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(Background: HypA contributes to the biosynthesis of [NiFe] hydrogenase.
Results: Escherichia coli HypA interacts with the hydrogenase precursor protein, assembles other nickel insertion proteins, and

Conclusion: HypA serves as a scaffold for nickel insertion, which occurs proximal to the cell membrane.
Significance: This information is crucial for understanding the biosynthesis of [NiFe] hydrogenase enzymes and nickel home-
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Nickel delivery during maturation of Escherichia coli [NiFe]
hydrogenase 3 includes the accessory proteins HypA, HypB, and
SlyD. Although the isolated proteins have been characterized,
little is known about how they interact with each other and the
hydrogenase 3 large subunit, HycE. In this study the complexes
of HypA and HycE were investigated after modification with the
Strep-tag II. Multiprotein complexes containing HypA, HypB,
SlyD, and HycE were observed, consistent with the assembly of a
single nickel insertion cluster. An interaction between HypA
and HycE did not require the other nickel insertion proteins, but
HypB was not found with the large subunit in the absence of
HypA. The HypA-HycE complex was not detected in the
absence of the HypC or HypD proteins, involved in the preced-
ing iron insertion step, and this interaction is enhanced by
nickel brought into the cell by the NikABCDE membrane trans-
porter. Furthermore, without the hydrogenase 1, 2, and 3 large
subunits, complexes between HypA, HypB, and SlyD were
observed. These results support the hypothesis that HypA acts
as a scaffold for assembly of the nickel insertion proteins with
the hydrogenase precursor protein after delivery of the iron cen-
ter. At different stages of the hydrogenase maturation process,
HypA was observed at or near the cell membrane by using fluo-
rescence confocal microscopy, as was HycE, suggesting mem-
brane localization of the nickel insertion event.

Escherichia coli encodes at least three hydrogenase isoforms
that are produced under anaerobic fermentative conditions (1,
2). All three hydrogenases are localized at the inner membrane
of the cell, with the periplasmically oriented “uptake” hydro-
genase 1 and 2 enzymes responsible for hydrogen oxidation to
protons and electrons and the cytoplasmic hydrogenase 3
responsible for fermentative hydrogen production (1, 3). The
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large subunits of these heterodimeric enzymes harbor the
dinuclear active site consisting of an Fe(CN),(CO) cluster coor-
dinated with a nickel ion (4, 5). The assembly of this [NiFe]
metallocenter requires multiple accessory proteins (for
reviews, see Refs. 6 —8), and the HypA/HybF, HypB, and SlyD
proteins are involved in nickel delivery to the precursor protein
(6, 9). Nickel insertion is required before the hydrogenase
enzyme large subunit can be processed by proteolytic cleavage
to complete maturation (10). This biosynthetic pathway is
thought to be reproduced in many organisms, which express
homologues of HypA, HypB, and in some cases SlyD (6, 9).
Although studies characterizing the individual nickel insertion
proteins have emerged, there is limited information about how
they act together to deliver nickel.

Deletion of any of the three nickel insertion genes results in
strains of E. coli exhibiting decreased hydrogenase processing
and activity that can be restored upon the addition of excess
nickel to the growth medium (11-13). All three of these pro-
teins can bind nickel in vitro, and all of the metal-binding sites,
or in the case of SlyD the metal binding domain, are important
for hydrogenase maturation (14 —16). The participation of SlyD
in hydrogenase biosynthesis was discovered through its inter-
action with HypB (13, 16). HypB and HypA can also interact
(17, 18), suggesting a communal function for these two proteins
and SlyD during nickel delivery to hydrogenase. Furthermore,
multiprotein complexes including HycE and some combina-
tion(s) of HypA, HypB, and SlyD have been demonstrated (19).
However, it was not clear if nickel insertion to the enzyme
occurs via a cooperative multiprotein event.

In addition to nickel, HypA binds zinc with nanomolar affin-
ity at a site composed of the cysteines from two conserved
CXXC motifs (17, 20-22). This type of zinc binding motif is
commonly found in domains that facilitate biomolecular inter-
actions (23). In E. coli, HypA contributes to the biosynthesis of
hydrogenase 3, whereas the homologous protein HybF fulfills
the analogous role for production of hydrogenases 1 and 2 (12).
The hydrogenase isoform specificity of HypA/HybF as well
as the putative structural zinc site lead to the hypothesis that
HypA and HybF interact directly with the appropriate
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TABLE 1
E. coli strains and plasmids used in this study
Strain/plasmid Genotype Reference/source
E. coli strains
MC4100 F~, araD193, A(argF-lac)-U169, ptsF25, relAl, flbB5301, rpsL150, A~ (55)
HD705 MC4100, AhycE (56)
DHP-B MC4100, AhypB (57)
DPABE MC4100, hypA (ATG — TAA), AhybF (12, 57)
HYD723 MC4100, nikA::Mudl (26)
DHP-C MC4100, AhypC (57)
AhypD W3110 Alacl169, gal490, X c1857, A(cro-bioA), AhypD, hypE-SPA (46)
AslyD W3110 Alacli169, gal490, A cI857, A(cro-bioA) , AslyD (13)
AhyaB AhybC AhycE AhybClacl?, rrnBy, 4, AlacZy,, e hsdR514, AaraBAD 53, ArhaBAD, (58)
hyaB hybC hycE Akan
Plasmids

pBAD24 Amp®, araC (24)
pBAD24-HycEStr Amp*, araC, pBAD24, Strep-tag Il hycE (19)
pBAD24-HypBStr Amp®, araC, pBAD24, Strep-tag Il hypB (19)
pET24b-hypA Kan®, pET24b, hypA This work
pBAD18 Kan®, araC (24)
pBAD18-HypA Kan®, araC, pBAD18, hypA This work
pBAD18- HypAStr Kan®, araC, pBAD1S, Strep-tag Il hypA This work
pBAD18- HypA H2A Kan®, araC, pBAD18, hypAH2A This work

hydrogenase large subunit (12, 14), but this model has not
been tested.

