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ABSTRACT: Maturation of the large subunit ofE. coli hydrogenase 3, HycE, requires the action of seven
accessory proteins. The HycI protease catalyses a C-terminal proteolytic cleavage of the large subunit,
which was shown to result in a dramatic change in migration behavior of HycE in nondenaturing PAGE.
HypA, HypB, HypC, HypD, HypE, and HypF are required for metallocenter assembly. A polyacrylamide
gel system under nondenaturing conditions was used for the investigation of any protein-protein interactions
between HycE and the Hyp proteins. It revealed the existence of a complex between the precursor of
HycE (pre-HycE) with one of the accessory proteins, namely HypC. HypC migrates in at least three
different forms in nondenaturing PAGE, the appearance of one of which (form 1) is strictly dependent on
the presence of unprocessed HycE in the extract. Overexpression of eitherhypCor hycEfrom a plasmid
leads to an increased formation of this HypC-form 1. In two-dimensional polyacrylamide gel electrophoresis
with nondenaturing PAGE as the first and SDS-PAGE as the second dimension, this HypC form comigrates
with part of the pre-HycE protein. This comigration was also observed in anion exchange chromatography.
To analyze the pre-HycE-HypC complex in more detail, HypC was overproduced and purified. The
purified protein was able to bind to pre-HycE in vitro. These results and also the finding that the processed
form of HycE is not associated with HypC suggest that HypC binds to pre-HycE to keep it in a conformation
accessible for metal incorporation.

Hydrogenase 3 ofE. coli is a structural component of the
formate hydrogen-lyase complex (1). Under fermentative
conditions, this enzyme catalyzes the disproportion of the
acidic fermentation product formate into H2 and CO2. The
electrons produced by formate dehydrogenase H during
formate oxidation are transferred to hydrogenase 3, a H2-
evolving enzyme.
Hydrogenase 3 belongs to the [NiFe] type of hydrogenases,

which were recently shown to contain a rather unusual and
complex active site located on the large subunit of the
enzyme. In the case of theDesulfoVibrio gigasenzyme, Ni
is coordinated by four cysteine residues, which are strictly
conserved also among [NiFe] hydrogenases from other
organisms. Two of the cysteine-derived thiolates form a
bridge to a second metal, Fe, which is additionally coordi-
nated by three nonprotein derived ligands (2). Recently,
these ligands were identified as one CO and two CN
molecules (3).
The large subunit of [NiFe] hydrogenases is synthesized

in a precursor form that is devoid of the active site
metallocenter. In a complex maturation process, which
requires the function of a number of accessory proteins
(reviewed in ref4), the metallocenter is assembled post-
translationally. The posttranslational maturation ofE. coli
hydrogenase 3 has been investigated in some detail. In an
in vitro system, Ni-incorporation into the large subunit,
C-terminal processing catalyzed by a specific protease, HycI,

and the generation of hydrogenase activity were demonstrated
(5-7). In vitro Ni-dependent processing of the hydrogenase
large subunit has also been demonstrated inAzotobacter
Vinelandii (8).
A role in metallocenter assembly was assigned to the

proteins HypA, HypB, HypC, HypD, HypE, and HypF, since
a deletion in each of the corresponding genes (hyp) leads to
the accumulation of the Ni-free precursor form of the large
subunit, pre-HycE (9-11). Indeed, in vitro Ni-incorporation
into pre-HycE was dependent on the presence of the Hyp
proteins, although it could not be excluded that Hyp functions
might concern maturation steps preceding Ni-incorporation
(7). Until now a specific function could not be assigned to
any of the Hyp proteins.
HypA, besides being required for Ni-incorporation, was

shown to modulate hydrogenase 2 activity inE. coli in an
unknown manner (9). A deletion in thehypBgene can be
complemented by high Ni concentrations in the growth
medium (12). Therefore, a role in Ni-donation was proposed
for it. HypB from E. coli was shown to exhibit GTPase
activity (10), which is essential for Ni-incorporation into pre-
HycE (13). Bradyrhizobium japonicumHypB is supposed
to play a role in both Ni-storage and Ni-dependent tran-
scriptional regulation of hydrogenase gene expression (14).
To be able to define a more specific function of the Hyp

proteins, we decided to investigate putative interactions
between these accessory proteins and the large subunit of
hydrogenase 3, HycE. A nondenaturing polyacrylamide gel
system was established to this end, that allows immunological
detection of protein-protein complexes.
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EXPERIMENTAL PROCEDURES

