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ABSTRACT

During biosynthesis of [NiFe]-hydrogenase 2 (Hyd-2) of Escherichia coli, a 15-amino-acid C-terminal peptide is cleaved from the
catalytic large subunit precursor, pro-HybC. This peptide is removed only after NiFe(CN),CO cofactor insertion by the Hyp ac-
cessory protein machinery has been completed, suggesting that it has a regulatory function during enzyme maturation. We show
here that in hyp mutants that fail to synthesize and insert the NiFe cofactor, and therefore retain the peptide, the Tat (twin-argi-
nine translocon) signal peptide on the small subunit HybO is not removed and the subunit is degraded. In a mutant lacking the
large subunit, the Tat signal peptide was also not removed from pre-HybO, indicating that the mature large subunit must ac-
tively engage the small subunit to elicit Tat transport. We validated the proposed regulatory role of the C-terminal peptide in
controlling enzyme assembly by genetically removing it from the precursor of HybC, which allowed assembly and Tat-depen-
dent membrane association of a HybC-HybO heterodimer lacking the NiFe(CN),CO cofactor. Finally, genetic transfer of the
C-terminal peptide from pro-HyaB, the large subunit of Hyd-1, onto HybC did not influence its dependence on the accessory
protein HybG, a HypC paralog, or the specific protease HybD. This indicates that the C-terminal peptide per se is not required
for interaction with the Hyp machinery but rather suggests a role of the peptide in maintaining a conformation of the protein
suitable for cofactor insertion. Together, our results demonstrate that the C-terminal peptide on the catalytic subunit controls
biosynthesis, assembly, and membrane association of Hyd-2.

IMPORTANCE

[NiFe]-hydrogenases are multisubunit enzymes with a catalytic subunit containing a NiFe(CN),CO cofactor. Results of previous
studies suggested that after synthesis and insertion of the cofactor by the Hyp accessory proteins, this large subunit changes con-
formation upon proteolytic removal of a short peptide from its C terminus. We show that removal of this peptide is necessary to
allow the cleavage of the Tat signal peptide from the small subunit with concomitant membrane association of the heterodimer
to occur. Genetic removal of the C-terminal peptide from the large subunit allowed productive interaction with the small sub-
unit and Tat-dependent membrane insertion of a NiFe cofactor-free enzyme. Results based on swapping of C-terminal peptides

between hydrogenases suggest that this peptide governs enzyme assembly via a conformational switch.

Biosynthesis of complex metal cofactor-containing, multisub-
unit enzymes requires strict coordination of cofactor biosyn-
thesis, subunit recruitment, and targeting of the protein to its final
cellular location. This is particularly important for the numerous
redox enzymes present in bacterial systems, many of which are
membrane associated or indeed transported across the cytoplas-
mic membrane (1). Coordination of biosynthesis and assembly is
important because cofactors are often highly complex and many
of these membrane-associated enzymes are substrates of the twin-
arginine transport (Tat) pathway, which transports only correctly
preassembled, cofactor-containing protein complexes (2). How
these events are orchestrated, at what stages control is exerted, and
how this is achieved remain to be clearly elucidated for large mul-
tisubunit cofactor-containing enzymes. Major advances in our
understanding of some of these biosynthetic and assembly pro-
cesses have, however, been achieved for [NiFe]-hydrogenases (3—
5), which therefore serve as excellent model systems to understand
the maturation of modular enzymes.

[NiFe]-hydrogenases (Hyd) are among the most ancient en-
zymes, and they catalyze the reversible oxidation of hydrogen to
protons and electrons (6, 7). The core of these enzymes comprises
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an o3 heterodimer that includes a catalytic large o subunit with a
NiFe(CN),CO (NiFe) cofactor and an electron-transferring small
B subunit containing iron-sulfur (FeS) clusters (6). Frequently,
these enzymes are membrane associated, and those involved in
hydrogen uptake have to be transported across the cytoplasmic
membrane in a fully folded, cofactor-loaded state, a feat per-
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formed by the Tat translocon (8-10). The af heterodimer is di-
rected to the Tat translocon by a Tat signal peptide located on the
small subunit, and once the heterodimer is transported across the
membrane, it docks with other subunits to form the complete
enzyme (9, 11). This series of steps must be tightly controlled and
is dependent on the availability of the active site metals, as well as
on the metabolic precursors of the carbon monoxide and cyanide
ligands attached to the active site iron ion (3, 12, 13). If any one of
these substrates becomes limiting, maturation stops and the sub-
unit precursors are degraded (14).

Six Hyp accessory proteins, HypA, -B, -C, -D, -E, and -F, are
involved in biosynthesis and insertion of the NiFe cofactor into
the active site of the Hyd large subunit (3, 12, 13). Insertion of the
Fe(CN),CO moiety precedes nickel insertion (15-19), and after
this has taken place, the large subunit of most Hyd (3) is C termi-
nally processed by a hydrogenase-specific endoprotease. Process-
ing occurs 3 amino acids C terminal to the fourth cysteine that
coordinates the cofactor (20-23). Cleavage of the C-terminal pep-
tide occurs only after biosynthesis and insertion of the NiFe cofac-
tor have been completed (3). A first indication that this C-termi-
nal peptide might be important during enzyme maturation was
originally demonstrated for enzymes from both bacterial and ar-
chaeal sources (20, 21, 24). It was subsequently shown that the
HypC protein, which is proposed to have an important role in
delivering the completed Fe(CN),CO moiety of the active site
cofactor to the apo-large subunit (3, 25-27), interacts with the
precursor of the HycE protein, the large subunit of Escherichia coli
Hyd-3 (17, 18, 28). Similar observations were made for Hyd en-
zymes from Ralstonia eutropha (19, 29). It was also shown that the
HypC paralog HybG binds to the E. coli Hyd-2 large subunit pre-
cursor, which we term here pro-HybC (30, 31). HybG is required
for the maturation of hydrogen-oxidizing Hyd-2 and also func-
tions in the maturation of the other hydrogen-oxidizing enzyme,
Hyd-1, in the bacterium (30, 32).