In this study we provide evidence for an interaction between
HypA and HycE and demonstrate that this interaction occurs in
the presence of, but does not require, the other known nickel
insertion proteins. The HypA-HycE complex is only observed
in cells competent for iron insertion to the premature enzyme,
and it is influenced by the NikABCDE transporter. Further-
more, pulldown assays performed with a tagged variant of
HypA result in the co-elution of multiple proteins associated
with the inner membrane, suggesting localization of HypA at or
near this cellular milieu. This model was confirmed by fluores-
cence microscopy of E. coli, which revealed that HypA as well as
HycE are at the membrane during different stages of hydrogen-
ase maturation. The implications of these data on the role for
HypA during nickel insertion to the hydrogenase precursor
protein are discussed.

EXPERIMENTAL PROCEDURES

Materials—Primers were purchased from Sigma. Pfu DNA
polymerase was from Fermentas, and restriction enzymes were
from New England Biolabs. Strep-tactin-Sepharose columns
and StrepMAB antibodies were purchased from IBA. Anti-
HypB rabbit polyclonal antibodies (11) were a generous gift
from Prof. A. Bock (University of Munich). Anti-SlyD rabbit
polyclonal antibodies were prepared by immunization of rab-
bits with purified SlyD (Division of Comparative Medicine,
University of Toronto) (16). Monoclonal anti-SlyD antibodies
were generous gifts from Prof. M. Wahlgren (Karolinska Insti-
tutet). Anti-HypA and anti-HycE antibodies were prepared by
immunizing rabbits with synthesized peptides (‘> ADDGLQ-
IRRIEIDQE''® from the HypA sequence or 3°°RAS-
GHARDTRADHPFVGY*'? from the HycE sequence) (Cedar-
lane, Burlington ON). These sequences were chosen based on
their lack of similarity with other proteins, as verified with
BLAST, and their hydrophilicity. All fluorescent cell stains were
purchased from Invitrogen. Solutions were prepared with Mil-
li-Q water, 18.2 megohms-cm resistance (Millipore), and the
pH values of the buffers were adjusted with HCl or NaOH.
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Bacterial Strains and Plasmids—For a complete list of bacte-
rial strains used in this study, see Table 1. Construction of the
pBAD24-Strep-tag Il hycE (pBAD24-hycEStr) plasmid was pre-
viously reported (19) and encodes a protein tagged with the
1172-Da Strep-tag Il at the N terminus. The hypAStr gene was
amplified by PCR from MC4100 with the forward 5'-GGG-
CGGCCATATGCACGAAATAACCCTCTGCCAACGGG-3'
and reverse 5'-CATCATCTCGAGTTACTTTTCGAA-
CTGCGGGTGGCTCCACTCCTGGTCTATTTC-3" prim-
ers. The PCR product was purified by using the QIAquick PCR
purification kit (Qiagen) and digested with Ndel and Xhol.
After subsequent purification, the fragments were ligated with
pET24b (Novagen) digested with the same enzymes and trans-
formed into XL-2 Blue E. coli (Stratagene). To subclone into the
pBADI18-Kan plasmid (24), hypA (pBAD18-hypA) or Strep-tag
II hypA (pBADI18-hypAStr, encoding the C-terminal-tagged
HypA) was amplified by PCR from pET24b-hypAStr with the
forward 5'-CGTATAGGCTAGCAGGAGGAATTCACCAT-
GCACGAAATAACCCTCTG-3' and either 5'-CGGCTCG-
TCTAGATCACTCCTGGTCTATTTCTATCCGC-3" (hypA)
or 5'-CAGCGCGTCTAGATTACTTTTCGAACTGCGGGT-
GGCTC-3" (Strep-tag 11 hypA) reverse primers. The PCR
products were purified and digested with Nhel and Xbal.
After subsequent purification, the fragments were ligated
with pBAD18-Kan digested with the same enzymes and
transformed into XL-2 Blue E. coli. Plasmid DNA was iso-
lated from cultures grown in kanamycin-supplemented LB
medium by using a Qiagen Plasmid Miniprep kit, and the
sequences were verified (ACGT, Toronto, Canada). To intro-
duce the H2A mutation into the pBAD18-hypA plasmid,
QuikChange mutagenesis was performed using the forward (5'-
CAGGAGGAATTCACCATGGCCGAAATAACCCTCTGCC-
3') and reverse (5'-GGCAGAGGGTTATTTCGGCCATGGT-
GAATTCCTCCTG-3') primers.

Media, Growth Conditions, and Cross-linking—Cells were
grown anaerobically at 37 °C for 16 h after inoculation with 1%
(v/v) of an 8-h culture in sealed 1-liter bottles of buffered
medium containing 10 g of Tryptone, 5 g of yeast extract, 69 mm
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K,HPO,, and 22 mm KH,PO,/liter (13) supplemented with 1
uM sodium molybdate, 1 um sodium selenite, 30 mm sodium
formate, 0.8% glycerol, 100 uMm arabinose, and either 100 ug/ml
ampicillin  (pBAD24-hycEStr) or 50 ug/ml kanamycin
(pBAD18-hypAStr). The Agq, of cell cultures under anaerobic
growth did not surpass 1 absorbance unit. The cells were har-
vested by centrifugation, washed with 50 mm potassium phos-
phate, pH 7.6 (buffer A), and resuspended in buffer A contain-
ing 0.2 mm phenylmethylsulfonyl fluoride and trace amounts of
DNase. For samples treated with cross-linker, 5 mm 1,5-dif-
luoro-2,4-dinitrobenzene (Pierce) was added, and the cells were
incubated at room temperature for 30 min followed by quench-
ing with 100 mm Tris-HCI, pH 7.5. The cells were sonicated on
ice or immediately stored at —80 °C for later use.

