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We analyzed the involvement of chaperonins GroES and GroEL in the biosynthesis of the three hydrogenase
isoenzymes, HYD1, HYD2, and HYD3, of Escherichia coli. These hydrogenases are NiFe-containing, membrane-
bound enzymes composed of small and large subunits, each of which is proteolytically processed during
biosynthesis. Total hydrogenase activity was found to be reduced by up to 60% in groES and groEL thermo-
sensitive mutant strains. This effect was specific because it was not seen for another oligomeric, membrane-
bound metalloenzyme, i.e., nitrate reductase. Analyses of the single hydrogenase isoenzymes revealed that a
temperature shift during the growth of groE mutants led to an absence of HYD1 activity and to an accumu-
lation of the precursor of the large subunit of HYD3, whereas only marginal effects on the processing of HYD2
and its activity were observed under these conditions. A decrease in total hydrogenase activity, together with
accumulation of the precursors of the large subunits of HYD2 and HYD3, was also found to occur in a nickel
uptake mutant (nik). The phenotype of this nik mutant was suppressed by supplementation of the growth
medium with nickel ions. On the contrary, Ni>* no longer restored hydrogenase activity and processing of the
large subunit of HYD3 when the nik and groE mutations were combined in one strain. This finding suggests the
involvement of these chaperonins in the biosynthesis of a functional HYD3 isoenzyme via the incorporation of
nickel. In agreement with these in vivo results, we demonstrated a specific binding of GroEL to the precursor
of the large subunit of HYD3 in vitro. Collectively, our results are consistent with chaperonin-dependent
incorporation of nickel into the precursor of the large subunit of HYD3 as a prerequisite of its proteolytic

processing and the acquisition of enzymatic activity.

The enterobacterium Escherichia coli synthesizes three
NiFe-hydrogenase isoenzymes under anaerobic conditions
(25). Hydrogenases 1 and 2 (HYD1 and HYD?2, respectively)
catalyze the anaerobic oxidation of hydrogen linked to the
ultimate reduction of a terminal electron acceptor. These en-
ergy-conserving respiratory pathways, which enable the bacte-
rium to use hydrogen as an energy source, allow the organism
to grow on nonfermentable carbon sources such as fumarate in
the presence of hydrogen. HYD3 is part of the formate hydro-
genlyase complex and is responsible for formate-dependent
dihydrogen evolution. This system catalyzes the oxidation of
endogenously produced formate to carbon dioxide and passes
the electrons so generated to protons to evolve gaseous hydro-
gen. The overall reaction is scalar and non-energy conserving
and functions both to remove redox equivalents exchangeable
with formate and to help offset acidification of the growth
medium during fermentative growth. The structural genes of
these hydrogenases lie in three operons, hya, hyb, and hyc, each
of which contains four, five, and seven additional accessory
genes specifically required for HYD1, HYD2, and HYD3 ac-
tivities, respectively (15, 16, 22, 24). Purified HYD1 and HYD?2
are heterotetramers. HYD1 consists of two identical small
subunits of 35,000 Da and two identical large subunits of
64,000 Da (26), and HYD?2 is composed of two identical small
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subunits of 35,000 Da and two identical large subunits of
61,000 Da (1). They are integral membrane proteins, and ac-
tive HYD?2 can be solubilized after treatment of the membrane
fraction with trypsin. The large subunit of HYD3 has been
purified recently (23). It is a peripheral membrane protein
which is released in the soluble state when cells are broken by
passage through a French press (24). All three hydrogenases
contain nickel (1, 23, 25, 26).

Two forms of the large subunits of NiFe-hydrogenases from
several bacteria have been observed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). The small,
faster-migrating form is recognized as the mature form, while
the large, more slowly migrating form is considered its precur-
sor. The precursor form appears in wild-type Alcaligenes eutro-
phus and Azotobacter vinelandii cells grown in a nickel-limited
medium (4, 14). Mutations of hydrogenase structural and ac-
cessory genes can also lead to the accumulation of precursors
in E. coli (9, 13, 17, 24) and Alcaligenes eutrophus (10). The
processing of the hydrogenase of Azotobacter vinelandii (6), the
selenium-containing hydrogenase of Methanococcus voltae
(27), HYD3 of E. coli (23), and the periplasmic hydrogenase of
Desulfovibrio gigas (29) results from proteolytic cleavage at a
position corresponding to the highly conserved histidine resi-
due in the motif Asp-Pro-Cys-Xaa-Xaa-Cys-Xaa-Xaa-His
(DPCXXCXXH) located at the C termini of the large sub-
units. This motif is present in the large subunits of all known
NiFe-hydrogenases and provides the ligands required for the
binding of nickel (21, 29, 30). The processing of the large
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subunit of HYD3 is correlated with nickel incorporation into
the polypeptide chain (23).

The biosynthesis of NiFe-hydrogenases is a complex process
that remains poorly understood at the molecular level. It in-
volves the incorporation of nickel into hydrogenase apopro-
tein, processing of the small and large subunits, assembly of
holoenzyme, and protein translocation. Some of these pro-
cesses are likely to be assisted by general or specific chaperone
proteins. The three major families of chaperone proteins are
known as Hsp90, Hsp70, and Hsp60. This last class, also called
chaperonins, is represented by the GroEL protein of E. coli.
Horwich et al. reported that GroEL, associated with its co-
chaperone GroES, assists a large set of newly translated cyto-
plasmic proteins to reach their native tertiary structures in E.
coli (8). However, a more specific role in metalloprotein fold-
ing has never been documented. In this communication, we
examine the effects of GroEL and GroES deficiency on the
anaerobic biosynthesis of NiFe-hydrogenases in E. coli.