Hyd-2 has an unusual architecture because it comprises a
large- and small-subunit HybC-HybO heterodimer, together with
two other subunits, HybA and HybB, which complete a heterote-
trameric complex on the periplasmic side of the membrane (11).
The HybA protein is a Tat-dependent polypeptide with four pre-
dicted FeS clusters, while HybB is an integral membrane protein
with no known cofactors. It is still unknown how the assembly of
the heterotetramer is coordinated subsequent to independent
transport and membrane integration of the component parts
(9, 11).

HybC and HyaB, the large subunits of Hyd-2 and Hyd-1, re-
spectively, were identified in a study examining binding partners
of HybG (31). The multiprotein complex that was identified also
included the HypD and HypE accessory proteins, which are in-
volved in NiFe cofactor biosynthesis. The HypE-HypF complex
(33) synthesizes the CN ™ ligands of the cofactor (34, 35), while
HypD forms the core of the maturation protein complex binding
HypC (25-27) and HybG (30, 31). The importance of the C ter-
minus on the HybC precursor (pro-HybC in Fig. 1A) of E. coli
Hyd-2 was underscored when it was shown to be necessary to
allow binding of another enzyme-specific chaperone, termed
HybE (8). Notably, HybE also interacts with the Tat signal peptide
on the precursor species of the enzyme’s small subunit, pre-HybO
(8). HybE is thought to mask the signal peptide on the subunit
from the Tat translocon (8, 11). In the current study, pre-HybO
refers to the precursor of HybO carrying the Tat signal peptide,
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FIG 1 Schematic representation of the C-terminal HybC constructs. (A)
Schematic representation of N-terminally epitope-tagged HybC derivatives.
Pro-HybC represents the unprocessed large subunit of HybC; HybC,,, is the

proc
genetically truncated version lacking 15 amino acids at its C terminus and is

equivalent to processed HybC present in the active Hyd-2 enzyme. Derivatives
carrying an N-terminal Strep tag were prepared (not represented in the figure).
(B) Schematic representation of the constructs in which the 15-amino-acid C
terminus from HyaB was swapped onto HybC and, vice versa, the 15-amino-
acid C-terminal peptide from HybC was introduced onto HyaB.

while HybO refers to the mature subunit lacking the Tat signal
peptide. Maturation of the HybO small subunit appears to occur
in parallel with maturation of HybC, and pre-HybO receives its
complement of FeS clusters from the Isc machinery prior to inter-
action with the mature large subunit (14). If maturation of the
large subunit is impeded, then the small subunit is degraded (13,
14). Clearly, tight coordination of large and small subunit matu-
ration is implied by all of these data, but the mechanisms under-
lying how this is achieved are not completely resolved. Here, we
report on the maturation of the HybC-HybO heterodimer of E.
coli Hyd-2 and in particular the key role of the cleavable C-termi-
nal peptide. We provide evidence that this peptide coordinates
biosynthesis and insertion of the bimetallic cofactor by the Hyp
proteins with maturation of the pre-HybO small FeS-containing
subunit, assembly of the HybC—pre-HybO heterodimer, and re-
lease of the active enzyme to the Tat translocon.

MATERIALS AND METHODS

Strains, plasmids, and growth conditions. All E. coli strains and plasmids
used in this study are listed in Table 1.

Strains were grown anaerobically in glucose M9 minimal medium (36)
at 37°C in Hungate tubes under a nitrogen gas atmosphere. When re-
quired, the growth medium was solidified with 1.5% (wt/vol) agar. The
antibiotics kanamycin, chloramphenicol, and ampicillin were added to
the medium at final concentrations of 50, 15, and 100 g ml ™, respec-
tively. Cells from small-scale cultures (10 ml) were harvested after the
culture reached an optical density at 600 nm of over 1 (stationary-phase
cultures) or between 0.6 and 0.8 (exponential-phase cultures). Optical
density was measured in an Ultrospec 10 spectrophotometer (Amer-
sham Biosciences). Cells were collected by centrifugation at 20,000 X
g for 15 min at 4°C. The cell pellets were either used immediately or
stored at —20°C until required.

Strain construction. Strains were generally constructed by introduc-
tion of mutations from E. coli donor strains into MC4100 derivatives by
Plkc phage-mediated transduction according to the method of Miller
(37). Mutant alleles were from donor strains of the Keio collection (38).

Plasmid construction. Plasmid pASK-hybC (39) served as the DNA
template for the introduction of mutations into the hybC gene using the
QuikChange site-directed mutagenesis strategy of Agilent Technologies,
USA. The oligonucleotide primers used to introduce a stop codon at the
position containing codon V553, generating pASK-hybC,,, ., were 5'-GC
CTGTGCGGTACACTAAGTGGATGCTGACGGC-3" and 5'-GCCGTC
AGCATCCACTTAGTGTACCGCACAGGC-3'. The authenticity of the
entire mutated hybC gene was verified by DNA sequencing.
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TABLE 1 Strains and plasmids used in this study

C-Terminal Peptide-Dependent Hydrogenase Assembly

Strain or plasmid Genotype Reference
Strains
MC4100 F~ araD139 a(argF-lac) U169 ptsF25 deoCl relAl flbB5301 rspL150 57
DHPF2 MC4100 AhypF aa® 59-629 34
DHP-D MC4100 AhypD 58
DHP-E MC4100 AhypE 58
DHP-B MC4100 AhypB 58
DHB-G MC4100 AhybG 30
FTD147 AhyaB AhybC AhycE 45
FTD150 AhyaB AhybC AhycE AhyfB-R 45
CP793 MC4100 AhyaB AhycE AhybO::Kan" 39
CP695 MC4100 AhybC 39
CB10 DHPF2 AhybC This study
CB11 MC4100 AhybG::Kan" This study
CB13 DADE AhybC::Kan" This study
CB15 FTD147 hybC" AhybG::Kan" This study
CB16 FTD150 hyaB" AhyaD::Kan" This study
DADE MC4100 AtatA-E 59
Plasmids
pASK-hyaB hyaB in pASK-IBA5", Amp” 39
pASK-hybC hybC in pASK-IBA5 ™", Amp” 39
pASK-hybC,,o PASK-hybC, V553 stop (codon 553 converted to TAA), Amp" This study
pASK-hyaB""¢ hyaB with hybC C-terminal sequence in pASK-IBA7, Amp" This study
pASK-hybCh*B hybC with hyaB C-terminal sequence in pASK-IBA7, Amp" This study

“ aa, amino acids.