Bacterial strains, Growth Conditions, and Extract Prepa-
ration. The E. coli strains used in this study are listed in
Table 1. Bacteria were grown anaerobically in TGYEP
medium (15) containing 30 mM sodium formate. For
cultivation of strain HYD720 and NST22, 50µM EDTA1

was added to the medium to minimize unspecific Ni-uptake
by the Mg-uptake system (16) and thus reduce premature
processing of pre-HycE. When required, antibiotics were
added at the following final concentrations: ampicillin 100
µg/mL and chloramphenicol 30µg/mL. At an OD600 of 1,
cells were harvested and washed once with buffer A (50 mM
potassium phosphate pH 7.5, 1 mM DTT, 1 mM benzami-
dine).
S-100 extracts used for nondenaturing PAGE were pre-

pared as follows: anaerobically grown cells from a 250 mL
culture were resuspended in 1 mL of 50 mM potassium
phosphate buffer containing 1 mM DTT. After addition of
20 µg/mL DNaseI and PMSF each, cells were disrupted by
passage through a French press cell at 12000 psi. After
removing cell debris by centrifugation at 10000g for 20 min,
the supernatant was clarified from membranes by centrifuga-
tion at 100000g for 2 h. S-100 extracts (protein concentra-
tion around 15 mg/mL) were either used immediately or
shock-frozen in liquid nitrogen in small aliquots and stored
at -70 °C.
Plasmid Construction.Strain JM109 was used as a host

in plasmid constructions. For construction of pTC-9 the
hypCgene was amplified by PCR. To generate appropriate
restriction sites (NdeI and EcoRI), the degenerate oligo-
nucleotides HypC-1b (5′-GGAATTCCATATGTGCATAG-
GCGTTCCCGGCCAG-3′) and HypC-2 (5′-GGAATTCT-
TATTTTTCCTCGCCATAC-3′) were used. After restriction
with NdeI and EcoRI the PCR product was cloned into

pUC19 to generate plasmid pC1-8. Dye Terminator Cycle-
Sequencing confirmed the correct nucleotide sequence of the
PCR product, which was then transferred into plasmid pT7-7
to yield plasmid pTC-9.

Polyacrylamide Gel Electrophoresis and Immunoblotting
Analysis. SDS-PAGE was performed according to (17). For
PAGE under nondenaturing conditions the following modi-
fications were made: S-100 extracts were used only. SDS
was omitted from buffers. As sample buffer 60 mM Tris-
HCl pH 6.8, 10% glycerol, and 0.01% bromophenol blue
was used and samples were applied to the gel without prior
heating. The voltage did not exceed 100 V during electro-
phoresis.

For 2D-gel electrophoresis, the S-100 extract was separated
first by PAGE in the absence of SDS (12.5%, first dimen-
sion), and the appropriate lane was cut out from the gel. The
strip was soaked in 3 x cracking buffer (18) for 10 min and
subsequently applied horizontally to a 15% SDS-polyacry-
lamide gel (second dimension).

For immunoblotting analysis, proteins were transferred
onto nitrocellulose membranes, whereby methanol was
omitted from the blotting buffer after nondenaturing PAGE.
Anti-HycE antibodies were used at a dilution of 1:1500. For
detection of HypC, an antiserum against a HypC-fusion
protein with an N-terminal extension of 22 amino acids was
used at a dilution of 1:500. Overproduction of this fusion
protein was performed in strain BL21(DE3) and directed
from plasmid pCFus-7. For antibody detection, the Protein
A-Horseradish Peroxidase Conjugate (Bio-Rad) and the
Chemiluminescence Blotting Substrate from Boehringer
Mannheim were used.

Purification of NatiVe HypC. For overproduction of native
HypC, plasmid pTC-9 was transformed into strain BL21-
(DE3) (19). Cells were grown aerobically in LB-medium
(20) containing 150µg/mL ampicillin. At an OD600 of 1
hypCexpression was induced by addition of 0.5 mM IPTG.
After additional 3 h of incubation, cells were harvested and
washed once with buffer A.

1 Abbreviations: EDTA, ethylenediaminetetraacetic acid; DTT,
dithiothreitol; PMSF, phenylmethylsulfonyl fluoride; psi, pounds per
square inch; PAGE, polyacrylamide gel electrophoresis; PCR, poly-
merase chain reaction; IPTG, isopropyl-â-thiogalactopyranoside; SDS,
sodium dodecyl sulfate.