MATERIALS AND METHODS

Bacterial strains. The groE mutants OFB1111 (groEL673 zjd::Tnl0 zje::kan)
and JZ12 (groES619 zje::kan) are derivatives of wild-type B178 (galE groE™) (5,
34). One of the typical phenotypes of groE mutant strains OFB1111 and JZ12 is
that their growth is drastically reduced at 43°C. DNA sequencing analysis re-
vealed that mutant alleles groEL673 and groES619 result from Gly-to-Asp sub-
stitutions at amino acid position 173 (G173D) of GroEL (34) and at amino acid
position 24 (G24D) of GroES (12). Gly-173 is located in the intermediate
domain of GroEL (3), and it was proposed that the mutation G173D drastically
affects GroES-GroEL interaction (34). The mutation G24D lies within a mobile
domain of GroES, and the mutant GroES protein is defective in its interaction
with GroEL (12). Mutations groEL673 and groES619 result in the production of
thermosensitive GroEL and GroES, respectively. HYD723 [nikA::MudlI (lacZ
Amp")] and HYD720 (Anik) are derivatives of MC4100 and are defective in a
specific nickel transport system displaying the hydrogenase-minus phenotype (20,
31-33). The cellular nickel content of the nik mutant is less than 11% of that of
the parental strain. Hydrogenase activity can be restored to the nik mutant by
specific addition of nickel salts to the growth medium. This correlates with an
increased cellular nickel content (32). To exploit this particular characteristic,
isogenic nik and nik groE mutants were constructed by P1 transduction experi-
ments (18), with HYD723 as the donor strain and B178, OFB1111, and JZ12 as
receptors. Transductants were selected first for resistance to ampicillin, and the
presence of the nik mutation was subsequently scored for by analyses of the
hydrogenase activities in cells grown without and with nickel. The presence of
groE mutations in the strains obtained, NBO1 (nik), NB02 (nik groES619), and
NBO3 (nik groEL673), was analyzed by growth at 30 and 43°C and by resistance
to phage lambda. Deletion mutants HD700 (Ahyc), HDK103 (Ahya Ahyc), and
HDK203 (Ahyb Ahyc) are derivatives of MC4100 and have been previously
described (9). HYD720K (Ahyb Anik) was constructed by P1 transduction, with
HDK203 as the donor strain and HYD720 as the receptor.

Media and growth conditions. Bacteria were routinely grown in Luria-Bertani
(LB) medium or on LB plates (18). Anaerobic growth was achieved normally in
LBSM medium (LB medium supplemented with 2 wM sodium selenite and 2 M
ammonium molybdate) in 100-ml bottles filled to the top or on LB plates in
GasPak anaerobic jars (BBL Microbiology Systems). As required, ampicillin (50
pg/ml) and kanamycin (20 wg/ml) were added. To assess the influence of groE
mutations and nickel on hydrogenase synthesis, cells were grown at 30°C to early
logarithmic growth phase (optical density at 600 nm [ODgq] = 0.25), half of the
culture was shifted to 43°C to reduce the efficiency of the altered chaperonin
proteins in assisting in protein folding, and the other half was kept at 30°C as a
control. As noted, 300 uM NiCl, was added to both 30 and 43°C cultures at the
time corresponding to 1 h after the temperature shift. After a 3-h incubation,
cells were harvested and broken by two passages through a French press. The
enzyme activities and hydrogenase contents in crude extracts were analyzed.
Alternatively, 300 uM NiCl, was added 1 h prior to the temperature shift. Fifty
milliliters of culture was removed every hour for measuring the optical density
and hydrogenase activity. To prepare an in vitro translation system, E. coli
MC4100 cells were grown anaerobically at 37°C to mid-logarithmic growth phase
in minimal M9 medium (18) supplemented with 10 g of yeast extract per liter and
1% glucose. Cells were harvested, and the crude extract (S-30) and high-speed
supernatant (S-135) were prepared as described previously (19).

Intracellular nickel accumulation. Cells were grown in 1 ml of LBSM medium
at 30°C to an ODg of 0.25. They were then shifted to 43°C. One hour after the
temperature shift, 3.6 uM **NiCl, plus 300 uM nonradioactive NiCl,, as indi-
cated, was added to the growth medium. Three hours later, 100 wl of culture was
removed to measure the ODg and then filtered through cellulose nitrate mem-
brane filters (pore size, 0.45 pm; Whatman). Filters were washed twice with 10
ml of 50 mM Tris-HCl buffer (pH 7.2) containing 10 mM EDTA and transferred
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to 5 ml of scintillation fluid (OCS; Amersham) for counting with a Kontron
SL4000 liquid scintillation counter. Assays were performed in triplicate.

Enzyme assays. To specifically detect HYD1 and HYD2 activities, crude
extracts were separated on 7.5% nondenaturing polyacrylamide gels and HYD1
and HYD?2 were visualized by a benzyl viologen-linked hydrogen uptake assay
(26). The activity bands were fixed by the addition of 1 mM 2,3,5-triphenyltet-
razolium chloride. Total hydrogenase activity and nitrate reductase activity were
determined as previously described (31). The protein concentration was deter-
mined by using a DC protein assay kit (Bio-Rad).

