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ABSTRACT: Biosynthesis of the NiFe hydrogenase active site is a complex process involving the action of
the Hyp proteins: HypAHypF. Here we investigate the mechanism of NiFe site biosyntheBialgtonia
eutrophaby examining the interactions between HypC, HypD, HypE, and HypF1l. Using an affinity
purification procedure based on tistreptag Il, we purified HypC and HypE from different genetic
backgrounds as complexes with other hydrogenase-related proteins and characterized them using
immunological analysis. Copurification of HypC and HoxH, the active site-containing subunit of the soluble
hydrogenase iR. eutrophafrom several different genetic backgrounds suggests that this complex forms
early in the maturation process. With respect to the Hyp proteins, it is shown that HypE and HypF1
formed a stable complex both in vivo and in vitro. Furthermore, HypC and HypD functioned as a unit.
Together, they were able to interact with HypE to form a range of complexes probably varying in
stoichiometry. The HypC/HypD/HypE complexes did not involve HypF1 but appeared to be more stable
when HypF1 was also present in the cells. We hypothesize that HypF1 is able to modify some component
of the HypC/HypD/HypE complex. Since we have also seen that HypF1 and HypE form a complex, it is
likely that HypF1 modifies HypE. On the basis of these results, we propose a complete catalytic cycle for
HypE. First, it is modified by HypF1, and then it can form a complex with HypC/HypD. This activated
HypE/HypC/HypD complex could then decompose by donating active site components to the immature
hydrogenase and regenerate unmodified HypE.

The reversible oxidation of hydrogen, catalyzed by the is one of the most interesting mysteries facing bioinorganic
enzymes known as hydrogenases, plays a crucial role inchemists.
bacterial energy metabolism. Hydrogen oxidation can be used  Bjochemical studies, primarily usingscherichia colias
to pr_oduce reducing e_quivalents, or eleqtrons can be disposegh model system, have led to an outline for the mechanism
of via proton reduction. The mechanism of hydrogenase of NjFe active site biosynthesis. At least six accessory gene
action is of interest not only to chemists and biochemists products, HypA, HypB, HypC, HypD, HypE, and HypF, are
but also to engineers of hydrogen-based, energy-generationtequired for NiFe site biosynthesis (for a review, seedef
devices, and therefore many aspects of hydrogenase structurg few organisms that produce hydrogenases under aerobic
and function have been carefully scrutiniz&jl The unusual conditions also harbor an additiortafp gene,hypX which
active site architecture of hydrogenases makes their biosyn-is essential for full hydrogenase activityod—12). In E. coli,
thesis a particularly challenging topic. The majority of HypE and HypF are proposed to function together in the
hydrogenases contain a dinuclear active site, either FeFe oksynthesis of the diatomic ligands. Mass spectrometry showed
NiFe, redox-linked to the surface via ireisulfur clusters that Hpr utilizes Carbamoy' phosphate and ATP as sub-
(2—8). Fourier transform infrared (FTIR) spectroscopy has strates to synthesize an enzynthiocarbamate at the
shown that both the FeFe bimetallic center and the Ni conserved C-terminal cysteine of HypE3(15). This
Fe site contain endogenous CO andGijands coordinated  S-carbamoyl moiety can then be dehydrated in another ATP-
to Fe, making hydrogenases the only category of enzymesgependent reaction to yield a thiocyanate. Although no
to have this property. In addition, the NiFe site is completed experimental evidence using the biological system has yet
by four conserved cysteine residues coordinating the Ni, two peen obtained, based on synthetic inorganic chemistry
also bridging the Fe ion, giving an overall (Cys)(u- precedents, a similar dehydration reaction has been suggested
Cys)kFe(CN)(CO) structure. Elucidation of the mechanism  for the synthesis of CO. It is proposed that then the diatomic
of ligand biosynthesis and incorporation into hydrogenases igands are transferred to an Fe residing in a HypC/HypD

complex. Evidence for this hypothesis comes from the
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hydrogenase, a step proposed because HypC has also beaersulting fragments were cloned intédd/Ncd digested
observed in a complex with the immature hydrogenase largepLO10 producing plasmids pCH1046, pCH1047, pCH1050,
subunit 07—19). In this complex, HypC would function as and pCH1052. These pLO10-derived plasmids were then
a chaperone to prevent folding before incorporation of Ni digested withAc®5I to yield fragments containing the gene
through the GTP-dependent action of HypB in concert with of interest and the modifiedcoXpromoter, which were then
HypA (20, 21). Finally, a C-terminal extension of the cloned into pCM62. These pCM62-derived plasmids were
hydrogenase large subunit is cleaved by a specific endopeptransferred tdR. eutrophavia conjugation.
tidase before oligomerizatior22—25). Media and Growth Conditions. E. cdtrains were grown