Table 1: E. coli Strains and Plasmids Used in This Study

strain/plasmid genotype reference

JM109 recA1, endA1, gyrA96, thi, hsdR17, supE44, relA1, λ-, ∆(lac-proAB) 30
MC4100 F-, araD193,∆(argF-lac)-U169,ptsF25,relA1, flbB5301,rpsL150,λ- 31
HD705 MC4100,∆hycE 32
EDC32 MC4100, 96-bp deletion inhycE(from nucleotides 1,611 to 1,707) 26
HD709 MC4100,∆hycI 26
NCI900 HD709,nikA::MudI 7
HYD720 MC4100,∆nikA-E 33
NST22 MC4100,hycE-Strep-tagII, nikA::MudI 23
SMP101 MC4100,hypA(ATGfTAA) 9
DHP-B MC4100,∆hypB 9
DHP-C MC4100,∆hypC 9
DHP-D MC4100,∆hypD 9
DHP-E MC4100,∆hypE 9
DHP-F MC4100,∆hypF 11
BL21(DE3) E.coli B; F-, hsdS, gal1, DE3 19
pACE1 CmR, 2506bp fragment (hycD′, hycE, hycF′) in pACYC184 Mintz-Weber, & Bo¨ck, unpublished
pJA1021 CmR, 350bp fragment (hypC) in pACYC184 9
pUC19 ApR, lac′IPOZ′ 30
pCFus-7 ApR, 350bpBamHI fragment (hypC) from pJA2621 in pT7-7 unpublished
pJA2621 ApR, 350bp fragment (hypC) viaBamHI linkers in pT7-6 34
pC1-8 ApR, 273bp fragment (hypC) in pUC19 (NdeI, EcoRI) this work
pT7-7 ApR, T7Φ10 18
pTC-9 ApR, 273bp fragment (hypC) in pT7-7 (NdeI, EcoRI) this work
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All following steps were performed at 4°C. A 3 g amount
of cells (wet weight) was resuspended in 3 mL of buffer B
(50 mM potassium phosphate pH 7.4, 1 mM DTT, 1 mM
EDTA). After addition of 20µg/mL DNaseI and PMSF, a
crude extract was prepared by passage through a French press
cell at 16000 psi. Following two centrifugation steps (30
min at 10000g and 2 h at100000g), the supernatant was
diluted to a protein concentration (21) of 10 mg/mL with
buffer B. Solid ammonium sulfate was added up to 50%
saturation, and the resulting pellet was resuspended in 2 mL
of buffer B and dialyzed against the same buffer for 12 h.
After removing insoluble material by centrifugation, the
sample was applied to a 1 mLMono-Q column (Pharmacia)
equilibrated with buffer B. The flow rate was 30 mL/h.
Using a 30 mL linear gradient ranging from 0 to 500 mM
KCl, HypC eluted from 100 to 270 mM KCl. The fractions
containing highly enriched HypC were pooled and concen-
trated in Centricon-10 concentrators (Amicon) to a volume
of 1 mL which was next applied to a Superdex 75 gel
filtration column (Pharmacia) equilibrated in buffer B
containing 100 mM KCl. The flow rate was 60 mL/h.
Fractions containing apparently pure HypC were pooled and
dialyzed against buffer B containing 50% glycerol. About
2.8 mg of HypC was obtained.
For overproduction of HypC which should be used for

atomic absorption spectroscopy (AAS), the growth medium
was supplemented with 100µM of NiCl2 and Fe(II)SO4 each,
and EDTA was omitted from buffers during the purification.
Purification of Pre-HycE.Pre-HycE was purified using

Strep-tag IIaffinity technology (22). Strain NST22 was used
for that purpose, in which the wild-typehycE gene was
replaced by a construct carrying aStrep-tag II-peptide
sequence (NWSHPQFEK) fused N-terminally to thehycE
gene (23). Furthermore, as a consequence of a genetic lesion
in the Ni-specific uptake system, HycE accumulates as the
Ni-free precursor form in this strain (Strep-tag IIpre-HycE
(nik)). Growth of the cells, extract preparation, ammonium
sulfate precipitation, and affinity purification ofStrep-tag II
pre-HycE (nik) on a Streptactin-Sepharose column were
performed exactely as described in ref23. After affinity
chromatography, HycE containing fractions were pooled and
dialyzed against 2 L of buffer C (50 mM potassium
phosphate buffer pH 7.5, 1 mM EDTA, 0.1 mM DTT) for
16 h. After removing insoluble material by centrifugation,
the sample was applied to a 1 mL Mono-Q column
equilibrated with buffer C at a flow rate of 30 mL/h. Proteins
were eluted with a 20 mL of linear gradient ranging from 0
to 500 mM NaCl. Next, the fractions were tested for HycE
and HypC immunologically so thatStrep-tag IIpre-HycE
(nik) containing fractions could be separated from fractions
“contaminated” with processed HycE species or HypC.
Strep-tag IIpre-HycE (nik) was brought to a final concentra-
tion of 0.17 mg/mL using Centricon-30 concentrators.
In Vitro Processing and Complex Formation.In vitro

processing was performed as described recently (7) except
that S-100 extracts were used. When subjected to PAGE
under nondenaturing conditions, the SDS-free sample buffer
was added after incubation.
In vitro complex formation between pre-HycE and HypC

was investigated either in S-100 extracts or with purified
components. Complex formation in extracts was performed
according to the following protocol: 340 ng of purified HypC

was added to 9µL of S-100 extract of strain HD705 or
DHP-C grown anaerobically. After 30 min incubation at
30 °C, SDS-free sample buffer was added, the sample
subjected to nondenaturing PAGE (12.5%), and HypC was
detected by immunoblotting analysis. For the investigation
of complex formation with purified components, 0.85µg of
Strep-tag IIpre-HycE (nik) was incubated with 0.85µg of
HypC for 30 min at 30°C. After 10% nondenaturing PAGE,
HypC was detected immunologically.
Coelution of Pre-HycE and HypC.A 500 µL amount of

S-100 extract of strain HD709 or DHP-C was applied to a 1
mL Mono-Q column equilibrated in buffer C. The flow rate
was 30 mL/h. Proteins were eluted from the column with a
20 mL linear gradient ranging from 0 to 500 mM NaCl. Pre-
HycE-HypC complex containing fractions were detected by
nondenaturing PAGE and immunological analysis with anti-
HypC antiserum. The presence of HycE in these fractions
was determined by SDS-PAGE and immunological detection
with anti-HycE antibodies.