Immunoblot analysis. Denatured polypeptides were separated by SDS-PAGE
(11) on 12.5% acrylamide gels. Immunoblotting was performed by the enhanced
chemiluminescence method according to the manufacturer’s (Amersham) in-
structions. Antisera were used at the following dilutions: anti-HYD?2, 1/10,000;
anti-HYD3, 1/5,000 for first probing and 1/2,500 for reprobing; anti-GroEL,
1/10,000 for normal conditions and 1/20,000 for high-stringency conditions; and
goat anti-rabbit immunoglobulin G-peroxidase, 1/20,000.

Ligand blotting. Ligand blotting was performed by the method of Soutar and
Wade (28). Proteins in crude extracts were separated by SDS-PAGE on 12.5%
minigels (7 by 10 cm) run at 200 V. Electrophoresis was stopped 30 min after the
dye front had run out of the gel. The remaining proteins with molecular weights
higher than 55,000 were electroblotted onto a polyvinylidene difluoride (PVDF)
membrane. Membranes were soaked in blocking buffer (20 mM Tris-HCI [pH
7.5], 500 mM NaCl, 3% gelatin) for 1 h, briefly rinsed with two changes of
washing buffer (20 mM Tris-HCI [pH 7.5], 500 mM NaCl, 0.1% Tween 20), and
washed once for 15 min and twice for 5 min with fresh changes of the washing
buffer at room temperature. Membranes were then incubated in in vitro trans-
lation buffer (19) containing 40 nM GroES (monomer) and 70 nM GroEL
(monomer) with gentle shaking at room temperature for 2 h. Bound GroEL was
detected by immunoblotting using anti-GroEL antiserum as described above.
GroEL and GroES proteins were purified from an overproducing strain of E. coli
bearing plasmid pOF39, as described by Ziemienowicz et al. (35).

In vitro synthesis of the large subunit of HYD3 (HycE). A 2.3-kb
Asull-HindIII fragment containing the entire AycE gene and a truncated hycF
gene was subcloned into pT7-5 under the control of the pT7 promoter to give
plasmid pMS75 (2). In vitro synthesis of HycE was performed in two steps.
Transcription was carried out at 37°C with T7 RNA polymerase and pMS75 as
the template according to the manufacturer’s (Promega) instructions. The tran-
scription products were added to the in vitro cell-free translation system con-
sisting of the high-speed supernatant (S-135) prepared from anaerobically grown
MC4100 (see above). The translation products were labeled with [>*S]methi-
onine and [**S]cysteine (NEG-072 EXPRE*S*S; NEN) at 37°C for 30 min as
described previously (19). To identify the hycE gene product, hycE was cleaved
at a position corresponding to amino acid position 481 by restriction endonu-
clease EcoRV, leading to the synthesis of a polypeptide that was shorter by 88
C-terminal amino acids. The translation products were precipitated by 5% tri-
chloroacetic acid at 4°C for 30 min. After dissolution in loading buffer (135 mM
Tris base, 10 mM EDTA, 3.3% SDS, 11.7% glycerol, 0.012% bromophenol blue,
100 mM dithiothreitol), the samples were separated by SDS-PAGE and visual-
ized by fluorography.

Detection of the HycE-chaperonin complex. As indicated, GroEL 14-mer (0.17
wM) and GroES 7-mer (0.23 wM) or bovine serum albumin (BSA) (0.2 uM)
were added to the in vitro transcription-translation system. After 30 min, the
translation reaction products were immediately applied onto a 10-ml Sephadex
G-150 size exclusion column equilibrated with 50 mM Na,HPO, (pH 7.2)-100
mM NaCl-1 mM dithiothreitol. The column was calibrated with blue dextran
2000 (2,000,000), BSA (68,000), and lysozyme (14,300). Proteins were eluted at
8 ml/h, precipitated with 5% trichloroacetic acid, resolved by SDS-PAGE, and
visualized by fluorography.

RESULTS AND DISCUSSION

Effects of groES and groEL mutations on total hydrogenase
activity. To examine the global effect of a chaperonin defi-
ciency on hydrogenase biosynthesis, we first measured total
hydrogenase activities in the groEL673 and groES619 thermo-
sensitive mutants (Table 1). At 30°C, the groES and groEL
single mutations, carried by strains JZ12 and OFB1111, re-
spectively, resulted in an about 30% reduction in total hydro-
genase activity compared with that of the parental wild-type
strain B178, indicating that the groE mutations affected the
biosynthesis of these hydrogenases even at this permissive tem-
perature. When the cultures of groE mutants were shifted to a
nonpermissive temperature (43°C), hydrogenase activity was
reduced to approximately 40% of the wild-type levels under
the same conditions. This additional reduction in hydrogenase
activity, however, was largely prevented by the addition of
nickel to mutant strains (Table 1) (see below).
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TABLE 1. Effects of groES and groEL mutations and nickel on NiFe-hydrogenase activities”

Hydrogenase
Strain Genotype —Nickel +Nickel relliltcrfat;b
30°C 30-43°C 30°C 30-43°C
B178 Wild type 1.35 £ 0.11 1.23 = 0.12 1.28 = 0.17 1.16 = 0.07 0.65
JZ12 groES 0.88 = 0.15 0.48 = 0.09 0.93 = 0.10 0.87 = 0.18 0.60
OFBI1111 groEL 0.90 = 0.17 0.45 = 0.07 0.96 = 0.15 0.75 £ 0.11 0.54
NBO1 nik <0.01 <0.01 0.78 = 0.15 0.64 = 0.12 0.69
NB02 groES nik <0.01 <0.01 0.91 = 0.05 0.22 = 0.08 0.55
NBO03 groEL nik <0.01 <0.01 091 £0.19 0.07 = 0.04 0.56