To construct the plasmids pASK-hyaB™" and pASK-hybC"*E, en-
coding pro-HyaB™"® and pro-HybC™¥*B, respectively, the following
procedure was used. To construct pASK-hyaB™"C, the megaoligonucle-
otide primers For-HybC-mega (5" AAATTAGCCTCGCCTGTTCAACA
CACGTAGTGGATGCTGACGGCAACGAAGTGGTT 3') and Rev-
HybC-mega (5'CCCGGGGGTCTCCTATCATTACAGAACCTTCACT
GAAACCACTTCGTTGCC 3') were annealed and then treated with the
Klenow fragment of DNA polymerase and deoxynucleoside triphosphates
(ANTPs) to extend the single strands and to generate a double-stranded
DNA product. The resulting DNA fragment was then used as an oligonu-
cleotide megaprimer along with FOR-hyaB (5'CCCGGAGGTCTCCGC
GCATGAGCACTCAGTACGAAAC) and pCAN-hyaB (38) as the DNA
template in a PCR to amplify the hyaB gene encoding the 15-amino-acid
C terminus of HybC. The complete DNA fragment was digested with Bsal
and cloned into vector pASK-IBA7. A similar approach was used to con-
struct pASK-hybC™?E, The primers that were used were For-HyaB-mega
(5" AAATTAGCATGGCCTGTGCGGTACACGTGCTGGGCGACGAC
GGTAGCGAGCTGATC 3'), Rev-HyaB-C-mega (5’ AACGGGGGTCTC
CTATCATTAACGCACCTGCACGGAGATCAGCTCGCTACC 3'), and
FOR-hybC (5 CCCCAAGGTCTCCGCGCATGAGCCAGAGAATTA
CTAT 3'). The DNA inserts of both plasmids were verified by DNA se-
quencing.

Preparation of subcellular fractions. Cell pellets were resuspended in
50 mM morpholinepropanesulfonic acid (MOPS) buffer (pH 7.0) and
were disrupted by sonication. The crude cell extract was obtained after
removal of unbroken cells and cellular debris by a brief centrifugation step
(19,000 X g, 4°C, for 45 min). When required, membrane and soluble
fractions were prepared by a further centrifugation step (90,000 X g, 4°C,
1 h). Membrane fractions were washed twice with 50 mM MOPS buffer
(pH 7.0) containing 200 mM NaCl and resuspended at a final protein
concentration of 10 mg ml ™.

PAGE and Western blotting. Aliquots of a defined amount of protein
from a crude extract or a soluble or membrane fraction (between 30 and
100 pg of protein) were separated by denaturing SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) using 10% (wt/vol) polyacrylamide gels
(40). Transfer of polypeptides to nitrocellulose membranes and Western
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blot analysis using anti-E. coli Hyd-2 (1:20,000) antiserum were per-
formed as described previously (41, 42).

Nondenaturing PAGE was performed using 5% (wt/vol) polyacryl-
amide gels, pH 8.5, and included 0.1% (wt/vol) Triton X-100 in the gels.
The buffer used for electrophoresis included 0.1 M Tris-HCl and 0.1 M
glycine, pH 8. Protein samples were incubated with 5% (wt/vol) Triton
X-100 immediately prior to application to the gels (Bio-Rad), and elec-
trophoresis was carried out at 80 V for 2 to 3 h. Hydrogenase activity
staining was done as described previously (41, 43), except that the buffer
used was 50 mM MOPS, pH 7.0.

Determination of total hydrogenase enzyme activity. Hydrogenase
enzyme activity (H,-dependent reduction of benzyl viologen [BV]) deter-
mines the sum of the activities of Hyd-1, Hyd-2, and Hyd-3 and was
measured according to the method in reference 41, except that the buffer
used was 50 mM MOPS, pH 7.0. No detergent was added to extracts
measured by this method. The wavelength used was 578 nm, and a molar
extinction coefficient (E,,) of 8,600 M~ ' cm ™" was assumed for reduced
BV. One milliunit of activity corresponded to the reduction of 1 nmol of
hydrogen per min. Experiments were performed at least three times and
each time in triplicate. Data are presented as standard deviations of the
means.

RESULTS

Previous studies have shown that HypC can be isolated in a com-
plex with the precursor form of HycE (28) while its paralog HybG
interacts with pro-HybC (30, 31). To address whether the 15-
amino-acid C-terminal peptide on pro-HybC is important for
NiFe cofactor insertion, whether it controls the interaction of the
large subunit with the small subunit pre-HybO, and whether it
influences the subsequent Tat-dependent membrane transloca-
tion of the HybC-HybO heterodimer, two derivatives of N-termi-
nally Strep-tagged HybC were constructed (see scheme in Fig.
1A). The first derivative was equivalent to the precursor of HybC
(termed pro-HybC), while the second derivative lacked the final
15 amino acids at the C terminus and was a genetically processed
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missing gene
kDa wt hybC hybO  hypF
A- B i Tt ] Ty HybC
P RIS SUEUPOR SUPPL . S SUU HybG. ..
70— -— < pro-HybC " AhybC
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kDa 4
— 70 — ~— — — w5 pro-HybC
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— <« HybO
35— <pre-HybO
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25—
C.
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FIG 2 NiFe-cofactor-free maturation of a hydrogenase large-small subunit heterodimer. (A) Western blot analysis using anti-Hyd-2 antibodies after denaturing
SDS-PAGE of crude extracts (30 pg protein) of the precursor (pro-HybC) and mature forms of the Hyd-2 large and small subunits. wt, extract from the E. coli
wild-type strain MC4100; hybC, extract from a AhybC mutant, CP695; hybO, extract from strain CP793 (AhyaB AhycE AhybO), which lacks the catalytic subunit
of Hyd-1 and Hyd-3 but retains a chromosomal copy of hybC; hypF, extract from mutant DHPF2. The asterisk at the right indicates an unidentified cross-reacting
polypeptide, and the migration positions of pro-HybC, HybC,,,, pre-HybO, and HybO are also shown. (B) Effect of introducing multicopy pro-HybC or
HybC,,, into a hybC mutant strain or a hypF maturation-defective mutant strain. A Western blot assay is shown in which aliquots of crude extracts (30 pg
protein) derived from the strains described above transformed with plasmid pASK-hybC or pASK-hybC,,,,. were separated in a denaturing 10% (wt/vol)
polyacrylamide gel and probed with antiserum raised against Hyd-2. (C) Hydrogenase activity-stained gel after nondenaturing PAGE of the same samples as
those used for panel B. The gel was stained using H, and the redox dyes benzyl viologen and triphenyl tetrazolium chloride. The migration position of the active

Hyd-2 enzyme complex is indicated.

species (termed HybC ,, ), equivalent in primary structure to the
mature form of the subunit found in the active Hyd-2 enzyme (3,
12, 44).