RESULTS

Change of Migration BehaVior of HycE after in Vitro
Processing.To test the suitability of the chosen nondena-
turing polyacrylamide gel system, an in vitro processing
reaction was performed using strain NCI900. In this strain
HycE accumulates in a nickel-free precursor form as a
consequence of genetic lesions, one in the gene encoding
the hydrogenase 3 specific protease (hycI) and the other in
the Ni-specific uptake system (nik) (7, 24). Addition of
purified HycI protease and NiCl2 to an extract of this strain
allows Ni-incorporation into the active site of pre-HycE and
C-terminal processing to take place (7). The removal of a
3.85 kD peptide (5) and the expected conformational change
internalizing the metal center into the interior of the protein
(2) should lead to a change in the migration behavior of
HycE.
An S-100 extract was prepared from anaerobically grown

NCI900 cells. After addition of either 400µM NiCl2 or
purified HycI (0.5% of total protein) or of both components
together and incubation at 30°C for 60 min, the samples
were applied to 10% nondenaturing PAGE (Figure 1, top)
and to a 10% SDS-PAGE (Figure 1, bottom). Most of the
HycE antigen in NCI900 migrates slowly in multiple bands
(lane 2, top) which consist of the precursor form of HycE
(lane 2, bottom). Neither the addition of NiCl2 (lane 3) nor
of HycI protease (lane 4) alone results in processing (bottom)
or in any change of the migration behavior (top). Only upon
addition of both components (lane 5) processing takes place
(lane 5, bottom) to about 30% as determined by laser
densitometry. Processing is accompanied by a dramatic
change in migration behavior and the generation of a new
HycE form (lane 5, top). About 50% of the HycE antigen
migrates in this form, which corresponds to the predominant
HycE form found in the wild-type (MC4100, lane 1 and 6,
top).
Migration BehaVior of HypC upon Nondenaturing Poly-

acrylamide Gel Electrophoresis.To investigate possible
interactions between HycE and any of the accessory Hyp
proteins, S-100 extracts from strains with mutations in genes
required for hydrogenase activity were separated by non-
denaturing PAGE, and Western blot experiments were
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performed employing antisera directed against HypB, HypC,
HypD, HypE, and HypF.
The migration behavior of HypB, HypD, HypE, and HypF

did not vary in any of the mutants tested (data not shown).
The migration behavior of HypC, on the other hand, was
different in various mutants. Up to three different HypC-
forms could be detected (Figure 2). HypC-form 2 is lacking
in strains DHP-B (lane 8) and DHP-D (lane 9) whereas
HypC-form 3 is present in all mutants tested. Most interest-
ingly, HypC-form 1 is present in all strains except those
devoid of an intacthycEgene (HD705 and EDC32, lanes 3
and 4). In the wild-type strain (MC4100, lane 2), only trace
amounts of form 1 are detectable. These results suggest that
the HypC-form 1 could be due to an interaction of HypC
with the precursor form of HycE.
To test whether the presence and the amount of HypC-

form 1 could be influenced by overproduction of one of the
potential partners, plasmids carrying thehypCgene (pJA1021)
or thehycEgene (pACE1) were transformed into MC4100
(wt) and HD705 (∆hycE), respectively. After growing the

cells anaerobically, S-100 extracts were prepared, the proteins
were separated by nondenaturing PAGE, and the migration
behavior of HypC was detected immunologically (Figure 3).
Overproduction of HypC in a wild-type background leads
to an increase in the amount of HypC-form 1 (Figure 3A,
lane 3), whereas this form 1 cannot be generated by
overproduction of HypC in a∆hycEbackground (Figure 3A,
lane 5). Interestingly, overproduction of HycE leads to a
drastic change of HypC migration. In the wild-type as well
as in the∆hycEstrain,hycEexpression from a plasmid leads
to an increase in the amount of HypC-form 1 and the
disappearance of HypC-form 2 (Figure 3B, lanes 3 and 5).
Therefore, overproduction of each one of the interacting
partners leads to an increase in the amount of the pre-HycE-
HypC complex.

FIGURE 1: Change of migration behavior of HycE after processing
in vitro. Chemoluminogram of extracts ofE. coli MC4100 (wt;
lanes 1 and 6) and NCI900 (∆hycI, nikA-; lanes 2-5). Processing
reactions were performed with strain NCI900 without addition of
NiCl2 and HycI (lane 2), in the presence of 400µM NiCl2 (lane
3), in the presence of purified HycI protease (0,5% of total protein;
lane 4), or in the presence of both 400µM NiCl2 and HycI protease
(lane 5). Samples were applied to nondenaturing PAGE (top) or
SDS-PAGE (bottom). HycE was detected immunologically with
R-HycE antibodies.