“ Cells were grown anaerobically in LB medium supplemented with 2 wM sodium selenite and 2 uM ammonium molybdate at 30°C to early-logarithmic-growth phase
(ODggo = 0.25). Half of the culture was shifted to 43°C (30-43°C) to inactivate the chaperonin proteins, while the other half was kept at 30°C as a control. As noted,
300 pM NiCl, was added to both 30 and 43°C cultures at the time corresponding to 1 h after the temperature shift. After 3 h of incubation, cells were harvested and
broken by two passages through a French press. Hydrogenase and nitrate reductase activities were measured as described in Materials and Methods. Specific activities
were defined as 1 pwmol of benzyl viologen reduced per min per mg (dry weight) of bacteria for hydrogenase and 1 pmol of nitrate reduced per min per mg (dry weight)
of bacteria for nitrate reductase. Data are averages * standard errors of at least three separate experiments.

® Only data from experiments with a temperature shift and in the presence of nickel are reported.

The high temperature (43°C) used to reduce the efficiency of
the mutated GroE proteins lies near the upper end of the heat
shock range, which can lead to a severe general effect on
protein biosynthesis. To address the question of whether the
reduction in hydrogenase activity was due to a general failure
of protein synthesis and to examine whether groE mutations
affect anaerobic metalloenzymes in general, we measured the
activity of another membrane-bound, oligomeric metalloen-
zyme, nitrate reductase. There was no significant difference in
nitrate reductase activity between the wild type and its groE
derivatives (Table 1). Therefore, the reduction in the hydro-
genase activity of groES and groEL mutants cannot simply be
due to a general secondary effect of groE mutations.

Effects of groES and groEL mutations on HYD1 and HYD2
activities. While these results show a negative effect of groE
mutations on total hydrogenase activity, they do not indicate to
what extent the three isoenzymes were affected individually.
Hydrogenase activity staining allowed us to analyze the influ-
ences of groES619 and groEL673 mutations on HYD1 and
HYD2 activities. Crude extracts of different mutants were sep-
arated by native PAGE, and the hydrogenase enzymes were
visualized by activity staining. Wild-type strain B178 exhibited
three active bands (Fig. 1, lane 2), which is in good agreement
with the results previously reported by Sawers and Boxer (26).
As they demonstrated, the fastest-migrating band corresponds
to HYD1 while the two more slowly migrating bands are
HYD2. The difference between the two forms of HYD2 is

HYDZ[.?* :.'

HYD1 -| -
1 2 3 4 S 6 7
hya - + + + +
hyb + + + o+ -
groEl  + + - = & #
groEs + A S

FIG. 1. Effects of groES and groEL mutations on HYD1 and HYD2 activi-
ties. Crude extracts (50 ug of total protein for each sample) of the wild type (lane
2), its groEL (lanes 3 and 4) and groES (lanes 5 and 6) derivatives, mutant
HDK103 (Ahya Ahyc) (lane 1), and mutant HDK203 (Ahyb Ahyc) (lane 7) grown
at 43°C (lanes 4 and 6) or 30°C (lanes 1 through 3, 5, and 7) were separated on
7.5% native polyacrylamide gels and stained to reveal hydrogenase activity.

unknown. As anticipated, mutants HDK103 (Ahya Ahyc) and
HDK203 (Ahyb Ahyc) display only HYD2 and HYD1 activi-
ties, respectively (Fig. 1, lanes 1 and 7). HYD1 activity was
absent from both groES and groEL mutants grown with or
without a temperature shift (Fig. 1, lanes 3 to 6). In contrast,
HYD?2 activity was detected in groE mutants at both permissive
and nonpermissive temperatures (Fig. 1, lanes 3 to 6), indicat-
ing that of these two isoenzymes only HYD1 highly depends on
the chaperonin proteins GroEL and GroES. Since this tech-
nique is not able to detect HYD3 activity (25), the effects of
groE mutations on the biosynthesis of HYD3 were studied by
an alternative method (see Fig. 4).