In this study, we investigate the mechanism of NiFe active in Luria broth (LB). R. eutrophastrains were grown in
site biosynthesis irRalstonia eutrophaan organism that  modified LB medium containing no sodium chloride or in
produces hydrogenases under aerobic conditiBngutro- mineral salts medium3@) containing 0.4% fructose (FN)
pha a facultative chemolithoautotropheproteobacterium, ~ or a mixture of fructose and glycerol (0.2% [w/v] each;
possesses two energy-linked hydrogenases, one membrand=GN). Solid media contained 1.5% (w/v) agar. Antibiotics
bound (MBH) and the other soluble (SH), as well as a were added to a final concentration of 14 mL™* for
hydrogen-sensing hydrogenase (RE§+28). The mecha-  tetracycline and 10@g mL™* for ampicillin.
nism of the biosynthesis of the diatomic ligands i Conjugatie Plasmid TransfeMobilizable plasmids were
eutrophais of particular interest since the SH has been shown transferred fronk. colito R. eutrophéy using a spot mating
using FTIR spectroscopy to have a unique active site technique 84).
containing additional CN ligands on both the Ni and the Protein Purification and Immunoblot Analysiall puri-
Fe 9). The hydrogenase-related genesRofeutrophaare fication steps were carried out at°€. R. eutrophacells
located on the megaplasmid pHG1 in two distinct operons were grown in FGN medium for 48 h to an Qf9of 11 and
(30). A complete set ohyp genes, lypA1B1F1CDEXis then harvested by centrifugation. After resuspension in 50
associated with the MBH structural and accessory genesmM potassium phosphate buffer (pH 7), the cells were then
whereas copies of three of tingp genes [fypA2B2F2 are disrupted by two passages through a chilled French pressure
associated with the SH gene&¥l(32). HypF1is atruncated  cell (Amicon). Cell debris and membranes were separated
HypF protein relative to HypF2 and HypF frobn coli and from the soluble fraction by ultracentrifugation for 30 min
contains only one of the three functional domains usually at 90 000x g. The soluble extract was then applied to a 1
present in HypF proteins. In this paper, usin§teeptag I mL StrepTactin Superflow (IBA, Gttingen, Germany)
affinity purification procedure, we purified homologously column by gravity flow. Unbound proteins were removed
produced HypE and HypC. Purification of these proteins by washing with three column volumes of buffer A (100
from different genetic backgrounds has permitted isolation mM Tris/HCI, pH 8, 150 mM NacCl). Protein was then eluted
of several different Hyp protein complexes. These complexesfrom the column in 0.5 mL fractions using buffer B (buffer
demonstrate interactions between HypC/HypD and HypE, A with 5 mM desthiobiotin).
as well as providing a role for HypF1 in the maturation of ~ Protein concentrations were determined using the method

hydrogenases iR. eutropha of Bradford @0) using bovine serum albumin as a standard.
Antibodies directed against the Hyp proteins were obtained
MATERIALS AND METHODS using the following protocol: N-terminal His-tag fusions of

the respectiv®. eutrophaHyp proteins were heterologously
overproduced irkE. coli and purified via Ni-NTA affinity
chromatography under denaturing conditions. The purified
d proteins were then used for rabbit immunization. In the case
of HoxH antibody production, native SH was purified from

Strains and PlasmidsThe strains and plasmids used in
this study are presented in Table 1. Strains with the intials
HF were derived from wild-typéR. eutrophaH16. E. coli
JM109 @3) was used for standard cloning procedures, an
E. coli S17-1 (34) was used for conjugative plasmid transfer R. eutrophausing a standard protocol, and the SH subunits
R eut.rophastrams. were subsequently separated by preparative -SBXSGE

Plasmids pCH1048, pCH1049, pCH1051, and pCH1053 (42).
were designed for plasmid-based overexpressiohypiC
hypE andhypF1with a Streptag Il coding sequence under

the control of a modifie@coXpromoter ofR. eutrophg35). lulose membranes (Biotrace NT, Pall, Michigan) according
Each was prepared using an analogous procedure. The tagg, » siandard protocol4®). Proteins were detected with

gnd Nde and Ncd rest_ri_ctiqn sitesfor qloning WEre  antibodies raised against HoxH (1:25 000), HypB1 (1:2000),
introduced by PCR amplification of the desired gene using HypC (1:500), HypD (1:1000), HypE (1:500), HypF1 (1:

p(;HlOS as the template and thg app'ropriate pr.imbysp:E 5000), or HypX (1:500) and alkaline phosphatase-labeled
with upstream tag sequence using oligonucleotides 521 and