FIGURE 2: HypC-forms in extracts from strains with mutations in
genes required for hydrogenase activity. Chemoluminogram of
extracts from strains DHP-C (∆hypC; lane 1), MC4100 (wt; lane
2), HD705 (∆hycE; lane 3), EDC32 (∆hycEC-terminus; lane 4),
HD709 (∆hycI; lane 5), HYD720 (nik-; lane 6), SMP101 (hypA-;
lane 7), DHP-B (∆hypB; lane 8), DHP-D (∆hypD; lane 9), DHP-E
(∆hypE; lane 10) and DHP-F (∆hypF; lane 11). HypC-forms were
detected withR-HypC antiserum and are marked with arrows.

FIGURE 3: Effect of overproduction of HypC or HycE from a
plasmid on the quantity of HypC-form 1. Chemoluminogram. A:
Overproduction of HypC: DHP-C (lane 1), MC4100 (lane 2),
MC4100 pJA1021 (lane 3), HD705 (lane 4), HD705 pJA1021 (lane
5). B: Overproduction of HycE: DHP-C (lane 1), MC4100 (lane
2), MC4100 pACE1 (lane 3), HD705 (lane 4), HD705 pACE1 (lane
5). After nondenaturing PAGE, HypC-forms were detected im-
munologically usingR-HypC antiserum.
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Comigration of Pre-HycE with HypC-form 1.So far, the
existence of a pre-HycE-HypC complex has only been
inferred from the influence of pre-HycE in the extract on
the occurrence of HypC-form 1. For a more direct proof,
comigration experiments were performed.
Due to the undefined migration behavior of pre-HycE in

nondenaturing PAGE (Figure 1, lanes 2-4) and the fact that
this migration behavior does not change in a∆hypCmutant,
DHP-C (data not shown), it was impossible to perform
comigration experiments in a one-dimensional gel system.
Therefore, a two-dimensional gel system with nondenaturing
PAGE in the first and SDS-PAGE in the second dimension
was established to demonstrate the presence of pre-HycE at
the same migration position in nondenaturing PAGE as
HypC-form 1. A HD709 S-100 extract was used for this
experiment, since the HypC-form 1 is most abundant in this
strain. After transferring the proteins onto nitrocellulose,
HycE and HypC were detected immunologically (Figure 4).
As already shown in Figure 1, the HycE precursor migrates
as a smear under nondenaturing conditions. HypC in contrast
migrates in two distinct forms. One of them corresponds to
the HypC-form 1 and is clearly associated with part of the
pre-HycE antigen, while the other form corresponds to the
fast migrating HypC-form 3 observed in earlier experiments.
For reasons not known, the third HypC form (form 2) could
not be detected in this case.
Comigration of pre-HycE and HypC can also be observed

during anion exchange chromatography. S-100 extracts of
strain HD709 (∆hycI, Figure 5A) or DHP-C (∆hypC, Figure
5B) were applied to a Mono-Q column, proteins were eluted
with a linear gradient ranging from 0 to 500 mM NaCl, and
fractions were tested for HypC and HycE immunologically
(Figure 5). HypC-form 1 is retarded by the column and
elutes in the fractions 8 to 11 (Figure 5A, top). In the same
fractions part of the HycE precursor can be found (Figure
5A, bottom). However, the occurrence of this form of pre-
HycE in these fractions depends on the presence of HypC
in the extract, as this pre-HycE form cannot be detected in
fractions 8-11 when the same experiment is performed with
a ∆hypC strain (Figure 5B). HypC-form 3 binds to the
Mono-Q column and elutes between 90 and 350 mM NaCl
(data not shown). HypC-form 2 could not be detected in
the fractions (data not shown).

Purification of NatiVe HypC. To analyze the pre-HycE-
HypC complex in more detail, native HypC was purified.
To get maximal overproduction,hypCwas expressed from
vector pTC-9, a pT7-7 derivative, in strain BL21(DE3). It
yielded soluble protein (Figure 6, lanes 2 and 3). After
ammonium sulfate precipitation, HypC was purified by two
chromatographic steps. First, the desalted pellet (Figure 6,
lane 4) was subjected to anion exchange chromatography
(Figure 6, lane 5). Gel filtration chromatography as a second
step yielded apparently homogeneous HypC protein (Figure
6, lane 6) which eluted at the position of an 18 kD protein.
Therefore, under these conditions HypC seems to form a
dimer.

FIGURE4: Two-dimensional gel electrophoresis and immunological
detection of HycE and HypC. Chemoluminogram of a HD709
extract subjected to nondenaturing PAGE (first dimension) and
subsequently to SDS-PAGE (second dimension). After transfer of
the proteins to nitrocellulose, the membrane was incubated with
R-HycE antibodies andR-HypC antiserum.

