYD1 activity 
(Fig. 3, lane 1). In this experiment, the HYD1 was a slow 
developing band. Thus, when it is appropriately visualized 
the two HYD2 bands (HYD2-a and HYD2-b) are over-devel- 
oped and form an active zone, instead of two distinguishable 
bands. As expected the nik mutant grown without nickel did 
not contain any hydrogenase activity (Fig. 3, lane 4), whereas 
it showed a similar profile to the wild-type strain when nickel 
was added in the growth medium (Fig. 3, lane 5). Exposure to 
trypsin of spheroplasts prepared from a wild-type strain or the 
nik mutant grown with nickel released the active HYD2 into 
the supernatant (T) (Fig. 3, lanes 2,3; HYD2-c). The released 
HYD2 showed faster mobility than HYD1. Consistently, an 
increase in electrophoretic mobility of HYD2 after release 
from the membrane fraction by proteolytic treatment was 
reported by Ballantine and Boxer [7]. The increase in mobility 
may result from cleavage of the 5 kDa fragment of the small 
subunit in the solubilized HYD2 complex. 

3.3. Conformational difference between the cytoplasmic 
precursor HybC-P and its processed form HybC-M 

Addition of nickel to the growth medium leads to the proc- 
essing of the precursor (HybC-P) of HYD2. The incorpora- 
tion of nickel into the precursor followed by its processing 
must be associated with a conformational change. Sensitivity 
to proteolytic degradation was used to monitor conforma- 
tional change of the precursor upon the incorporation of nick- 
el and its processing in vitro. A membrane-depleted soluble 
fraction was prepared from the nik mutant HYD720 grown 
anaerobically in the absence of nickel. To initiate the proces- 
sing of the precursor (HybC-P), 500 gM NiC12 was added to 
the in vitro processing medium. 3 h later, proteinase K was 
added at various final concentrations. After 20 min incubation 
with proteinase K, proteolysis was stopped by adding the 
protease inhibitor Pefabloc and the content of the precursor 
(HybC-P) and the processed form (HybC-M) of the large 
subunit of HYD2 was analyzed by immunoblotting. As ex- 
pected, only the precursor form (HybC-P) was revealed in the 
absence of nickel (Fig. 4, lane 6). About 50% precursor was 
converted to the processed form (HybC-M) after 3 h of in- 
cubation with 500 gM NiCI2 (lane 5), which indicates that the 
processing of the precursor is independent on the presence of 
the cytoplasmic membrane. A polypeptide with a lower mo- 
lecular weight than the processed form of HybC was also 
detected by the anti-HybC antiserum in the absence of pro- 
teinase K (lane 5). This band may result from the proteolysis 
of the HybC-P or/and HybC-M by an endogenous protease, 
since no protease inhibitor was added to the reaction medium. 
The amount of the precursor (HybC-P) was reduced to about 
30% that of the processed form (HybC-M) after 20 min treat- 
ment with 1 gg/ml proteinase K. The precursor was comple- 
tely digested by 2 gg/ml proteinase K (lane 3), whereas the 
processed form was resistant to proteolysis at a concentration 
of proteinase K up to 8 p.g/ml (lane 1). Thus incorporation of 
nickel and processing of the precursor lead to a conformation 
change, and the residues of the processed form HybC-M are 
associated in higher order structures that render the peptide 
bonds less accessible to protease than those in the precursor 
HybC-P. 
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4. Discussion 

Biosynthesis of the NiFe-hydrogenase metalloenzymes is a 
c~:,mplex process. It involves the incorporation of nickel into 
hydrogenase apoprotein, assembly of the holoenzymes, trans- 
location across the cytoplasmic membrane and processing of 
the small and large subunits. It is still unknown in which 
oT der these processes take place and whether further reactions 
a e required. It has been shown that nickel insertion into the 
p:ecursors is a prerequisite for the large subunit C-terminal 
p~ ocessing of the hydrogenase of A. vinelandii [23], HYD1 [24] 
a~Ld HYD3 of E. coli [25]. In this communication, we show 
t l a t  the intracellular availability of nickel is essential for 
I-i YD2 translocation to the periplasmic side of the membrane. 

The mechanism of nickel incorporation involves a number 
o" steps which are subjected to current investigation. The gene 
p~ oducts of the hyp operon are required for the maturation of 
c~ talytically active hydrogenases [18]. Among them, the HypB 
protein exhibiting a low intrinsic GTPase activity is directly 
ii volved in nickel insertion into the precursor of the large 
st bunit of HYD3 and its processing [25,26]. Proteins homo- 
lc~gous to HypB are also found in Rhodobacter capsulatus, 
1,4tizobium leguminosarum, A. vinelandii and Alcaligenes eutro- 
pros (for a review, see [27]). 