522- hvoEwith d ) Y | goat anti-rabbit immunoglobulin G (Dianova, Hamburg,
22, NypEwith downstream tag sequence using oligonucle- &emany) Streptag Il monoclonal antibodies were obtained
otides 523 and 524hypC with downstream tag sequence

) . ; - from IBA (Gdttingen, Germany) and used as directed by the
using oligonucleotides 525 and 52¢,pF1with downstream ( 'n9 ) " I y

) . 4 manufacturer with goat anti-mouse antibody (Bio-Rad).
tag sequence using oligonucleotides 527 and 528. TheMolecular weight marker for use under nondenaturing

conditions was obtained from Gradipore (Australia).
1 Abbreviations: Plasmids will be referred to using the following Molecular Mass Determination by Na& Gel Electro-

descriptive nomenclature. A pCM62-derived plasmid carrying &d ; ; ; ;
geneXproducing a protein with a C-termin&treptag Il tag will be phoresis.The procedure described by Spinelli et dklas

referred to as geneXc Similarly, an N-terminal tag will be indicated ~ Modified from Hedrick and Smith46) was used. Two
as meneXn. microliters of 1 mg mL? protein solutions were subjected

For immunoblot analysis, proteins were separated in
polyacrylamide gels (PAGEXR) and transferred to nitrocel-
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Table 1: Strains, Plasmids, and Oligonucleotides Used in This Study

strain, plasmid or oligonucleotiéle relevant characteristics or sequéhce source or ref
R. eutropha
H16 wild-type, SH, MBH*, RH*, HoxJ™ (hoxJy1264a) DSM428, ATCC 17699
HF210 pHGA 36
HF338 hypDA, HoxJ 31
HF339 hypEA, HoxJ™ 31
HF340 hypCA, HoxJ™ 31
HF417 hypB1A, hypB2A, HoxJ 32
HF441 hypFiA, hypF2A, HoxJ™ 32
E. coli
JM109 F, traD36, lacl9A(lacZ)M15 proATB*/el4 (McrA-), 33

A(lac-proAB), thi, gyrA96(Nal’), endAl
hsdR17(ik-mk ™), relAl, supE44recAl

S17-1 Trd, recA pro, thi, hsdR chr::RP4-2 34

Plasmids

pCM62 RKari, ColElori, Tc", Mob™, Pac, lacZ 37

pLO10 ColEDri, Pac, Pacox SDhoxs AP Lenz and Friedrich

pCH103 pSUP202 with an 8.3 kEcoR fragment 38
containinghypAt-hypX

pCH1046 pLO10 with a 1.1 khldd/Ncd fragment containing this study

hypEwith the Streptag Il coding sequence
attached upstream
pCH1047 pLO10 with a 1.1 khldd/Ncd fragment containing this study
hypEwith the Streptag Il coding sequence
attached downstream

pCH1048 (nypEsn) pCM62 with a 1.7 kbAcds5! fragment derived this study
from pCH1046

pCH1049 (nypEsc) pCM62 with a 1.7 kbAcds51 fragment derived this study
from pCH1047

pCH1050 pLO10 with a 300 bNdd/Ncd fragment containing this study

hypCwith the Streptag Il coding sequence
attached downstream

pCH1051 (nypGso) pCM62 with a 900 bpAcb5I fragment derived this study
from pCH1050
pCH1052 pLO10 with a 1.3 khldd/Ncd fragment containing this study

hypF1with the Streptag Il coding sequence
attached downstream

pCH1053 (ypFlsc) pCM62 with a 1.9 kbAcds5I fragment derived this study
from pCH1052

Oligonucleotide%

521 GGAGCAGCAcatatgtggagccacccgcagttcgaaaaaggcgcec this study
AGCGGCACCGTTAAACTGGGCTATCAA

522 CGTAGCccatggTCAACAAATGCGCGGAAGCTGCTCGCCGGA this study

523 GGAGCAGCACatATGAGCGGCACCGTTAAACTGGGCTATCAA this study

524 CGTAGCccatggtcatttttcgaactgcgggtggctccaagegct this study
ACAAATGCGCGGAAGCTGCTCGCCGGACAG

525 GGAGGAGGGCGCGCCcatATGTGCCTAGCGATTCCCG this study
CACGTTTGGTGGAA

526 CGTAGCccatggtcatttttcgaactgcgggtggctccaagegct this study
TGCCGGCTCCTGATGAATGTTCATCCCATG

527 GGACGTAGCCcatATGCGAGCGCAGACCTTGCCAGCCGGCAGC this study

528 CGTAGCccatggtcatttttcgaactgcgggtggctccaagegcet this study

GGCACATGGCGCGCCCTCCTCCTGTAGATG

a Designations in parentheses indicate descriptive names for the plasmids used in thagexmpicillin resistant; Tg tetracycline resistant.
¢New bases either for new restriction sites or 8teeptag Il coding sequence are indicated in lowercase letters.