FIGURE 5: Coelution of pre-HycE and HypC from a Mono-Q
column: Chemoluminograms of extracts from strains HD709 (A)
and DHP-C (B). After application of extracts to a Mono-Q column,
fractions were analyzed for HypC-form 1 (A, upper pannel) or HycE
protein (A, lower pannel and B) by immunoblotting analysis.

FIGURE 6: Purification of native HypC. Samples were separated
by 15% SDS-PAGE and stained with Coomassie blue: marker
proteins (lane 1 and 7; 97 kD, 85 kD, 55 kD, 39 kD, 33 kD, 27
kD, 19 kD, 14 kD), S-10 extract (lane 2), S-100 extract (lane 3),
desalted pellet of 0 to 50% ammonium sulfate precipitation (lane
4), HypC containing fractions after anion exchange chromatography
(lane 5), and purified HypC after gel filtration (lane 6).
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An UV/visible spectrum of the purified protein did not
indicate the presence of any cofactor (data not shown).
Purified HypC also was tested for Ni- or Fe-binding by
atomic absorption spectroscopy. Less than 0.04 mol of Fe
and Ni each was found per mole of HypC.
Migration BehaVior of Purified HypC in Nondenaturing

PAGE. To find out if one of the three HypC-forms found
in nondenaturing PAGE corresponds to free, dimeric HypC,
the Superdex 75 fractions containing apparently pure HypC
(Figure 6, lane 6) were subjected to 15% nondenaturing
PAGE, and HypC was detected by immunoblotting analysis.
Surprisingly, HypC migrated not in one single form but as
a ladder of forms, which could consist of HypC oligomers
(Figure 7, lanes 1 to 7). When purified HypC was submitted
to filtration through a membrane with an exclusion size of
50 kD, HypC-form 3 was the only species found in the
flowthrough (Figure 7, lane 8). Nevertheless, raising the
concentration of this HypC species leads to oligomerization
again (data not shown).

In Vitro Complex Formation between Pre-HycE and HypC
in Extracts. To test whether HypC could exert its pre-HycE-
binding activity also in vitro, the purified, native protein was
incubated with S-100 extracts of strains HD705 (∆hycE,
Figure 8A, lane 3) and DHP-C (∆hypC, Figure 8A, lane 4),
respectively, for 30 min at 30°C. Samples were subjected
to nondenaturing PAGE and the appearance of the pre-HycE-
HypC complex was detected immunologically withR-HypC
antiserum. While no complex is formed in the∆hycEstrain
(Figure 8A, lane 3), the purified HypC protein can bind to
pre-HycE in the extract from strain DHP-C, generating
HypC-form 1 (Figure 8A, lane 4). Surplus HypC that does
not bind to pre-HycE migrates as a smear and in HypC-
form 3 but is not competent to induce HypC-form 2.
In Vitro Complex Formation between Pre-HycE and HypC

with Purified Components.Up to now it was impossible to
preclude that also other components participate in the build-
up of the pre-HycE-HypC complex. To exclude this
possibility it seemed reasonable to try to reconstitute the
complex with purified components. Therefore,Strep-tag II
pre-HycE (nik) (Figure 8B, lane 3) was incubated with native
HypC (Figure 8B, lane 4) for 30 min at 30°C. The sample
was then subjected to nondenaturing PAGE, and the appear-
ance of the complex was detected by immunoblotting
analysis usingR-HypC antiserum. As shown in Figure 8C
(lane 3), the complex is indeed reconstituted by mixing its
two components, pre-HycE and HypC, whereas no such band
is visible when the same amount of HypC is incubated in
the absence ofStrep-tag IIpre-HycE (nik) (Figure 8C, lane
4). Due to theStrep-tag IIpeptide at the N-terminus of pre-
HycE, the complex migrates slightly slower than its equiva-
lent in strain HD709 (Figure 8C, lane 2).

DISCUSSION

Assembly of the metal containing active site of [NiFe]
hydrogenases requires the function of a number of accessory
proteins. ForE. coli hydrogenase 3, six proteins (HypA,
HypB, HypC, HypD, HypE, and HypF) were shown to be
involved in this process (7, 9-11). Their specific function

FIGURE 7: Migration behavior of purified HypC in nondenaturing
PAGE. Chemoluminogram. Fractions 28-34 (lanes 1-7) after gel
filtration were subjected to 15% nondenaturing PAGE and HypC
was detected by immunoblotting analysis usingR-HypC antiserum.
Lane 8 shows the migration behavior of purified HypC after
filtration through a 50 kD size-exclusion membrane. HypC-form 3
is marked by an arrow.