Hydrogenase Activity Assays—Total hydrogenase activity of
crude cell extracts (not cross-linked) was monitored by meas-
uring hydrogen-dependent reduction of benzyl viologen (2).
Reactions were prepared in a septum-sealed cuvette in an
anaerobic glove box (~96% N, and 4% H,). Activity was meas-
ured in units/mg of total protein. One unit of activity corre-
sponds to 1 wmol of benzyl viologen reduced/min, and an
extinction coefficient of 7400 M~ ' cm ™! was used (2). Protein
concentrations were determined by the BCA protein assay
(Pierce).

Purification of Strep-tag II Protein—After sonication of the
cells and centrifugation for 30 min at 21,100 X g at 4 °C, the
supernatant was applied to a Strep-tactin Superflow column (1
ml bed volume, IBA) aerobically. The column was washed with
25 column volumes of buffer A followed by 1 column volume
each of 100 mm, 500 mm, and 1 M NaCl in buffer A and a final 2
column volumes of buffer A. In the case of samples prepared for
native gel electrophoresis, the column was washed only with 5
column volumes of buffer A to maintain gentle purification
conditions. The proteins were eluted with 3 column volumes of
buffer A containing 2.5 mm desthiobiotin, and 0.5-ml fractions
were collected. Tagged proteins eluted in fractions 3 and 4.

Western Analysis—Proteins were resolved on 10% or 12.5%
SDS-polyacrylamide gels or 7.5% nondenaturing polyacryl-
amide gels and transferred to polyvinylidene difluoride mem-
branes (Millipore) post-electrophoresis. The blots were probed
with the appropriate polyclonal antibody at a 1:1000 dilution or
0.2 ug/ml monoclonal anti-Strep-tag Il antibodies (IBA).
HycEStr elution fractions were consistently analyzed by using
the anti-Strep-tag II monoclonal antibody, but control experi-
ments demonstrated that the same pattern of bands was
observed as when the anti-HycE polyclonal antibodies were
used. The 2° goat anti-rabbit or goat anti-mouse (Bio-Rad) anti-
bodies were used at a dilution of 1:30,000. Enhanced chemilu-
minescence (Pierce) was used for detection.

In-gel Tryptic Digests—Proteins were resolved on 10% or
12.5% SDS-polyacrylamide gels, stained with Coomassie® Bril-
liant Blue R (Sigma) and destained with 25% ethanol. Gel pieces
were washed in 50 mMm ammonium bicarbonate and destained
in 50% acetonitrile and 25 mM ammonium bicarbonate, trans-
ferred to a solution of 10 mmM DTT in water for 30 min at 56 °C,
incubated in 100 mMm iodoacetamide in water for 15 min, and
then incubated overnight at 37 °C with 0.2 ug/ul trypsin gold
(Promega) in 50 mM ammonium bicarbonate. Digested pep-
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tides in solution were separated, and gel pieces were washed
with alternating 5% formic acid and 100% acetonitrile to com-
pletely recover peptides. Samples were dried and reconstituted
in 20 ul of 0.1% formic acid or stored dry at —20 °C until
analysis.

LC-MS/MS—Confirmation of protein identity was carried
out with tryptic peptides generated from an elution fraction
from the Strep-tactin column digested with 10 ng/ul trypsin
gold or in-gel tryptic digests and analyzed by LC-MS/MS. Sam-
ples were treated with Cleanup C18 Pipette Tips (Agilent), and
15 ul was injected onto an HPLC system (HP-Agilent 1100
series LC) interfaced by electrospray to a QTRAP LC-MS/MS
system (LTQ Finnigan, Thermo Electron Corp.). A microbore
(2.1-mm inner diameter X 50 mm) Thermo Gold C18 (2.2 uwm)
column with isocratic elution through a mobile phase of meth-
anol/water (80:20, v/v) was used for LC separation. The samples
were analyzed in the positive ion mode, and spectra were
acquired in MS mode at 33 ms/scan and in MS/MS mode at 200
ms/scan. The data were processed to generate a peak list and
fed into the SEQUEST search engine. The data were searched
against the RCSB Protein Data Bank sequence data base.

Cell Staining and Preparation for Fluorescence Micros-
copy—Volumes of 57 ml were used for cultures grown anaero-
bically as outlined above. After harvesting, cells were washed
twice in 15 ml of ice-cold PBS buffer (137 mm NaCl, 10 mm
Na,HPO,, 2.7 mm KCl, 1.76 mm KH,PO,, pH 7.4). All of the
following steps were performed with 1-ml volumes in PBS
buffer at room temperature, and the cells were washed twice in
between each step by resuspension, centrifugation at 10,770 X
g and decanting of supernatant. First, cells (1 ml of 10" dilu-
tion in PBS) were fixed in 4% formaldehyde for 10 min followed
by permeabilization with 0.25% Triton X-100. Cells were then
stained with 12.5 um 4,4-difluoro-5-(2-thienyl)-4-bora-3a,4a-
diaza-s-indacene-3-dodecanoic acid (BODIPY® 558/568 C,,)
(Invitrogen) for 30 min followed by a second permeabilization
step with 0.25% Triton X-100 and a final staining step with 2
png/ml Alexa Fluor® 633 streptavidin conjugate for 30 min
(Invitrogen). For immunofluorescence staining, after the sec-
ond permeabilization step, 1 ug/ml primary monoclonal anti-
SlyD antibody was incubated with cells for 1 h followed by final
staining with 5 pg/ml Alexa Fluor® 633-labeled goat anti-
mouse IgG (Invitrogen) for 45 min. Cells were applied to glass
slides with 1:1 v/v of 0.3% agarose, and cover slides were sealed
with nail polish. Cells were visualized with an Olympus IX81
inverted microscope using a 60X oil objective and illuminated
with 543 nm and 633 nm helium neon laser sources (Advanced
Optical Microscopy Facility, Toronto).