The presence of the C-terminal peptide on pro-HybC pre-
vents Tat-dependent cleavage of the signal peptide on pre-
HybO. Western blot analysis of the large and small subunits of
Hyd-2 in an extract derived from a mutant that lacks the gene
encoding HypF [the mutant fails to synthesize the Fe(CN),CO
moiety of the NiFe cofactor (14, 34)] exhibited only the precursor
form (pre-HybO) of the small subunit in very low abundance (Fig.
2A). An apparent degradation product of pre-HybO was observed
in a mutant lacking HybC. It should be noted that the appearance
of pre-HybO in these mutants was always variable, and it was
usually at a low level, particularly in stationary-phase cells. This is
presumably because of rapid turnover due to proteolysis. It should
be stressed that the processed form of HybO was never observed in
either the hybC or the hypF mutant.

In the hypF mutant, only the precursor form of HybC (pro-
HybC) was observed (Fig. 2A). Similar polypeptide profiles were
observed in hypE and hybG mutants (see Fig. S1 in the supplemen-
tal material). Surprisingly, in hypD and hypB mutants pro-HybC
was virtually undetectable, suggesting more rapid or complete
degradation of this species when the respective gene products were
missing. Processed HybO was never detected in extracts of these
mutants (see Fig. S1; also data not shown).

Together, these findings indicate that if the 15-amino-acid oli-
gopeptide at the C terminus of the large subunit is not proteolyti-
cally removed, normally signifying that maturation is complete
(3), or if the large subunit is absent from the cells, then the Tat
signal peptide is not removed from pre-HybO and it is degraded.
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Furthermore, these results suggest that direct physical contact be-
tween the large and small subunits likely stabilizes HybO against
degradation.

Next, we tested what effect the genetic removal of the C-termi-
nal peptide from pro-HybC (HybC,,,) had on pre-HybO matu-
ration in a hypF mutant. As a control, it was demonstrated that no
processing of pro-HybC occurred in the mutant (Fig. 2B). Conse-
quently, the Tat signal peptide on the pre-HybO small subunit was
not removed (Fig. 2B), signifying that no Tat transport occurred
(9). Although the genetically foreshortened HybC,,,, polypeptide
also cannot be supplied with a NiFe cofactor in the hypF mutant,
nonetheless, in this instance the pre-HybO polypeptide was pro-
cessed to the mature HybO species (Fig. 2B). This result indicates
that the C-terminal peptide on the large subunit prevents further
maturation of pre-HybO and consequently assembly of the
HybC-HybO heterodimer. To demonstrate the validity of this
proposal, a similar result was obtained when the same experiment
was performed in a AhybG genetic background (see Fig. S2 in the
supplemental material), which also fails to complete NiFe cofactor
biosynthesis specifically for Hyd-2 (30).

The C-terminal peptide on pro-HybC is required to generate
a fully active hydrogenase enzyme. We wished to determine
whether the Hyd-2 enzyme synthesized with the genetically pro-
cessed HybC,,,,. polypeptide in a Hyp-competent genetic back-
ground exhibited hydrogenase enzyme activity. The plasmid en-
coding HybC,,, .. was introduced into strain FTD147, which lacks
the genes encoding the large subunit of Hyd-1, Hyd-2, and Hyd-3
(45). The in-gel hydrogenase activity of Hyd-2 in an extract de-
rived from this strain was determined after separation of protein
complexes by native PAGE (41). This hydrogenase activity was
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A. AhybC Atat B. AhypF AhybC

HybC HybCproc HybC HybCproc pre-HybC HybC, ..
kpa | SF MFITSF  MFIl SF  MFI[ SF MF] kDa MF SF MF SF MF

- - 70— - _—

70_ ,—--— - - | 55_v— « HybC
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40— «—pre-HybO  35_ A |« HybO
35— -—ra [« HybO 25—
25—

FIG 3 Tat-dependent membrane association of NiFe-cofactor-free Hyd-2. (A) Western blot analysis using anti-Hyd-2 antiserum of crude extracts (30 pg
protein) from CP695 (AhybC) or strain DADE (AtatA-E [deletion of tatA through tatE genes]) transformed either with a plasmid encoding pro-HybC or with

a plasmid encoding artificially matured HybC

proc®

SF, soluble fraction; MF, membrane fraction. The asterisk denotes an unidentified membrane-associated
cross-reacting polypeptide species. The migration positions of pro-HybC and HybC (equivalent to HybC

) have been generically labeled HybC because the

proc

respective bands were not distinguished in the experiment. The migration position of mature HybO is shown. (B) Western blot analysis of crude extracts (30 pg

protein) from anaerobically grown strain CB10 (AhypF AhybC) transformed with a plasmid encoding either pro-HybC or genetically matured HybC

proc*

Detection was performed using anti-Hyd-2 antiserum. The first lane shows a membrane fraction (MF) derived from strain FTD147, which lacks the large subunit
of Hyd-1, Hyd-2, and Hyd-3. SF, soluble fraction. The asterisk denotes an unidentified cross-reacting species.