FIGURE 8: Complex formation between HycE and HypC in vitro. A: Generation of the complex in extracts. Chemoluminogram of extracts
from strain HD705 (lane 1 and 3) or DHP-C (lane 2 and 4). Samples were incubated in the absence (lane 1 and 2) or presence (lane 3 and
4) of purified HypC protein. After nondenaturing PAGE, the HypC-form 1 was detected withR-HypC antiserum and is marked with an
arrow. B: Strep-tag II-pre-HycE (nik) (lane 3, 1µg) and native HypC (lane 4, 5µg) used for in vitro complex formation experiments were
subjected to 15% SDS-PAGE and stained with Coomassie blue. Lane 1: marker proteins (97 kD, 85 kD, 55 kD, 39 kD, 33 kD, 27 kD, 19
kD, 14 kD); lane 2: HycE, precursor and processed form (1µg). C: Chemoluminogram. Generation of the complex with purified components.
Either 0.85µg HypC alone (lane 4) or 0.85µg HypC plus 0.85µgStrep-tag II-pre-HycE (nik) (lane 3) were incubated for 30 min at 30°C.
After 10% nondenaturing PAGE, the pre-HycE-HypC complex was detected usingR-HypC antiserum. Lanes 1 and 2: S-100 extracts of
strains DHP-C and HD709, respectively. The HypC-form 1 of strain HD709 is marked by “1”, while the in vitro generated HypC-form 1
is marked by “1*”.
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and reaction sequence, however, is unknown up to know. It
is open whether thehypgene products act on HycE singly
or in a concerted action as some kind of “Ni-incorporation
complex” (25). Experimental evidence for the existence of
a complex between HycE and one of the Hyp proteins,
however, could not be provided yet.
With the aid of specific antibodies against most of theE.

coli Hyp proteins and the establishment of a nondenaturing
gel electrophoresis system with immunological detection, it
was possible to look for putative interactions between Hyc
and Hyp components. The in vitro processing reaction set
up previously (7) was used to correlate possible changes of
the migration behavior of HycE with the processing reaction.
It was indeed possible to demonstrate the generation of a
new HycE form which corresponds well with the predomi-
nant HycE form found in the wild-type (Figure 1). Upon
processing, the calculated molecular weight of HycE changes
by 3.85 kD and the net charge of the protein is increased
from -14.8 to-20.6 at pH 8.8. Nevertheless, the rather
dramatic change in migration behavior observed certainly
is also due to a conformational change that traps the active
site within the protein, as also proposed for theD. gigas
enzyme (2). A severe problem though is the unusual
migration behavior of pre-HycE in nondenaturing PAGE.
In all strains tested but the wild-type, pre-HycE migrates as
a smear of multiple conformers, which could consist of
folding intermediates (possibly aberant folding states) or
could be due to a high conformational flexibility of the HycE
precursor protein due to the presence of the unprocessed
C-terminus which is supposed to keep the protein in an
“open” conformation competent for metal incorporation (2,
26). Therefore at present we cannot explain what it means
that only 30% of the pre-HycE antigen is being processed
while about 50% of it is converted into the new, fast
migrating HycE species (Figure 1).
Since the chosen gel system seemed nevertheless suitable,

we looked for a change in migration behavior of various
Hyp proteins in different strains which carry mutations in
genes required for hydrogenase activity. Such a change
could only be observed in the case of HypC. The migration
behavior of HypB, HypD, HypE, and HypF is not affected
by any of the tested mutations and no higher molecular
weight complexes could be observed, which does not support
the idea of a “metal-incorporation complex”. However, this
possibility can certainly not be excluded completely, as weak
interactions would probably have been undetectable with this
method.
It was striking that in nondenaturing PAGE, the 9.7 kD

protein HypC migrates in at least three forms, which exhibit
remarkably different migration behavior (Figure 2). The
appearance of one of these forms (form 1) was dependent
on the presence of HycE precursor in the extract. The trace
of HypC-form 1 in wild-type extracts is probably due to the
about 5% unprocessed HycE present in these cells grown
under these conditions. HypC-form 3 seems to be the free,
probably dimeric form of HypC, as its elution behavior
during anion exchange chromatography (Mono-Q) corre-
sponds well to the elution behavior of overproduced, native
HypC from a Mono-Q column during purification. The
slight difference in the elution behavior could be due to the
different salts used for the elution in the two experiments.
The identity of HypC-form 2 is yet unknown. Its absence

in S-100 extracts of strains DHP-B and DHP-D implies that
this form could consist of a complex between HypC, HypB,
and HypD. Although we do not have any evidences that
support this idea (the migration behaviors of HypB and HypD
in nondenaturing PAGE and during anion exchange chro-
matography are indifferent to the presence or absence of
HypC in the extract), we cannot rule out this possibility
completely if e.g. immunoblotting analysis is too insensitive
to detect HypB or HypD in HypC-form 2. Taking into
account the migration behavior of purified HypC in nonde-
naturing PAGE, yet another possible identity of HypC-form
2 could be a certain oligomeric state of HypC.
The results presented above suggest that HypC-form 1