RESULTS

Hydrogenase 3 Large Subunit and HypA Form Multiprotein
Complexes in the Cell—Previously, in an effort to capture and
identify the nickel insertion proteins associated with the hydro-
genase precursor protein, an N-terminal Strep-tag II variant of
the hydrogenase 3 large subunit (HycEStr) with a molecular
weight of 66 kDa in the unprocessed form was introduced into
a bacterial strain with a genetic deletion of hycE (HD705). Pull-
down studies with a Strep-tactin column revealed a mixture of
processed and unprocessed HycEStr and a SlyD-HycE interac-
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FIGURE 1. HypAStr activity and protein complex formation. A, crude cell
lysates from wild-type MC4100 cells or DPABF (hypA ATG — TAA, AhybF) cells
grown with or without the pBAD plasmid containing the hypA or hypAStr
gene were prepared and tested for hydrogenase activity using benzyl violo-
gen as the electron acceptor in an anaerobic solution assay containing 4%
hydrogen gas. The results represent the average of three independent exper-
iments, and error bars indicate *= 1 S.D. B, shown is a Western blot of the
pulldown of HypAStr from DPABF using a Strep-tactin-Sepharose column. The
expected molecular masses of the hydrogenase proteins are: HypAStr (14.3
kDa), HypB (31.6 kDa), SlyD (20.8 kDa), and hydrogenase isoform 3 large sub-
unit HycE (65 kDa). The HypB protein is sensitive to proteolytic degradation,
resulting in an additional 21-kDa fragment. SlyD typically migrates slower
than expected on SDS-PAGE. Samples were reduced with B-mercaptoethanol
and boiled before resolution on a 12.5% SDS-polyacrylamide gel followed by
Western blotting with the indicated polyclonal antibodies.

tion occurring in early stages of hydrogenase maturation (19).
HycEStr as bait also pulled out HypB and HypA along with
SlyD, but it was unclear if all four proteins exist in a single
complex or if they interact separately with HycE. The goals of
this work were to resolve this issue and then to focus on the
components and conditions required for the interaction
between HypA and HycE.

A sequence coding for Strep-tag Il was added onto the 3’ end
of hypA and cloned into the arabinose-inducible pBAD18-Kan
plasmid. Hydrogenase activity in DPABF (hypA ATG—TAA,
AhybF) cells producing this C-terminal tagged HypA
(HypAStr) is comparable with that from cells producing
untagged HypA (Fig. 14), demonstrating that HypAStr is func-
tional in hydrogenase maturation. Pulldown experiments per-
formed with lysate from DPABF cells producing HypAStr fol-
lowed by Western blotting revealed co-elution of HypB, SlyD,
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FIGURE 2. HycEStr or HypAStr protein complexes. Cells were exposed to a
cell permeable cross-linker before lysis, and pulldown assays were performed
by using a Strep-tactin-Sepharose column. Samples were reduced with
B-mercaptoethanol and boiled before resolution on 10% (HycEStr pulldown
assays) or 12.5% (HypAStr pulldown assays) SDS-polyacrylamide gels fol-
lowed by Western blotting with the indicated antibodies. A, HD705 produc-
ing HycEStr is shown. B, DPABF producing HypAStr is shown.

and HycE (Fig. 1B). HycE co-eluted with HypAStr in the unpro-
cessed form (supplemental Fig. S1). As a control, cell extracts
from DPABF producing wild-type HypA and subjected to the
same Strep-tactin column and Western blot analysis with anti-
HypA, anti-HycE, anti-HypB, and anti-SlyD antibodies did not
produce any detectable signal (data not shown). The observa-
tion that HypA, HypB, SlyD, and HycE can all be pulled down
when either HypA (Fig. 1B) or HycE (19) are tagged suggests
that there is complex formation between the nickel insertion
proteins and the hydrogenase large subunit.

In an effort to trap these protein complexes, the membrane-
permeable cross-linker 1,5-difluoro-2,4-dinitrobenzene was
applied to cells. The use of cross-linker resulted in detection of
increased amounts of co-eluting nickel insertion proteins with
HycEStr (supplemental Fig. S2) after strenuous high salt wash
conditions on the Strep-tactin column. After affinity chroma-
tography, Western blots of cross-linked samples of HycEStr
from HD705 cells transformed with pBAD24-hycEStr revealed
the presence of multiprotein complexes containing HypA,
HypB, and SlyD with HycEStr (Fig. 24) and Chan Chung and
Zamble (19). When HypAStr was cross-linked and pulled out of
DPABEF cells containing the pPBAD18-hypAStr plasmid, all four
proteins were again detected by Western blot (Fig. 2B) and con-
firmed by LC-MS/MS (supplemental Table S1). Occasionally,
monomeric HypAStr was observed as a doublet in the Western
blots, even in non-cross-linked samples (data not shown),
which could be attributed to partial degradation during the
purification process. It was not possible to identify a common
band corresponding to a single multiprotein complex contain-
ing all of the HycE, HypA, HypB, and SlyD proteins in the dena-
turing Westerns, which suggests incomplete cross-linking of
proteins, differences in antibody sensitivity in the Western
blots, and/or the presence of other additional proteins in the
complexes (19). As such, the Western assays with SDS-poly-
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FIGURE 3. HypA protein complexes formed in the absence of HypB, SlyD, or hydrogenase 1-3 large subunits. Cells were exposed to a cell permeable
cross-linker before lysis, and pulldown assays were performed by using a Strep-tactin-Sepharose column. Samples were reduced with B-mercaptoethanol and
boiled before resolution on 10% (HycEStr pulldown assays) or 12.5% (HypAStr pulldown assays) SDS-polyacrylamide gels followed by Western blotting with
the indicated antibodies. A, MC4100, DPABF, DHP-B, and AslyD strains producing HycEStr are shown. B, AhyaB AhybC AhycE, DHP-B, and AslyD strains
producing HypAStr are shown. C, AhyaB AhybC AhycE expressing HypAStr is shown.

acrylamide gels were used as a means to assess the presence of
specific proteins in the elution fractions. Samples of pulldown
assays from cross-linked cells producing either HypAStr or
HycEStr were also analyzed by native gel electrophoresis and
Western blotting (supplemental Fig. S3). For either bait pro-
tein, although some smearing and multiple bands are observed,
there is one band common to the Westerns probed with the
antibodies to all four proteins, providing support for a single
multiprotein complex.