compared with that obtained when a plasmid encoding pro-HybC
polypeptide was introduced into the strain (Fig. 2C). While the
extract derived from the strain encoding pro-HybC resulted in
active Hyd-2 (Fig. 2C), essentially no activity could be detected
when FTD147 was transformed with a plasmid encoding Hyb-
Cproc (Fig. 2C), despite the fact that the signal peptide on HybO
had been removed (Fig. 2B). Quantitative determination of hy-
drogen-dependent benzyl viologen-reducing activity of Hyd-2 in
the extracts derived from these strains revealed a specific activity
of 180.2 * 3.7 mU (mg protein~ ') for the strain that synthesized
pro-HybC. In contrast, the enzyme reconstituted with HybC,,,
had an activity that varied between an undetectable level and a
maximal activity of 8.3 = 0.4 mU (mg protein™'). As a negative
control, the same plasmids transformed into the hypF mutant
failed to result in any detectable Hyd-2 enzyme activity either after
in-gel activity staining (Fig. 2C) or after hydrogen-dependent dye-
reducing activity was measured in a cuvette assay (data not
shown). Together, these results suggest that genetically prepro-
cessed HybC,,, . lacking the 15-amino-acid, C-terminal peptide
has a reduced ability to recruit the Hyp maturation machinery in
vivo. Lack of Hyp recruitment would hinder efficient maturation
of Hyd-2, supporting previous findings (17, 18, 28, 30).
Tat-dependent membrane association of the HybC-HybO
heterodimer lacking the NiFe cofactor. Next, we wished to deter-
mine whether the HybC-HybO heterodimer synthesized with an
artificially processed HybC,,,,. polypeptide was membrane asso-
ciated and whether membrane association was Tat dependent.
The plasmids encoding the pro-HybC and HybC,,,, variants were
introduced into a strain lacking the hybC gene. After anaerobic
growth and subcellular fractionation, the localization of Hyd-2
was determined. Regardless of whether the strain carried a plas-
mid encoding pro-HybC or HybC,,,, processed HybC was de-
tected in the membrane fractions and processed HybO was also
associated with the membrane fraction in both strains (Fig. 3A).
This result demonstrates that in a Hyp- and Tat-competent strain
pro-HybC is processed and associates with pre-HybO and the
heterodimer becomes associated with the membrane, as signified
by the cleavage of the Tat signal peptide. HybC,,, . can also asso-
ciate with pre-HybO and is introduced into the membrane, again
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based on the maturation of HybO. Significant amounts of both
pro-HybC and HybC,,,. were also detected in the soluble cyto-
plasmic fraction, but no processed HybO small subunit was ap-
parently present in this fraction (Fig. 3A). This probably results
from overproduction of the large subunit, which could not be
transported across the membrane due to a limitation in chromo-
somally encoded, Tat-dependent pre-HybO.

Notably, when either plasmid was introduced into strain CB10,
lacking both hybC and hypF, and which is therefore unable to
synthesize the NiFe cofactor, both HybC,,,,. and processed HybO
were nevertheless associated with the membrane, while pro-HybC
was present in the soluble cytoplasmic fraction when the strain
was transformed with plasmid pASK-hybC (Fig. 3B); no HybO
polypeptides were detected in this soluble fraction, suggesting that
they were degraded.

Proteolytic treatment of spheroplasts derived from strains with
membrane-associated HybC plus HybO and HybC,,,,. plus HybO
indicated that the large subunits were sensitive to treatment with
trypsin (Fig. 4), which strongly suggests that the catalytic subunit
was exposed to the periplasmic side of the membrane (46). To-
gether, these findings demonstrate that the HybC-HybO het-
erodimer lacking the NiFe cofactor can be integrated into the cy-
toplasmic membrane.

Introduction of the plasmid encoding HybC,,,, into a hybC
mutant that also carried a far operon deletion (Table 1) revealed
that neither HybC,,,,. nor HybO was associated with the cytoplas-
mic membrane (Fig. 3A). This demonstrates that association of
the genetically matured HybC,,,,.-HybO heterodimer (lacking the
NiFe cofactor) with the cytoplasmic membrane was Tat depen-
dent.

A hybrid pro-HybC carrying a C-terminal 15-amino-acid
peptide from HyaB is activated by the HybG-Hyp machinery.
Like pro-HybC, pro-HyaB, the catalytic subunit of Hyd-1, has a
15-amino-acid C-terminal extension that is proteolytically
cleaved after successful insertion of the NiFe cofactor into the
active site of the subunit (3). The C-terminal amino acid sequence
on pro-HyaB is -VLGDDGSELISVQVR, while that on pro-HybC
is -VVDADGNEVVSVKVL. In contrast to pro-HybC, which re-
quires the cochaperone HybG for NiFe cofactor insertion, pro-
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FIG 4 The Hyd-2 enzyme species, including NiFe-cofactor-free HybC,,,, is sensitive to trypsin in E. coli spheroplasts. Anaerobically grown E. coli cells (50-ml
cultures) were harvested by centrifugation for 5 min at 4,000 rpm at room temperature. The cell pellet was resuspended in 1 ml of 25% (wt/vol) sucrose, 30 mM
Tris, pH 8.0, at room temperature. A 20-pl aliquot of 250 mM EDTA (pH 8.0) and 20 pl of freshly prepared lysozyme solution (10 mg/ml) were added, and the
suspension was incubated for 3 min at room temperature. The spheroplasts were harvested by centrifugation at 15,000 X g for 30 s at 4°C. The supernatant
contains the periplasm. The following steps were carried out at 4°C except as noted otherwise. Spheroplasts (pellet) were gently resuspended in the above-
described buffer, trypsin (0.025%) was added, and the suspension was incubated for 10 min at room temperature. Trypsin inhibitor was added to a final
concentration of 0.5% (wt/vol). Spheroplasts were separated by centrifugation at 15,000 X g for 10 min at 4°C. The pellet was resuspended in the same buffer, and
after sonication the soluble cytoplasmic fraction (SF) and the membrane fraction (MF) were prepared by ultracentrifugation (2 h at 120,000 X g). Aliquots of the
cytoplasmic and membrane fractions (50 p.g of protein) from strains MC4100 (wild type) (A), FTD147 carrying plasmid p-HybC,,,. (HybC,,,.) (B), and
FTD147 carrying plasmid p-proHybC (pro-HybC) (C) were separated by 12.5% (wt/vol) PAGE, and after transfer to nitrocellulose membranes, the blots were
challenged with anti-Hyd-2 antiserum. The plus and minus signs indicate treatment with trypsin and nontreatment, respectively. The arrow indicates the

migration position of processed HybC.