could represent a complex between the HycE precursor and
HypC. This notion is strengthened by experiments, in which
each one of the potential interacting partners was overpro-
duced and the influence of the overproduction on occurrence
and amount of HypC-form 1 was investigated (Figure 3).
The data show (i) that the HypC-form 1 cannot be generated
in the absence of pre-HycE, not even by overproduction of
HypC, and (ii) that the overexpression ofhycEresults in an
increase or a generation of HypC-form 1 at the expense of
HypC-form 2 (Figure 3B). Therefore, overproduced pre-
HycE seems to bind preferentially to HypC-form 2 to
generate HypC-form 1. However, it cannot be excluded that
overexpression ofhycEprevents a conversion of HypC-form
1 into HypC-form 2.
Since comigration experiments in the one-dimensional

nondenaturing gel system could not be performed due to the
undefined migration of pre-HycE, we used two-dimensional
gel electrophoresis (Figure 4) and anion exchange chroma-
tography (Figure 5) to clearly demonstrate comigration and
a physical interaction between pre-HycE and HypC. Obvi-
ously (Figure 4), only a certain conformer of pre-HycE is
competent to bind HypC stably, while the majority of the
pre-HycE antigen cannot participate in this interaction.
Currently we do not know what distinguishes HypC-binding-
competent pre-HycE from pre-HycE that is not competent
of binding. Another possibility would be that the amount
of HypC in the cell is less than stoichiometric relative to
the amount of pre-HycE and is recycled after its release from
the large subunit, as proposed for the NarJ protein (28 and
G. Giordano, personal communication).
Interestingly, the pre-HycE-HypC protein complex can

also be generated in vitro in extracts (Figure 8A) as well as
with purified components (Figure 8C). Incubation of purified
HypC with an S-100 extract of strain DHP-C (∆hypC) leads
to the formation of a small but significant amount of HypC-
form 1 (Figure 8A). Again, formation of this HypC form is
specific and strictly dependent on the presence of pre-HycE
and cannot be observed in strain HD705 (∆hycE). This
experimental setup resembles the in vitro Ni-incorporation
system established in our laboratory (7). In strain DHP-C,
HycE accumulates in the Ni-free precursor form (9) and upon
addition of HypC, all components required for metal-
incorporation and C-terminal processing are present in the
extract. Nevertheless, no processing of pre-HycE takes place
(data not shown), even though purified HypC is active in
the sense that it can exert its pre-HycE-binding function
(Figure 8A and 8C). It seems that pre-HycE does not remain
in an activatable state in the∆hypCmutant, like it is the
case in strain NCI900 (nikA-,∆hycI). Possible explanations
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for this phenomenon could be that (i) in the absence of HypC,
other accessory Hyp proteins cannot act on pre-HycE in vivo,
or that (ii) HypC is required to prevent misfolding of pre-
HycE or to keep it in a certain conformation necessary for
metal-incorporation. Generation of the pre-HycE-HypC
complex by mixing its two purified components (Figure 8B
and 8C) makes it highly unlikely that (i) HypC-form 1
contains other components than pre-HycE and HypC and
(ii) that the generation of the complex requires the help of
other proteins.
hypC has a homologous gene in the operon coding for

hydrogenase 2, namelyhybG (27). Mutations in hybG
abolish the maturation of the large subunit from hydrogenase
1 and 2 (27), but not of hydrogenase 3. It is plausible to
assume that HybG interacts with the precursor of the large
subunits of hydrogenases 1 and 2 in the same manner
as demonstrated for HypC in the maturation of hydro-
genases 3.
In summary, the data presented suggest that HypC could

be a hydrogenase specific “chaperone-like” protein that binds
to the precursor form of the large subunit ofE. coli
hydrogenase 3 and “guides” it through the posttranslational
maturation process. As the pre-HycE-HypC complex is
present in all otherhypmutants, binding seems to be an early
step in maturation. Until now we do not know at what step
in the processing scheme the dissociation occurs. The
absence of bound Ni or Fe in the purified HypC protein does
not support the idea that HypC is directly involved in metal-
donation to pre-HycE. The stoichiometry between pre-HycE
and HypC in the complex and the binding site between the
two components are presently under investigation.
A similar function has been proposed recently for the NarJ

protein. Liu et al. (28) propose NarJ to be a system-specific
chaperone required for biogenesis of an active respiratory
nitrate reductase complex (encoded bynarG, narH, andnarI)
in E. coli. Furthermore it was shown that binding of NarJ
to the molybdenum cofactor containing catalytic subunit,
NarG, is required for the insertion of the cofactor into the
apo-NarG subunit (G. Giordano, personal communication).
Binding of accessory proteins to a Ni-free apoprotein was

also demonstated recently forKlebsiella aerogenesurease.
Three accessory proteins, UreD, UreF, and UreG, form a
complex with the urease apoprotein, and this is thought to
be the key activation complex in the cell (29). Therefore,
binding of accessory proteins as a prerequisite for active site
assembly could be a common pattern in catalyzed metal
incorporation.
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