HypA Forms Complexes with HycE without HypB or
SlyD—To investigate whether HypA interacts with HycE in the
absence of the other nickel insertion proteins, in vivo cross-
linking and pulldown assays with HycEStr or HypAStr were
performed in DHP-B (AhypB) and AslyD strains containing
either pBAD24-hycEStr or pBAD18-hypAStr. To control for
possible competition for HypA between plasmid-encoded
HycEStr and genomically encoded HycE in DHP-B and AslyD
strains, the wild-type MC4100 strain was transformed with
pBAD-hycEStr. No significant difference was detected in the
amount of HypA co-eluting from MC4100 or HD705 strains
expressing HycEStr (Fig. 2A versus 3A anti-HypA Western
blots). Furthermore, the interaction between HypA and HycE
was maintained in both DHP-B and AslyD strains (Fig. 3, A and
B). LC-MS/MS was used to confirm the association between
HycE and HypA in the DHP-B or AslyD backgrounds (supple-
mental Table S1), indicating that the hydrogenase large subunit
associates with HypA independent of the other nickel proteins
and their activities. In contrast, when HycEStr pulldown exper-
iments were performed from the DPABF strain, HypB could
not be detected by Western blot (data not shown) or by LC-
MS/MS (supplemental Table S1), supporting a role for HypA in
mediating complex formation between HypB and HycE.

Nickel Insertion Protein Complexes Can Form in the Absence
of Hydrogenase—To investigate if the nickel insertion proteins
could assemble in the absence of hydrogenase, a bacterial strain
containing gene deletions of three hydrogenase isoform large
subunits (AhyaB AhybC AhycE) was transformed with
pBADI18-hypAStr (Fig. 3C). After exposure to the cross-linker
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and pulldown of the tagged HypAStr as bait, Western blots
revealed co-elution with HypB and SlyD (Fig. 3C and supple-
mental Table S1). This result indicates that HypA can form
complexes with the other nickel insertion proteins HypB and
SlyD in the absence of hydrogenase.

The Interaction between HypA and HycE Occurs after Iron
Insertion—The current model for [NiFe] hydrogenase matura-
tion presents the biosynthesis of the active site as two distinct
events; the first is iron insertion enabled by the HypCDEF pro-
teins, and the second is nickel insertion (25). To test this model
and to verify that HypA participates during nickel insertion in
the second stage of hydrogenase maturation, HycEStr was
pulled down from DHP-C (AhypC) or AhypD cells containing
pBAD24-hycEStr, representing a putative HycE precursor
devoid of iron and unprepared for nickel insertion. Although
constant amounts of total protein were loaded per lane,
decreased relative amounts of HycEStr in both DHP-C and
AhypD are evident (Fig. 4 and supplemental Fig. S4), possibly
due to degradation of immature HycE or an increase in addi-
tional proteins, such as folding chaperones associated with the
premature large subunit (19). Nevertheless, HypA was not
detected at all in association with HycE from either of these
strains by Western blotting or in the case of DHP-C by LC-
MS/MS (Fig. 4, supplemental Fig. S4 and Table S1). Similarly, in
the converse experiment, HypAStr was pulled down from a
DHP-C strain, and co-eluting HycE was not detected (supple-
mental Fig. S5). It should be noted that HycE expression levels
in the DHP-C strain are less than half that of the wild-type
MC4100 (data not shown). Furthermore, as described above for
HycEStr, decreased relative amounts of HypAStr were
observed in the pulldown sample from the DHP-C strain com-
pared with the MC4100 sample. To control for this difference,
more total protein from the DHP-C pulldown sample com-
pared with the wild-type samples was used for Western analy-
sis, and HycE was still not observed (supplemental Fig. S5).
Altogether, these observations are consistent with a role for
HypA in the hydrogenase maturation process that is depen-
dent on the participation of HypC and HypD. Similarly,
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FIGURE 4. The interaction between HypA and HycE occurs after iron inser-
tion. Wild-type MC4100 cells or DHP-C (AhypC) cells producing HycEStr were
exposed to a cell permeable cross-linker before lysis, and pulldown assays
were performed by using a Strep-tactin-Sepharose column. Samples were
reduced with B-mercaptoethanol and boiled before resolution on 10% SDS-
polyacrylamide gels followed by Western blotting with the indicated
antibodies.

HypB was not detected by Western blot (data not shown) or
by LC-MS/MS.

An Active NikABCDE Transporter Enhances the HypA-HycE
Complex—To assess whether nickel imported by the NikAB-
CDE transporter is required for the HypA interaction with
HycE, a pulldown assay was performed with HycEStr expressed
in the bacterial strain HYD723 (AnikA), which lacks the soluble
periplasmic component of the transporter. Disruption of nickel
uptake resulted in a loss of hydrogenase activity (Fig. 54) as
expected (26) as well as decreased processing of the enzyme
large subunit (Fig. 5B), an event that follows nickel insertion
(27). A marked decrease in the amount of HypA pulled down
with HycEStr was observed in HYD723 compared with the
MC4100 wild-type strain (Fig. 5C). Similarly, when HYD723
cells expressing HypAStr were treated with cross-linker and
pulldown assays were performed, less co-eluting HycE was
observed relative to a HypAStr pulldown from MC4100 (sup-
plemental Fig. S6). This effect on the amount of detectable
HypA-HycE complex supports a connection between the nickel
imported by the Nik transporter and the interactions between
the nickel insertion proteins and the hydrogenase large subunit.
In contrast, the amount of HypB and SlyD pulled down with
HypAStr from HYD723 cell lysates was not dramatically
affected (supplemental Fig. S6), suggesting that nickel is not
required for assembly of these proteins before association with
the hydrogenase precursor.