HyaB can be activated either by HybG or by its paralog HypC (30).
Therefore, to determine whether the C-terminal peptide poten-
tially acts as a binding platform for the Hyp machinery, we
swapped the 15-amino-acid peptide from pro-HyaB onto HybC
and vice versa (schematically represented in Fig. 1B). Transforma-
tion of the plasmid encoding pro-HybC™*® (pASK-hybC™?® in
Table 1) into FTD147 (AhyaB AhybC AhycE) followed by deter-
mination of hydrogenase activity after native PAGE revealed that
the hybrid pro-HybC™*® variant delivered active Hyd-2 enzyme
(Fig. 5A). The active enzyme migrated slightly more slowly than
the wild-type enzyme because it also carries a Strep tag. Analysis of
the extracts derived from this strain by Western blotting with anti-
Hyd-2 antiserum revealed that processed HybC and processed
HybO could both be detected (Fig. 5B).

In the reciprocal experiment, FTD147 transformed with a plas-
mid (pASK-hyaB™" in Table 1) encoding pro-HyaB"""“, which
carries the 15-amino-acid peptide derived from pro-HybC, also
exhibited Hyd-1 activity, albeit significantly weaker than that for
the wild type (Fig. 5C). The results of these experiments indicate

that the C-terminal peptides from HyaB and HybC are exchange-
able and retain functionality, allowing maturation of active en-
zymes.

To determine whether the respective HybG/HypC specific-
ity of these hybrid proproteins was retained or also exchanged
along with the C-terminal peptides, strain CB15 (AhyaB AhycE
AhybG) was constructed and transformed with the appropriate
plasmids, and after growth of the strains anaerobically, crude
extracts were analyzed by native PAGE followed by hydroge-
nase activity staining. Neither native pro-HybC nor pro-
HybC™?F exhibited significant activity (data not shown). In
Western blot analysis, extracts derived from these strains were
challenged with anti-Hyd-2 antiserum, and the results con-
firmed that only the precursor forms of both HybC and HybO
were detectable (Fig. 6). This result indicates that the hybrid
pro-HybC™*P variant retained its dependence on HybG. To-
gether, these results strongly suggest that the function of the
C-terminal peptide is to facilitate formation of the appropriate
conformation of the apo-catalytic subunit for NiFe cofactor
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FIG 5 Introduction of the C-terminal peptide from HyaB onto pro-HybC delivers active Hyd-2 enzyme. (A) A native PAGE gel stained for hydrogenase activity
using benzyl viologen-triphenyl tetrazolium chloride is shown. Samples of crude extracts (50 g of protein) derived from MC4100 and FTD147 either lacking a
plasmid or carrying a plasmid encoding pro-HyaB™"“ or pro-HybC"¥*" were loaded on the gel. (B) The same samples used for panel A were separated by 10%
(wt/vol) SDS-PAGE and after transfer to nitrocellulose were challenged with anti-Hyd-2 antiserum. The migration positions of the respective polypeptides are
indicated at the right. (C) The same samples used for panel A were stained for Hyd-1 enzyme activity with phenazine methosulfate-nitroblue tetrazolium dyes
in the presence of H,.
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FIG 6 Pro-HybC™*® carrying the 15-amino-acid C terminus from HyaB
retains maturation specificity for HybG. A Western blot assay is shown in
which crude extracts (50 pg of protein) derived from E. coli strain CB15
(AhyaB AhycE AhybG) carrying a plasmid encoding different HybC variants
were challenged with anti-Hyd-2 antiserum. The migration positions of the
polypeptides identified are indicated at the right. The asterisk denotes an uniden-
tified cross-reacting species that acted as a loading control. Lane 1, MC4100 (wild
type); lane 2, CB15 (AhyaB AhycE AhybG); lane 3, CB15 carrying pASK-hyaB; lane
4,CBIS5 carrying pASK-hyaB""“, encoding pro-HyaB™"; lane 5, CB15 carrying
pASK-hybG; lane 6, CB15 carrying pASK-hybC"*5, encoding pro-HybC%,

insertion and that it appears not to act as a specific binding site
to recruit the Hyp machinery.

The hybrid pro-HybC carrying the 15-amino-acid C-termi-
nal peptide from HyaB retains its dependence on HybD for pro-
teolytic cleavage. Insertion of the nickel ion into the active site
during [NiFe]-hydrogenase maturation occurs after insertion of
the Fe(CN),CO moiety of the cofactor has taken place (3, 17, 19)
and is the signal for proteolytic cleavage by a hydrogenase-specific
protease. The protease specific for HybC is HybD, and that for
HyaB is HyaD (44). To determine whether the C-terminal peptide
of HybC and HyaB directs the recognition of the cleavage site by
the respective protease, plasmid pASK-hybC™*® encoding pro-
HybC""*" was introduced into strain CB16 (AhyaD AhybC AhycE
AhyfB-H [deletion of the hyfB through hyfH genes]). As controls,
plasmids pASK-hybC, pASK-hyaB, and pASK-hyaB™"“ were also
introduced into the strain, and after anaerobic growth in minimal
medium to stationary phase, crude extracts derived from cells
were analyzed by nondenaturing PAGE (Fig. 7A). Hyd-2 activity
was clearly observed for the wild-type strain MC4100 and CB16
transformed with pASK-hybC and with pASK-hybC™*®, while
neither pASK-hyaB nor pASK-hyaB™" delivered active Hyd-1
enzyme. To confirm HybD-dependent processing of pro-Hyb-
C'™28 2 Western blot assay of the same extracts using anti-Hyd-2
antiserum clearly revealed the processed forms of both the HybC
and HybO polypeptides in strain CB16 transformed with pASK-
hybC™*® (Fig. 7B). Together, these results demonstrate that the
HybC hybrid carrying the 15-amino-acid C terminus from HyaB
was recognized and cleaved by HybD, indicating that the C-ter-
minal peptide is unlikely to be recognized directly by the HybD
protease.