Requirement of chaperonins for hydrogenase biosynthesis
at a step prior to nickel incorporation. In order to more closely
identify the stages at which chaperonins might be required for
the formation of functional hydrogenases, we exploited our nik
mutant, which allows us to selectively analyze Ni*" incorpora-
tion into hydrogenase precursors. The nik mutant is defective
in its specific nickel transport system, and its intracellular
nickel concentration is less than 1% of the level of a wild-type
strain, which results in the absence of hydrogenase activity
(HYD™ phenotype). The addition of 300 uM nickel to the
growth medium restores the intracellular nickel concentration
and the hydrogenase activity in this mutant. In this case, nickel
is taken up through the nonspecific magnesium transport sys-
tem (20, 31, 32). Complementation of the HYD ™ phenotype of
the nik mutant by Ni** could result from (i) an induction of
hydrogenase biosynthesis or (ii) the incorporation of nickel
into otherwise inactive precursor forms of hydrogenases. To
distinguish between these two possibilities, we examined the
intracellular levels of hydrogenases by immunoblotting. The
identities of the polypeptides recognized by the anti-HYD2
and anti-HYD3 antisera used as the large subunits of HYD?2
(HybC) and HYD3 (HycE) were proven by the lack of these
bands in mutants HYD720K (Ahyb Anik) and HD700 (Ahyc),
respectively (Fig. 2B and C). Since the purpose of using the
double mutant HYD720K (Ahyb Anik) (Fig. 2B, lane Ahyb)
was to verify the identity of HybC, the nik mutation here was
unimportant. Similar amounts of the large subunits of HYD2
and HYD3 were detected in the wild-type strain and in the nik
mutant grown in the absence of nickel. Thus, the biosynthesis
of HYD2 and HYD3 does not depend on nickel at the tran-
scriptional and translational levels. In the absence of Ni**,
however, both large subunits accumulated as slowly migrating,
nonprocessed forms (HybC-P [Fig. 2B, lane nik —Ni] and
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FIG. 2. Nickel-dependent restoration of hydrogenase activity and large subunit processing in the nik mutant. Wild-type B178 (WT) and its derivatives NBO1 (nik),
HYD720K (Ahyb Anik; this strain is described as Ahyb in panel B), and HD700 (Ahyc) were grown anaerobically at 37°C in LB medium. As noted, 300 pM NiCl, was
added to cultures (Anik + Ni) after 3 h of incubation (ODg,, = 0.3). After 1 h of additional incubation, cells were harvested. Under these conditions, the processing
of the precursor of HybC is not completed, which allows a clear distinction between the precursor and the processed form. For other cultures grown in the absence
of nickel (—Ni) (WT, Ahyb, Ahyc, and Anik Ni), cells were harvested after a total of 4 h of incubation. The hydrogenase specific activity (A) was measured as described
in Materials and Methods. The cellular contents of the precursors and processed forms of the large subunits of HYD2 (HybC-P and HybC, respectively) (B) and HYD3
(HycE-P and HycE, respectively) (C) were detected by immunoblotting after the separation of proteins (20 pg for each sample) by SDS-12.5% PAGE. For each culture,
the same sample was used to perform the three experiments. Strains HYD720K (Ahyb Anik) and HD700 (Ahyc) were used here to verify the identities of HybC and

HycE, respectively.

HycE-P [Fig. 2C, lane nik —Ni]) and hydrogenase activity was
undetectable (Fig. 2A, lane nik —Ni). The addition of nickel to
the growth medium resulted not only in the restoration of
hydrogenase activity (Fig. 2A, lane nik +Ni) but also in the
processing of the large subunits (HybC and HycE [Fig. 2B and
C, lanes nik +Ni). These results, together with those reported
previously (20, 23, 31, 32), suggest that the restoration of hy-
drogenase activity by nickel in the nik mutant likely results
from the incorporation of nickel into the precursor, with sub-
sequent processing of the large subunit and activation of the
enzymes. It should be noted that both precursor and processed
forms of the large subunit of HYD3 were observed in the
wild-type strain (Fig. 2C). This may suggest a slow processing
procedure for HYD3. The large subunit of HYD1 was also
synthesized in the nik mutant without nickel (data not shown),
but we could not clearly distinguish the precursor from the
processed form.

When the nik and groE mutations were combined, the re-
sultant double mutants showed the anticipated HYD ™ pheno-
type when grown at 30°C without nickel and HYD™ phenotype
after the addition of nickel (Table 1). As shown above for the
single nik mutants, the large subunits of HYD2 and HYD3
were synthesized in amounts in these double mutants similar to
those in the wild-type parental strain (see Fig. 4). However,
when nickel was added to the growth medium 1 h after shifting
the growth temperature to 43°C, the restoration of hydroge-
nase activity amounted to only 30% in NBO2 (groES nik) and
10% in NB03 (groEL nik) with respect to that in the single nik
mutant NBO1 or 17 and 5% of that in parental wild-type B178,
respectively (Table 1).

The failure of Ni** to restore the hydrogenase activity in
groE nik double mutants to the same extent as that seen in

either of the single groE and nik mutants must be the result of
the reduced efficiency of the mutated chaperonin in assisting in
protein folding preceding the addition of nickel. In theory, it
could be caused by impaired intracellular nickel availability
after the temperature shift. This possibility, however, was ex-
cluded by the finding that the amount of “°Ni accumulating in
the wild-type parental strain is comparable to that in the groE
mutants. Wild-type strain B178 was found to contain 3.4 and
0.6 nmol of nickel per mg (dry weight) of bacteria in cells
grown without and with 300 wM nonradioactive nickel, respec-
tively. The corresponding values for the groES mutant were 4.2
and 0.7 nmol of nickel per mg (dry weight) of bacteria, and
those for the groEL mutant were 3.7 and 0.6 nmol of nickel per
mg (dry weight) of bacteria. Therefore, the accumulation of
intracellular nickel via the specific or nonspecific nickel uptake
system does not seem to be affected by groE mutations.