To test whether exogenously added nickel could restore the
HypA-HycEStr interaction, extra nickel was added to the
growth media of the HYD723 cells. It is possible that high con-
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centrations of nickel can leak through the Nik transporter even
in the absence of the NikA periplasmic protein or alternatively
through the high capacity Mg>" transport system (28). In
agreement with this hypothesis, nickel uptake is indicated by
the restored hydrogenase activity (Fig. 54) and HycEStr proc-
essing (Fig. 5B). However, only a very slight increase in the
amount of HypA pulled down with HycE from the HYD723
strain grown with added nickel was observed (Fig. 5C). It should
be noted that HycEStr production levels were lower in the
HYD?723 strains (Fig. 5B), which would also contribute to less
detectable HypA. To verify that the decrease in co-eluting
HypA was not solely due to lower HycEStr production levels,
band intensities were compared using densitometry software.
The difference between the HypA signals was more than 2-fold
greater when comparing the MC4100 and HYD723 samples
than the difference between HycEStr signals with or without
nickel supplementation. The low amount of HypA-HycEStr
complexes coupled with the hydrogenase processing and activ-
ity suggest that upon growth in higher concentrations of nickel
some of the metal can bypass the nickel insertion proteins to
reach the hydrogenase enzyme through unidentified means.

To investigate if nickel binding to HypA mediates the HypA-
HycEStr interaction, the nickel-binding His-2 (14, 18) in HypA
was mutated to an alanine (H2A), and the mutant protein was
co-produced with HycEStr in the DPABF strain. The interac-
tion between HycEStr and H2A-HypA was still observed (sup-
plemental Fig. S7), which suggests that the association does not
require metal binding by HypA.

HypAStr Pulls Down Membrane-associated Proteins—HypAStr
pulldown experiments from DPABF cells not treated with
cross-linker were resolved on SDS-polyacrylamide gels, and
many protein bands were detected upon staining with Coomas-
sie Blue dye (Fig. 6A4). More protein bands relative to the bait
protein in HypAStr pulldown assays were observed compared
with HypBStr or HycEStr pulldown assays (Fig. 6). To identify
some of these co-eluting proteins, bands were cut from the gels,
and in-gel tryptic digests were performed followed by LC-MS/
MS. Due to the abundance of proteins in the HypAStr elution
fractions, clear HypB, SlyD, and HycE bands were not observed;
however, as described above, tryptic digests of elution fractions
followed by LC-MS/MS as well as Western blotting did confirm
their presence (Ref. 19, Fig. 1, and supplemental Table S1). The
HypAStr co-eluting proteins include membrane-associated
proteins linked to the pyruvate formate lyase and formate
hydrogen lyase pathways (see Fig. 6A and supplemental Table
S1). Examples include aldehyde-alcohol dehydrogenase (a
pyruvate formate-lyase deactivase) and formate dehydrogen-
ase-H (a component (along with HycE) of the formate hydrogen
lyase complex) (1, 29-31). Other membrane proteins, such as
D-tagatose-1,6-bisphosphate aldolase subunit (involved in
galactitol catabolism) and glycerol-3-phosphate dehydrogen-
ase, were also identified (Fig. 6, A and C, and supplemental
Table S1). These proteins are likely present because of cell
growth on glycerol as a carbon source and metabolite
(32-34).

HypA and HycE Are Localized at the Cell Membrane—The
co-elution of membrane proteins with HypAStr prompted fur-
ther investigation into the subcellular localization of HypA and
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FIGURE 5. An intact NikABCDE transporter enhances the formation of a HypA-HycE complex. HycEStr was produced in MC4100 cells or HYD723 with or
without supplementation of the growth media with 0.5 mm nickel. A, cell extracts were prepared and tested for hydrogenase activity using benzyl viologen as
the electron acceptor in an anaerobic solution assay containing 4% hydrogen gas. The results represent the average of three independent experiments, and
error bars indicate = 1 S.D. Shown is an anti-StrepMAB Western blot with processed and unprocessed HycEStr (B) and anti-HypA Western (C) blot. For Band C,
cells were exposed to a cell permeable cross-linker before lysis, and pulldown assays were performed by using a Strep-tactin-Sepharose column. Samples were
reduced with B-mercaptoethanol and boiled 10% SDS-polyacrylamide gels before resolution on 10%SDS-polyacrylamide gel.
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FIGURE 6. Co-eluting proteins with HypAStr, HypBStr, or HycEStr. The elution fractions from Strep-tactin-Sepharose pulldown assays from lysates of
DPABF-producing HypAStr (A), DHP-B-producing HypBStr (B), and HD705-producing HycEStr (C) from non-cross-linked cells were resolved on 12.5% (A and B)
and 10% SDS-polyacrylamide gels followed by staining with Coomassie Blue dye (C). Selected protein bands were cut from the gels and extracted by digestion
with trypsin followed by LC-MS/MS for identification. Proteins identified by LC-MS/MS (supplemental Table S1) are labeled, and the asterisk indicates the bait
protein used for each experiment.