DISCUSSION

A C-terminal peptide directs hydrogenase maturation. In this
study, we have shown that cleavage, or the lack thereof, of the
15-amino-acid C-terminal peptide on HybC, the large subunit of
E. coli Hyd-2, determines whether the large subunit and electron-
transferring small subunit assemble and whether this heterodimer
is translocated across the cytoplasmic membrane by the Tat ma-
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FIG 7 Pro-HybC"™® retains dependence on the HybD protease. (A) A native
PAGE gel stained for hydrogenase activity using benzyl viologen-triphenyl
tetrazolium chloride is shown. Samples of crude extracts (50 g of protein)
derived from MC4100 and CB16 (AhyaD AhybC AhycE AhyfB-hyfH) either
lacking a plasmid or, in the case of CB16, carrying a plasmid encoding pro-
HyaB™*< or pro-HybC"¥*" were loaded on the gel. (B) The same samples
used for panel A were separated in a 12.5% (wt/vol) SDS gel and after transfer
to nitrocellulose were challenged with anti-Hyd-2 antiserum. The migration
positions of the respective polypeptides are indicated at the right.

chinery. This agrees with earlier data that suggested that a change
in conformation of the Hyd-3 large subunit HycE takes place after
insertion of the NiFe cofactor and subsequent proteolytic removal
of the C-terminal peptide (17). The findings presented here
strongly support the hypothesis that simply the removal of the
peptide is sufficient to cause the hypothesized conformational
change, regardless of whether the cofactor has been inserted into
the catalytic subunit or not. This is because genetic removal of the
15-amino-acid C-terminal peptide, delivering a polypeptide
equivalent in primary structure to the processed large subunit in
the mature enzyme, resulted in an inactive Hyd-2 enzyme that was
nevertheless translocated across the membrane by the Tat ma-
chinery. Previous studies (28) have demonstrated that compo-
nents of the Hyp machinery interact only with the unprocessed
form of the large subunit, which led to the hypothesis that removal
of the C-terminal peptide might cause a conformational change in
the protein, thus closing the active site (17, 44). Notably, attempts
to add back the C-terminal peptide in trans failed to restore mat-
uration to the genetically foreshortened HybC subunit (C.
Thomas and R. G. Sawers, unpublished observations), indicating
that the peptide must be physically attached to the rest of HybC to
effect NiFe cofactor insertion. This suggests that the C-terminal
peptide somehow sterically prevents pro-HybC from adopting the
conformation of the mature polypeptide.

Swapping of the 15-amino-acid peptide from HyaB, the Hyd-1
catalytic subunit, still allowed maturation of HybC into an active
enzyme. Moreover, this peptide did not influence the requirement
for HybG to allow NiFe cofactor incorporation, nor did it alter the
specificity for the HybC-specific protease HybD. Pro-HybC is de-
pendent on HybG for cofactor insertion, while pro-HyaB can use
either HybG or its paralog HypC (30). HyaB fused with the 15-
amino-acid C-terminal peptide derived from HybC was also par-
tially functional, and the dependence on HypC or HybG was re-
tained (data not shown). Despite sharing identity in 7 of the 15
amino acids, the C-terminal peptides are sufficiently different be-
tween HyaB and HybC to suggest that they do not act either as a
direct interaction surface for the Hyp machinery or as a recogni-
tion sequence for the hydrogenase-specific protease. This agrees
with previous data that showed that HypC from E. coli interacted
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FIG 8 Model of the role of the C-terminal peptide in controlling [NiFe]-
hydrogenase assembly. Scenario 1 depicts the situation in wild-type bacteria
where the pro-HybC has received the completely synthesized NiFe cofactor,
which leads to proteolytic cleavage (red squiggle) catalyzed by HybD protease
(signified by the scissors). The hexagon labeled Hyp denotes the HypDEF complex
plus HybG in the case of pro-HybC maturation. The line attached to pre-HybO
signifies the Tat signal peptide. The change from the trapezoid to the ellipse signi-
fies the hypothesized conformational change of pro-HybC to processed HybC.
Scenario 2 depicts what happens when the C-terminal peptide of HybC is
removed genetically, which enables interaction of HybC,,,. with pre-HybO
and transport of the NiFe-cofactor-free heterodimer by the Tat translocon.
Despite the lack of the NiFe cofactor, it is uncertain whether the active site of
the large subunit is “empty.”

with Cys241 within the active site cavity of pro-HycE, the apo-
catalytic subunit of Hyd-3 from E. coli (17). That the Hyp proteins
do not interact with the C-terminal peptide is also supported by
the fact that glutathione S-transferase (GST) fused to the C-termi-
nal 15 amino acids failed to interact with any Hyp protein
(Thomas and Sawers, unpublished). Rather, the function of this
C-terminal peptide appears to be that of an intramolecular chap-
erone, as has been previously suggested (3, 17), which prevents a
conformational change in the polypeptide from occurring. How
this peptide might be able to achieve this will require further ex-
tensive study.

It is also apparent that the conformation of the protein that is
adopted with the C-terminal peptide attached prevents premature
assembly of the a3 heterodimer complex in vivo. This also corre-
lates with an early finding that HypC had to leave the pro-HycE
protein before proteolytic cleavage could occur (18). Such a
mechanism would ensure that in wild-type cells only a large sub-
unit with a complete NiFe cofactor proceeds along the maturation
pathway. After synthesis and insertion of the Fe(CN),CO moiety
into the apo-large subunit by the HybG-HypDEF machinery (26,
27), nickel insertion occurs (16, 19). This step signifies completion
of cofactor biosynthesis. Nickel serves as the substrate recognition
motif for the HybC-specific endoprotease HybD, ensuring transi-
tion metal fidelity (47, 48). Upon cleavage of the peptide (model in
Fig. 8, scenario 1), the fully folded and cofactor-containing HybC
large subunit engages with the FeS cluster-containing pre-HybO
small subunit to displace the HybE private chaperone. HybE has
been proposed to mask the Tat signal peptide (9, 10), releasing the
heterodimer for transport by the Tat translocon. We could show
that in a strain unable to synthesize HybC, no maturation of pre-
HybO occurred and this precursor was degraded. This result in-
dicates that the presence of the mature large subunit is somehow
necessary to expose the Tat signal peptide on pre-HybO to allow
interaction with the Tat translocon. If the 15-amino-acid C-ter-
minal peptide of the large subunit cannot be cleaved off, for ex-
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ample, because of nickel limitation or incomplete Fe(CN),CO
biosynthesis, no maturation of pre-HybO occurs (Fig. 8, scenario
2). Together, these findings suggest that only the mature large
subunit can displace HybE efficiently from pre-HybO. In support
of this, it has been shown previously (9) that a strain lacking HybE
targeted the pre-HybO protein prematurely to the membrane via
the Tat translocon without the associated HybC large subunit.
Moreover, it has been shown in R. eutropha that deletion of the
gene encoding the HybE homolog, HoxO, also renders the pre-
cursor of the small subunit of the membrane-bound hydrogenase
subject to degradation (49). Together, these data support a uni-
versal role for this class of private chaperone in masking the Tat
signal sequence from the translocase.