We recently investigated the involvement of the chaperonins 
GroEL and GroES in the biosynthesis of the hydrogenase 
is 9enzymes in E. coli [28]. Lesions in groEL and groES se- 
v.'.rely affect HYD3 activity and processing of its large subunit 

bile they have only a marginal effect on HYD2. In addition, 
c mperonins were proposed to assist the precursor form of the 
h~rge subunit of HYD3 to reach a conformation competent 
fi r the insertion of nickel. Therefore, apart from accessory 
g~;ne products like HypB which display a function of incor- 
p,)ration common to all three hydrogenase isoenzymes, speci- 
fi: chaperonin proteins may be involved in the biosynthesis of 
t! e nickel center of these related enzymes. 

The crystal structure of the NiFe-hydrogenase from D. 
ggas has recently revealed that the active site containing nick- 
e and a second metal ion, probably an iron, is deeply buried 
i~ the 60 kDa large subunit [11]. The lack of the last 15 C- 
tt rminal residues deduced from gene sequence indicates that 
c eavage occurs next the DPCxxCxxH motif just after the 
h stidyl residue conserved in almost all nickel-containing hy- 
d 'ogenases. Removal of the corresponding C-terminal peptide 
f~ om the large subunit of HYD3 is catalysed by the specific 
[!ycI protease once nickel is inserted into the precursor [5,8]. 
I~L order to provide easy access for nickel or the nickel-carrier 
p'otein, the DPCxxCxxH motif harboring the two cysteinyl 
r~ sidues which serve as bridging ligands for nickel in the ac- 
t~ ce center, and the extra C-terminal segment are assumably 
h cated at the surface of the precursor of the large subunit. 
"1 his C-terminal extension in the precursor form of the large 
s tbunit of HYD3 has been demonstrated to have a function 
fi keeping the protein in a conformation necessary for the 
c ~ordination of the metal [13]. Incorporation of nickel into 
t! e active center might trigger a conformational change ac- 
c,~mpanied with the removal of the C-terminal extension, 

hich will result in the burial of the active site in the mature 
e~zyme. Removal of the C-terminal peptide will render these 
wocesses irreversible. Our results show that incorporation of 
n~ckel into the precursor followed by its processing results in a 
significant conformational change of the large subunit of 

HYD2. The increasing resistance to proteolysis of the proc- 
essed form HybC-M implies that the large subunit attains a 
stably folded conformation upon incorporation of nickel and 
removal of the extra C-terminal segment (Fig. 4). 

Three observations suggest that incorporation of nickel into 
the precursor and its processing are achieved in the cytoplasm. 
First, intracellular nickel availability is essential for membrane 
targeting and processing of HYD2, which is attached to the 
periplasmic side of the cytoplasmic membrane (Fig. 1). Sec- 
ond, the processed form of HYD2 was detected both in the 
cytoplasm and in the membrane, while its precursor was 
found exclusively in the cytoplasm (Fig. 1). Finally, nickel- 
dependent processing of the precursor can occur in the mem- 
brane-depleted soluble fraction (Fig. 4). It is not known, how- 
ever, how the stably folded large subunit of HYD2 crosses the 
cytoplasmic membrane. 

Alternative pathways have been described for the formation 
of a metallo-center and the translocation of the corresponding 
metallo-enzymes. Masui et al. [29] reported that spheroplasts 
from a molybdenum cofactor-deficient mutant of Rhodobacter 
sphaeroides f. sp. denitrificans is capable of secreting the di- 
methyl sulfoxide (DMSO) reductase apoprotein into the peri- 
plasm. This indicates that translocation of the DMSO reduc- 
tase is independent on the incorporation of the molybdenum 
cofactor. More recently, the DipZ membrane-bound protein 
has been described as essential for maintaining cytochrome c 
apoproteins in the correct conformations for the covalent at- 
tachment of haem groups to the appropriate pairs of cysteine 
residues [30]. Therefore, incorporation of the haem groups 
seems to be associated with the translocation and to occur 
in the membrane. 

Particularity of hydrogenase translocation resides in the 
possible cotranslocation of the small and the large subunits. 
The fact that only the small subunits contain the N-terminal 
signal sequence suggests that the formation of a complex com- 
posed of precursors of the small and the large subunits is a 
prerequisite for hydrogenase translocation [9,31,32]. However, 
the relationship among nickel incorporation, large subunit 
processing and formation of the complex remains to be estab- 
lished. We recently observed that expression of the large sub- 
unit of HYD2 in the absence of the small subunit resulted in 
the accumulation of the large subunit in the precursor form 
(A. Rodrigue, unpublished data). This suggests that proces- 
sing of the large subunit is dependent on the small subunit 
and that formation of the complex is a prerequisite for the 
large subunit processing. Our future studies will focus on 
characterization of formation of the HYD2 complex and its 
transmembrane translocation. 
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