HycE. Using an Alexa Fluor® 633 streptavidin conjugate to bind
to HypAStr or HycEStr as well as a BODIPY® lipid probe to
stain the cell membrane, cells were visualized with confocal
fluorescence microscopy. Although low resolution, the HycE
staining in HD705 appears to overlap with that of the lipid
probe, suggesting that HycEStr localizes primarily near the
membrane (Fig. 7, A and supplemental Fig. S84). HycEStr pro-
duced in HD705 represents a mixture of HycE proteins at dif-
ferent stages of maturation, including the fully mature hydro-
genase expected to associate with membrane-bound formate
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hydrogen lyase proteins. Therefore, the HYD723 strain
expressing HycEStr was also stained and visualized to highlight
only the nickel-free enzyme precursor, which would not be
expected to assemble with the formate hydrogen lyase complex
(35). However, HycEStr staining still overlapped with the
BODIPY® probe (Fig. 7B and supplemental Fig. S8B), indicating
that the hydrogenase precursor enzyme is found predomi-
nantly in the vicinity of the membrane region of the cell while
awaiting nickel. This localization was affirmed by comparison
of the fluorescence intensity profiles of the Alexa Fluor® 633
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FIGURE 7. HycEStr and HypAStr are localized near the cell membrane.
Shown are confocal fluorescence microscopy images of HD705 (A) and
HYD723 (B) producing HycEStr, DPABF (C), HYD723 (D), and AhyaB AhybC
AhycE (E) producing HypAStr, SlyD from MC4100 cells (F), and BL21(DE3) (G)
producing YjiXStr. Cells were stained with BODIPY® lipid probe 558/568 (left
panels, red) to visualize cell membranes and either Alexa Fluor® 633 strepta-
vidin conjugate to visualize Strep-tag Il HycE, HypA, and YjiX proteins or Alexa
Fluor® goat anti-mouse secondary antibody to probe SlyD monoclonal anti-
bodies (middle panels, green). The overlay of both fluorescent images is
shown on the right. See also supplemental Fig. S8 for fluorescence profiles.
Bars indicate 1 um.

streptavidin to the BODIPY® lipid probe, which has similar
distributions (supplemental Fig. S8B).

As a control, a Strep-tag II protein with unknown function,
YjiX, was used to verify that the tag did not cause protein trans-
location to the membrane. Based on the sequence of YjiX, it is
predicted to be a cytoplasmically localized protein by CELLO
v.2.5. (subCELlular LOcalization predictor) (36). Fluorescence
imaging of cells expressing YjiXStr confirmed cytoplasmic
localization of the protein (Fig. 7G and supplemental Fig. S8G).
In addition, monoclonal anti-SlyD antibodies were used to
probe SlyD localization within the cell, and SlyD also appears to
distribute throughout the cell (Fig. 7F and supplemental Fig.
S8F). Given the molecular chaperone and peptidyl-prolyl
isomerase activities of SlyD (37), it is not altogether surprising
that this protein would be found in the cytoplasm. On the other
hand, the HypAStr protein in DPABF cells exhibited similar
cellular localization as HycEStr (Fig. 7C and supplemental Fig.
S8C), suggesting that it also localizes proximal to the cell mem-
brane, in agreement with the HypAStr pulldown assays of
membrane proteins. HypAStr was also found near the mem-
brane in HYD723, representing its localization before nickel
acquisition (Fig. 7D and supplemental Fig. S8D). To investigate
the possible differential localization of HypA before association
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with hydrogenase, HypAStr in the AhyaB AhybC AhycE strain
was probed and detected primarily near the membrane as well
(Fig. 7E and supplemental Fig. S8E), suggesting that the entire
process, from nickel acquisition to nickel delivery to HycE,
occurs close to the cell membrane.

DISCUSSION

It is clear that multiple accessory proteins participate in the
biosynthesis of the bimetallic cluster of the [NiFe] hydrogenase
enzymes (6, 9), and several of these proteins have been assigned
a role in the nickel delivery stage of this process. Each of the
isolated proteins can bind nickel along with other biochemical
activities, but it was not clear if they interact with the hydrogen-
ase enzyme in a coordinated manner or independent of each
other. This report provides evidence consistent with a multi-
protein complex containing all of the factors implicated in
nickel insertion as well as the hydrogenase precursor protein
itself, suggesting that these proteins cooperate together to com-
plete this stage of hydrogenase biosynthesis.

The interactions between HypA and both HypB and SlyD in
the absence of the hydrogenase 1, 2, and 3 large subunits indi-
cates that this nickel insertion complex can preassemble before
docking on the hydrogenase precursor. In vitro studies of puri-
fied E. coli and Helicobacter pylori proteins demonstrated that
HypA and HypB can form a heterodimer (17, 18). Similarly,
SlyD is pulled down with tagged HypB expressed in E. coli (13,
19), an association that is also observed with the purified pro-
teins (16). These individual complexes suggest that the three
proteins assemble in a quasi linear arrangement with HypB at
the center, although a direct interaction between HypA and
SlyD in the context of the multiprotein complex cannot be
ruled out. Furthermore, some of these proteins can form
homodimers in solution (11, 16, 17), so the oligomeric states in
the multiprotein complexes are uncertain, although it is
unlikely that dimerization by HypB is required for activity (38).
The use of cross-linkers in this study does reveal multiple com-
plexes containing each protein, which might indicate the pres-
ence of different oligomeric forms and/or association with
additional proteins. Preassembly and cooperation of accessory
proteins during biosynthesis of an enzyme metallocenter is a
strategy employed by other systems, such as the factors
involved in iron complex delivery to both [FeFe] and [NiFe]
hydrogenases (39-41) and also nickel delivery to urease in
H. pylori (7, 42). It is unclear whether preassembly of HypA,
HypB, and SlyD before docking with the hydrogenase large sub-
unit is required for nickel delivery because HypA can bind to
HycE in the absence of HypB or SlyD. Furthermore, unlike
HypA and HypB, SlyD can associate with the hydrogenase pre-
cursor protein before iron insertion (19). However, given the
observed HypA-HypB-SlyD ternary complex, it is very possible
that more than one molecule of SlyD is involved in hydrogenase
maturation.