The inability of Ni** to restore hydrogenase activity after
the temperature shift in a nik background would also be ex-
pected to occur if the chaperonins were involved in a step
preceding nickel incorporation into the precursor during the
biosynthesis of hydrogenases. To assess this point, nickel was
added to the growth medium prior to the temperature shift to
allow for the normal incorporation of nickel into the hydroge-
nase precursors in nik groE mutants in the presence of active
chaperonins. One hour after the addition of nickel, cultures
were shifted to 43°C for 3 additional h to reduce the efficiency
of mutated chaperonins in assisting in protein folding, while
the controls were kept at 30°C. Half an hour after the temper-
ature shift, the growth rates of cultures at 43°C started to lag
behind those of cultures at 30°C (data not shown), indicating
the effects of reduced chaperonin efficiency. Hydrogenase ac-
tivity increased steadily over this period of growth, regardless
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FIG. 3. Effects of chaperonin deficiency on the restoration of hydrogenase
activity. NiCl, (300 wM) was added to the growth medium at 30°C when the
ODy of cultures was 0.25 (corresponding to zero time). One hour later, half of
the culture was shifted to 43°C to reduce mutated chaperonin efficiency, whereas
the other half of the culture was kept at 30°C. Cells were harvested, and hydro-
genase activity was measured as described in Materials and Methods.

of whether or not cultures were subjected to heat shock (Fig.
3). It was repeatedly observed that 3 h after the temperature
shift, the specific hydrogenase activity of cultures at 43°C re-
mained approximately 80% of that of controls kept at 30°C.
Therefore, in Ni**-depleted cells, the reduction in the effi-
ciency of altered chaperonins in assisting in protein folding by
temperature shift markedly inhibits the nickel-mediated resto-
ration of hydrogenase activity only if it precedes the addition of
nickel.

Effects of groES and groEL mutations on the processing of
the large subunits of HYD2 (HybC) and HYD3 (HycE). As
depicted in Fig. 2, hydrogenases are synthesized at normal
levels in the nik mutant in the absence of nickel. However, they
are not active and the large subunits accumulate in nonproc-
essed forms. The addition of nickel to the growth medium
leads to the processing of the large subunits and the restoration
of hydrogenase activity. To show directly the involvement of
chaperonin proteins in nickel-dependent processing of the
large subunits of HYD2 (HybC) and HYD3 (HycE), immuno-
blot experiments subsequent to the separation of proteins of a
crude extract by SDS-PAGE were performed (Fig. 4).

Only the faster-migrating processed form of the large sub-
unit of HYD2 (HybC) was detected in the wild-type strain and
groE single mutants (Fig. 4A, lanes 1 to 5 [cf. Fig. 2B lane WT])
under most of the conditions used, which is consistent with the
unimpaired HYD?2 activity demonstrated in Fig. 2. On the
contrary, only the precursor form of the large subunit of HYD2
was detected in groE nik mutants in the absence of nickel (Fig.
4A, lanes 6 to 10). Similar to the situation with the nik mutant
(Fig. 4A, lane 6), the addition of nickel led to complete pro-
cessing of the large subunit of HYD2 in groES nik mutants at
both 30 and 43°C (Fig. 4A, lanes 6 to 8). In the groEL nik
mutant, however, Ni?* fully overcame the nik-mutant-specific
defect in processing only at the permissive temperature (Fig.
4A, lane 9), whereas the temperature shift led to some residual
precursor of the large subunit of HYD2 (Fig. 4A, lane 10).
Thus, processing of the large subunit of HYD2 was indepen-
dent of GroES activity and largely independent of GroEL
activity.

In contrast to HYD?2, however, the large subunit of HYD3
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(HycE) was found exclusively in its nonprocessed precursor
form in all groE derivatives in the absence of nickel (Fig. 4B,
lanes 2 to 10). Even in wild-type strain B178, only partial
processing of this subunit was observed upon heat treatment
(Fig. 4B, lane 1). The addition of nickel to nik groE derivatives
led to only a small relief of the block in precursor processing
when cells were grown at the permissive temperature, i.e., in
the presence of at least partially functional chaperonins (Fig.
4B, lanes 7 and 9). However, this inefficient processing of the
large subunit of HYD3 (HycE) was completely abolished when
the mutant chaperonins were subjected to heat shock treat-
ment (Fig. 4B, lanes 8 and 10). These results clearly demon-
strate that the precursor of the large subunit of HYD?3 requires
active chaperonins for processing.

The data described so far demonstrate an involvement of
GroES and GroEL in the biosynthesis of HYD1 and HYD3,
while HYD2 was found to be largely independent of chaper-
onins. This is consistent with the report by Sawers and cowork-
ers that HYD1 represents less than 10% of total activity under
all conditions, whereas HYD3 constitutes a major portion of
the total activity, ranging from 40 to 95% depending on the
growth medium used (25). Therefore, HYD2 may account for
the remainder of the hydrogenase activity in nik groE double
mutants (Table 1). The HYD1™ phenotype of the groEL and
groES mutants might be due to a failure to be translated, to
proteolytic degradation, or to an aggregation after synthesis in
the absence of chaperonins. The lack of anti-HYD1 antiserum
of sufficiently high quality prevented us from carrying out fur-
ther studies, such as those performed with HYD2 and HYD3.