Tat-dependent translocation of a NiFe-cofactor-free hydro-
genase heterodimer. Our findings suggest that “proofreading” or
“quality control” of the HybC-pre-HybO heterodimer occurs at
the level of enzyme maturation and assembly, obviating the re-
quirement to invoke an involvement of the Tat machinery directly
in this process. The fact that we were able to dupe the Tat translo-
con into transporting a HybC-HybO heterodimer lacking a NiFe
cofactor suggests that the Tat translocon might not necessarily
need to “control” the folding quality of the delivered substrate.
Furthermore, this finding suggests that the HybC-HybO het-
erodimer lacking the NiFe cofactor has the native conformation
when delivered to the Tat translocon. Thus, for the Tat translocon,
the substrate “appears” correctly folded. Proof that the Hyd-2
large subunit lacked the NiFe cofactor was delivered by demon-
strating in a maturation-defective genetic background that the
HybC,,,o.-HybO heterodimer was associated with the cytoplasmic
membrane and that this was Tat dependent (Fig. 8, scenario 2).

At this juncture, we cannot conclude that the active site of the
NiFe-cofactor-free HybC subunit is “empty,” because it was
shown previously (50) that overproduction of a pro-HybC vari-
ant, which cannot undergo proteolytic cleavage due to the pres-
ence of an additional 5 amino acids attached to its C terminus, can
accept a [4Fe-4S] cluster. Future studies directed at determining
the structure of the 15-amino-acid peptide, along with computer-
based modeling, will provide important information as to how
this short peptide is capable of influencing the conformation of
pro-HybC. Interestingly, a recent study has demonstrated that the
activity of the MCAK motor protein, which is involved in micro-
tubule depolymerization, is regulated by a C-terminal conforma-
tional switch, perhaps suggesting that control of protein confor-
mation by short C-terminal peptides is more widespread than
previously considered (51).

Tat-dependent transport of an aberrantly matured enzyme has
also been shown for a molybdenum-cofactor-free variant of di-
methyl sulfoxide (DMSO) reductase in Rhodobacter sphaeroides
WSS (52). In this case, however, it was reported that insertion of a
precursor of the cofactor might have facilitated folding sufficiently
to allow Tat-mediated translocation. Whether another cofactor,
such as a FeS cluster, can be temporarily inserted into the active
site cavity of HybC,,,. in vivo in a Hyp ™ strain remains to be
determined.

A common mechanism ensuring correct spatiotemporal
assembly of modular oxidoreductases? While a mechanism in-
volving control of enzyme assembly probably holds true for most
hydrogenase large subunits with a C-terminal extension, never-
theless, there are examples of hydrogenases whose large subunit
lacks a C-terminal extension. These include the regulatory hydro-

proc
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genase from R. eutropha (53) and the energy-converting hydroge-
nase (Ech) from extreme thermophiles and methanogens (54).
Precisely how insertion of the NiFe cofactor and subunit assembly
are coordinated in these enzymes remains to be established. Based
on the findings presented here, however, it is possible that either
the hydrogenase-specific Hyp machinery in these organisms rec-
ognizes a conformation similar to that of HybC,, or these large
subunits retain a conformation similar to pro-HybC, even in the
absence of the C-terminal peptide. A detailed biophysical analysis
of the isolated apo-large subunits should resolve this question.

How do other modular oxidoreductases, which do not employ
the same mechanism as [NiFe]-hydrogenases, coordinate the bio-
synthesis and insertion of their active site cofactor with enzyme
assembly and membrane translocation? In a recent study by James
et al. (55), it was shown that both the catalytic subunit TtrA and
the electron transfer subunit TtrB of the heterotrimeric molyb-
doenzyme tetrathionate reductase from Salmonella enterica sero-
var Typhimurium carry a Tat signal sequence. Either of these Tat
signal peptides could compensate for the absence of the other.
However, in the absence of the TtrA subunit, the Tat signal pep-
tide of the TtrB subunit also remained unprocessed (55), leading
to the conclusion that processing of the TtrB Tat signal peptide
depends on assembly of its partner protein, TtrA. This is analo-
gous to the control of cofactor insertion and enzyme assembly that
we have observed here for Hyd-2, but employing a slightly differ-
ent mechanism. Together, these results suggest that modular
membrane-associated oxidoreductases might all employ spatio-
temporal control of cofactor synthesis, insertion, and subunit as-
sembly. This can be achieved either through the use of a cleavable
C-terminal peptide in the case of many [NiFe]-hydrogenases,
through two separate Tat-targeting peptides in the case of tet-
rathionate reductase (55), or through private chaperones cou-
pled with Tat proofreading and protein-folding quality control
in the case of the molybdoenzymes periplasmic nitrate reduc-
tase, trimethylamine oxide (TMAO) reductase, and formate
dehydrogenase (2).

Pro-HybC interacts with minimally three accessory proteins or
protein complexes during hydrogenase assembly. These accessory
proteins include the HybG-HypD-HypE (HypF) complex (31),
HybE (8), and the HybD protease (44, 56). Moreover, it is likely
that the nickel delivery complex of HypB, HybF, and SlyD (3, 12)
also interacts with pro-HybC, as HypB has been shown to interact
with the large subunit of the H,-sensing Hyd of R. eutropha (19).
Future biochemical studies will be required to elucidate how and
where on pro-HybC these proteins interact. Nonetheless, it is ap-
parent from the findings of this study that the C-terminal peptide
on the hydrogenase catalytic subunit governs the complete se-
quence of events during the maturation process by acting as a
central checkpoint ensuring that only the cofactor-containing
mature large subunit can continue on the assembly line to active
[NiFe]-hydrogenase.
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