Previous experiments with tagged HycE revealed that it asso-
ciates with all three nickel insertion proteins (19), but it was not
established if these interactions with the hydrogenase precur-
sor protein were dependent on each other. In this study the
same proteins are observed upon pulldown of tagged HypA,
suggesting that the three factors can interact concurrently in a
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complex with HycE. This interpretation is based on the
assumption that each protein does not form multiple pairwise
interactions with all of the other components. Consistent with
this model, the participation of HypB in the HycE complex
depends on HypA, suggesting that HypA is the docking protein
for this nickel insertion complex, as previously proposed (14).
The crystal structure of HypA from Thermococcus kodakaraen-
sis and the NMR structure of H. pylori HypA both reveal two
distinct domains, one containing the zinc bound to four cys-
teine residues and the other containing the putative nickel
ligands (21, 22). An alignment of HypA homologs indicated
that the variable regions predominantly map to the zinc binding
domain, suggesting that this motif is responsible for docking to
the diverse sequences of the hydrogenase large subunits. Fur-
thermore, although this domain has an unusual fold around the
tetrathiolate zinc site (21, 22), it was classified into the zinc-
ribbon superfamily (21), and this type of coordination is remi-
niscent of structural zinc ion components of domains that
mediate biomolecular interactions (23). Thus it is feasible that
this domain contains the interface for HycE, although this
hypothesis remains to be proven. Whether or not this model
can be applied for all organisms is not yet clear because other
non-conserved proteins may be involved (6) and HypA was not
detected in a complex of a hydrogenase large subunit from Ral-
stonia eutropha that did contain HypC and HypB (43).

The separation of hydrogenase maturation into two distinct
events is supported by the isolation of incompletely mature
hydrogenase proteins containing iron but not nickel (43, 44).
HypCDEEF proteins are responsible for the biosynthesis of the
cyanide and possibly carbon monoxide ligands as well as iron
insertion (6). Multiprotein complexes containing combinations
of these iron accessory factors as well as the large subunit have
been observed (39, 45—47). SlyD also interacts with HycE early
on in maturation, suggesting that it contributes a chaperone
activity in addition to its role in nickel delivery (19). The HypA,
HypB, and SlyD proteins are thought to be important for nickel
insertion. The finding that neither HypA nor HypB is detected
in a complex with HycE in a AhypC or AhypD strain provides
evidence that the activity of these proteins is dependent on
completion of iron insertion, supporting two discrete stages of
metal cluster assembly. It also explains the previously reported
observation that nickel insertion to HycE cannot occur in
DHP-C cells (48). Furthermore, these results suggest that iron
insertion produces a signal such as a change in the conforma-
tion of HycE itself or in its complexes with partner proteins
such as HypC that activates association with HypA and nickel
delivery.

The decrease in detectable HypA-HycE complex in the
AnikA strain suggests that the Nik transporter modulates this
interaction and the function of HypA in hydrogenase matura-
tion. One possible explanation is that HypA only associates
with HycE upon binding nickel supplied by the Nik system.
However, the H2A mutation in HypA, which abrogates hydro-
genase maturation and prevents nickel binding in homologous
proteins (14, 18), does not affect the interaction between HypA
and the large subunit. Furthermore, even if sufficient nickel is
provided through an alternative uptake pathway to produce
wild-type levels of hydrogenase activity, the amount of HypA
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interacting with HycE is not restored to the same degree. These
observations support the model that the nickel insertion acces-
sory proteins can be bypassed by excess nickel and that their
role is not to catalyze any chemical transformation but to medi-
ate nickel delivery under nickel-limiting conditions. Moreover,
the experiments reported here imply that nickel uptake
through an intact Nik transporter is required for HypA activity,
suggesting that there is a direct connection between the Nik
transporter and the hydrogenase maturation pathway. Previous
genetic studies revealed a link between nik regulation and
hydrogenase activity (28, 49, 50) and suggested that hydrogen-
ase maturation is supplied by a segregated pool of nickel com-
ing through the Nik transporter. These results support a model
in which, under high demand for nickel when the activity of the
NikABCDE transporter is critical, nickel brought into the cell
through the Nik transporter is funneled to the hydrogenase
maturation pathway via the nickel insertion proteins. This
model is appealing given that hydrogenase activation
appears to be the sole purpose of this nickel, and a physical
means to divert the metal ions to the appropriate destination
would avoid competition with the many chelating biomol-
ecules in the cytoplasm.

Further support for this model is provided by the observation
that HypA is concentrated near the membrane even in the
absence of the hydrogenase large subunits. Strategic localiza-
tion of the nickel insertion proteins could result in proximity to
the nickel transporter and a means of sequestering the incom-
ing nickel from the rest of the cell. Whether one or more of
these proteins, such as HypA, physically interact with the Nik
transporter is not yet clear. No evidence for protein-protein
interactions between HypAStr (this work) or HypBStr (19) and
components of the Nik transporter was detected by LC-MS/
MS, although this negative result may be due to the lack of
detergents used in pulldown assays or the ineffectiveness of the
particular cross-linker.

How HypA is directed toward the membrane is not clear.
None of the primary sequences of the accessory proteins have
any known membrane-localization tags. SlyD plays a role in
protein translocation of partially assembled hydrogenase
enyzmes through the cytoplasmic membrane as a chaperone
for the twin-arginine translocation (Tat) signal sequence (51)
found on some of the hydrogenase small subunits (52, 53).
Upon escorting a small subunit to the membrane, SlyD could
actas a focal point for the other components of the nickel inser-
tion complex and the hydrogenase large subunit. This simplis-
tic hypothesis is not supported, however, by the observation
that SlyD appears to be broadly distributed throughout the cell.
Another possible explanation is that the mRNA of one or more
of the components is targeted to the membrane, as recently
observed for several membrane protein-coding sequences in
E. coli (54). However, it is not yet clear what features of the
cis-acting sequences in the mRNA are required for localization.

Finally, although it has been established that the metal bind-
ing activities of all three nickel insertion proteins are required
for optimal hydrogenase production, it is not known why. It is
possible that these metal-binding sites each represent transfer
points along the route of nickel, but some could also be allos-
teric metal-binding sites that activate the appropriate protein
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conformations enabling nickel transfer. Further work is
required to determine whether HypA not only interacts with
the hydrogenase large subunit but also serves as the ultimate
source of nickel.
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