The differences in the dependence of the two isoenzymes
HYD?2 and HYD3 on chaperonins might be determined by
their different cellular locations. HYD2 is an integral mem-
brane protein with a probable bitopic structure, because it can
be solubilized in an active form after treatment of the mem-
brane fraction with trypsin (25). The observation that HYD2
becomes accessible in spheroplasts (21a) suggests that a large
part of it must be located on the periplasmic side. A trans-
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FIG. 4. Effects of groES and groEL mutations on the processing of the large
subunits of HYD2 (A) and HYD3 (B). Crude extracts (20 pg of protein for each
sample) of the wild type (lane 1) and its groES (lanes 2 and 3), groEL (lanes 4 and
5), nik (lane 6), groES nik (lanes 7 and 8), and groEL nik (lanes 9 and 10)
derivatives were separated by SDS-12.5% PAGE and electrotransferred to a
membrane. HybC (A) and HycE (B) were detected by immunoblotting. The
application (+) or not (—) of a temperature shift to early-logarithmic-growth
cultures 1 h prior to the time corresponding to when 300 wM nickel was added
is indicated. Precursor and processed forms of HybC and HycE are indicated by
triangles pointing upwards and downwards, respectively.
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membrane translocation process possibly involving the Sec
proteins is thus required for HYD2 biosynthesis. HYD3 is a
peripheral membrane protein, located on the cytoplasmic side,
and is released into the soluble state when cells are broken by
passage through a French press (24). The differential depen-
dence of HYD2 and HYD3 biosynthesis on chaperonins is thus
in agreement with the conclusion of Horwich et al. that only a
specific set of cytoplasmic proteins depends on GroEL func-
tion, whereas the class of exported proteins does not seem to
require GroEL function stringently (8).

Binding of chaperonins to the precursor of the large subunit
of HYD3 (HycE). The data presented so far are consistent with
the following scenario: a reduction in the efficiency of altered
chaperonins GroEL and GroES in assisting in protein folding
causes the large subunit of HYD?3 to accumulate as an unproc-
essed precursor (Fig. 4). This is paralleled by a drastic drop in
total hydrogenase activity (Table 1). Processing of the HYD3
precursor requires the presence of Ni**, as demonstrated by
use of the nik mutant (Fig. 2C). Since we can rule out intra-
cellular deprivation of Ni*" after the decrease in active chap-
eronins, the lack of functional GroE proteins must prevent the
precursor from reaching a conformation competent for the
incorporation of nickel. If GroE proteins improve the effi-
ciency of the incorporation of Ni*" into the precursor of the
large subunit of HYD3, one would expect that a GroE defi-
ciency could be partially compensated for by exogenously
added Ni**. This is exactly what we observed (Table 1).

We next attempted to directly demonstrate the binding of
the large subunit of HYD3 to GroEL by size exclusion chro-
matography and ligand blotting. HycE was synthesized by a
cell-free transcription-translation system prepared from anaer-
obically grown wild-type E. coli MC4100 and programmed with
plasmid pMS75. A major translation product with a molecular
mass of approximately 64 kDa was thus obtained (Fig. 5A and
B, lanes P), which is in agreement with that of purified HycE
(2). The fact that this protein is indeed the translation product
of the hycE gene was indicated by the synthesis of a smaller
polypeptide when pMS75 had been cleaved within the hycE
gene by restriction endonuclease EcoRV (data not shown).
After in vitro synthesis in the presence or absence of chaper-
onins in the reaction medium, radiolabeled HycE was imme-
diately analyzed by size exclusion chromatography. The Seph-
adex G-150 matrix (Pharmacia) used in this study has a
fractionation range for globular molecules with molecular
masses between 5 X 10% and 3 X 10° Da. The column was
calibrated with blue dextran 2000 (2,000,000), BSA (68,000),
and lysozyme (14,300). The elution of blue dextran peaked in
fraction 22 and ended at fraction 27. BSA eluted in fractions 33
to 44. Since GroEL forms complexes composed of 14 mono-
mers of GroEL (M, = 57,259) (7), this material with a molec-
ular mass of about 800,000 Da should be excluded from the
beads of the matrix and pass through the column within the
exclusion volume. Fractions collected from the column were
loaded on SDS-PAGE gels for analyzing the components. In
the absence of chaperonin proteins, **S-labeled HycE was lo-
cated in fractions 33 to 44 (Fig. 5A). When chaperonin pro-
teins were added to the in vitro translation reaction mixture,
HycE was also detected in fraction 22 and significantly more of
it was recovered from fractions 27 and 33 when compared with
the corresponding fractions of the chaperonin-free control
(compare Fig. 5B and A). Therefore, a HycE-chaperonin com-
plex seems to have formed in vitro under these conditions and
consequently was excluded from the pore matrix.

The binding of GroEL to HycE was further examined by
ligand blotting. Proteins in crude extracts were separated by
SDS-PAGE. Because electrophoresis was stopped half an hour
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FIG. 5. Binding of the large subunit of HYD3 (HycE) by chaperonins. The
large subunit of HYD3 (HycE) was synthesized in vitro by a cell-free transcrip-
tion-translation system prepared from anaerobically grown E. coli MC4100 and
programmed with plasmid pMS75 in the presence of BSA (A) or chaperonin
proteins (B). The total amount of [*S]methionine- and [**S]cysteine-labeled
translation products was immediately applied onto a 10-ml Sephadex G-150 size
exclusion column equilibrated with 50 mM Na,HPO, (pH 7.2)-100 mM NaCl-1
mM dithiothreitol. Proteins were eluted, precipitated with 5% trichloroacetic
acid, resolved by SDS-PAGE, and visualized by fluorography. The numbers
below the lanes in panels A and B are the elution fraction numbers; lanes P, the
corresponding translation products prior to chromatography. (C) Crude extracts
(20 pg of protein for each sample) of OFB1111 (groEL) (lanes 4, 6, and 8), NBO1
(nik) (lanes 1, 2, 5, 7, and 9), and HD700 (lane 3) grown with 300 uM nickel and
subjected to heat treatment were separated by SDS-12.5% PAGE and electro-
blotted onto a PVDF membrane. In ligand blotting experiments, immunodetec-
tion was performed either directly with anti-GroEL (lane 2) or anti-HycE (lanes
8 and 9) antiserum or after incubation of the membrane with chaperonins and
with anti-GroEL antiserum under low-stringency conditions (1/10,000 dilution,
10- to 20-min exposure) (lanes 1 and 3) or high-stringency conditions (1/20,000
dilution, 1- to 5-min exposure) (lanes 4 and 5). The same membrane shown in
lanes 4 and 5 was reprobed by anti-HycE antiserum (lanes 6 and 7). The ap-
pearance of the processed-HycE band only after reprobing with anti-HycE an-
tiserum (lane 7) shows that the HycE signals in lanes 6 and 7 indeed must reflect
HycE-cross-reactive material. They are therefore not simply carried over from
the previous probing with anti-GroEL antiserum, as could have been inferred
from the fact that the GroEL band remained visible in lanes 6 and 7 after the
reprobing procedure, whereas it did not light up when the blot was developed
with anti-HycE antiserum only (lanes 8 and 9). The positions of the precursor
(P-HycE) and processed (HycE) forms of the HYD3 large subunit and GroEL
are on the left. The use (+) or not (—) of the corresponding antiserum or a
ligand blotting procedure is indicated. Parentheses indicate that the same mem-
brane was reprobed with anti-HycE antiserum after ligand blotting.

after the dye front had run out of the gel, only polypeptide
chains with molecular weights higher than 55,000 were re-
tained on the gel. These were then electroblotted onto a PVDF
membrane. When the membrane was probed with anti-GroEL
or anti-HycE antiserum, only GroEL or HycE was detected,
respectively (Fig. 5C, lanes 2, 8, and 9), indicating specificity of
these antisera. To analyze the binding of chaperonins to im-
mobilized proteins, first the PVDF membrane was incubated
with chaperonins, and then bound GroEL as well as the en-
dogenous GroEL of crude extracts was detected with anti-
GroEL antiserum. Under low-stringency conditions, GroEL
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was found associated with few immobilized proteins (Fig. 5C,
lane 1). Only one of these polypeptides was also detected
under high-stringency conditions, i.e., with a higher dilution of
anti-GroEL antiserum and a shorter exposure time (Fig. 5C,
lanes 4 and 5). Thus, the detection of this polypeptide with
GroEL seems more sensitive or efficient than with others un-
der the conditions used. This band must result from the bind-
ing of GroEL to HycE, since it was absent from an extract of
HD700, which bears a deletion of the entire syc operon (Fig.
5C, lane 3). Moreover, a slightly smaller, additional band be-
came visible in an extract of NBO1 (nik) grown with nickel
when after ligand blotting, the same membrane (Fig. 5C, lanes
4 and 5) was reprobed with anti-HycE antiserum (lane 7). This
additionally detected band was superimposable with the pro-
cessed form of HycE (Fig. 5C; compare lane 7 with lane 9). As
such, it was absent from extracts of OFB1111 (groEL) after
heat treatment (Fig. 5C; compare lane 7 with lane 6), which
correlates with the finding described above that the processed
form of HycE was present in the nik mutant grown with nickel
but absent in the groEL mutant grown at the nonpermissive
temperature (Fig. 5B, lanes 5 and 6). This correlation also
holds true for the wild-type strain and groES derivatives (data
not shown). Thus, ligand blotting using GroEL not only dem-
onstrated the binding of GroEL to HycE but also suggested a
certain specificity of the process in that GroEL was found to
bind only to the precursor of HycE. Altogether, the results
presented in Fig. 5 strongly support our results obtained in
Vivo, i.e., a clear-cut requirement for GroEL in the processing
of HycE.

Recently, the crystal structure of the NiFe-hydrogenase
from D. gigas was solved at 2.85-A (1 A = 0.1 nm) resolution
(29). The active site containing nickel and a second metal ion,
probably an iron, is deeply buried in the 60-kDa large subunit.
The structural data also reveal that the last 15 C-terminal
residues deduced from the gene sequence are absent, indicat-
ing a cleavage occurring just after the histidinyl residue in the
DPCXXCXXH motif conserved in all nickel-containing hydro-
genases. Studies performed by Rossmann and coworkers showed
that the removal of the corresponding extra C-terminal seg-
ment of the large subunit of HYD3 (HycE) was catalyzed by a
specific protease and was correlated with the incorporation of
nickel into the precursor (22, 23). Therefore, the DPCXXC
XXH motif, of which the two cysteinyl residues serve as bridg-
ing ligands of the two metal ions in the active center, and the
extra C-terminal segment must be located on the surface of the
precursor of the large subunit. The incorporation of nickel and
the second ion into the active center triggers conformational
change and the removal of the extra C-terminal segment,
which are followed by the formation of the active site deeply
buried in the mature enzyme. Removal of the extra C-terminal
segment makes these processes irreversible. As a new aspect to
this scenario, we add here the involvement of chaperonins in
assisting the HycE precursor to reach a conformation compe-
tent for the insertion of nickel.

Our future studies will focus on characterization of the
nickel incorporation mechanism, on the influence of chaper-
one proteins on nickel-dependent assembly, on translocation
of hydrogenases, and on the identification of putative chaper-
ones specific for hydrogenase isoenzymes.
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