to electrophoresis at 4C on 6 cm long gels containing 6%, tometrically using the soluble fraction of cells grown
8%, 10%, and 12.5% (w/v) acrylamide. The gels were heterotrophically on FGN to an QB of 10 (28).
subsequently stained with Coomassie stain, ané&tbhéeach
protein or complex was determined. A plot of 100 log(R)0 RESULTS
versus acrylamide concentration resulting in a straight line  Complementation of Hydrogenase Adtti. To facilitate
was made for each protein. The slopes of these lines werequick purification of Hyp protein complexes frorR.
then plotted against the molecular mass. The following eutropha we constructed, as described in the Materials and
protein standards (Sigma) were used to calculate a calibrationMethods, plasmids for the expression of sinblg genes
curve: lactic dehydrogenase (36 kDa), bovine serum albumin fused to theStreptag Il coding sequenceThe expression
(66 kDa), alcohol dehydrogenase from yeast (150 kDa), and plasmids were transferred to the correspondiygdeletion
p-amylase from sweet potato (200 kDa). strains to establish by genetic complementation whether the
Hydrogenase Actity Assay Soluble hydrogenase activity, —Streptagged Hyp proteins were functionally active
H,-dependent NAD reduction, was determined spectropho- eutropha Previous work has shown that deletion of one or
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morehyp genes inR. eutropharesulted in loss of hydroge-
nase activity 81, 32, 46). Therefore, theStreptagged
proteins were assessed for their ability to restore SH activity.
Transfer of plasmids lypGsc and phypFlsc to HF340
(hypCA) and HF441 lypF1F2\), respectively, restored SH
activity to the wild-type level. In the case of HypE, an
N-terminal Streptag Il fusion produced from lypEsy was
able to restore SH activity in the HypEstrain. However,
the introduction of plasmidhp/pEsc, producing HypE fused

to aStreptag Il at the C-terminus, did not complement the

HypE —»
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deletion in the HypE strain. Western blot analysis showed

that both pypEsy and phypEsc produced HypE at similar

levels (data not shown). Therefore, HypE with an N-

terminally fusedStreptag Il was physiologically active in

maturation of SH, whereas HypE with a C-terminal tag, that

is, in which the conserved C-terminal cysteine residue is B

presumably blocked, was not. g
Purification of HypE from a Wild-Type Background. E & ¢

Complex formation in vivo can be studied via copurification

of protein complexes. Therefore, N-terminally tagged HypE

was purified using an affinity procedure based on$trep

tag Il to establish whether other Hyp proteins were copurified

(see Materials and Methods for procedure details). Figure

1A shows a Coomassie-stained SE®lyacrylamide gel of

the proteins resulting from the purification of an extract of

HF339hypEA](phypEsy) over a StrepTactin Superflow

column. The majority of the protein in the elution fractions

was HypE (36.6 kDa), as determined by immunoblot analysis Ficure 1: Purification of N-terminallyStreptagged HypE from

using HypE-specific antiserum (Figure 1B). Ther_e are tWo HF339hypEA](phypEsy). In panel A, the indicated proteins were
non-hydrogenase-related contaminants that migrate withseparated on a 12% SB®AGE gel and visualized with Coomassie

masses between 62 and 83 kDa. Using mass spectrometryhrilliant blue: lane 1, crude soluble extract; lane 2, column flow
we have determined them (0 be horologues of Dnak and [IEUOT, e . it LTy, Jeine of wasting per e
proplonyI-CoA(S)—mgthyI-malonyI—CoA carboxylase (Jones, |5nq 6, second elution fractior?; lane 7 third elution fraction; lane
Krause, and Friedrich, unpublished results). These two g, fourth elution fraction; lane 9, fifth elution fraction; lane 10,
proteins were also retained on the column wherStrep sixth elution fraction; lane 11, standard proteins. In each of lanes
tagged protein was present in the extract, that is, when wild- 4—10, 15uL of the designated sample was applied to the gel. Panel
type R. eutrophasoluble extract was applied to the column B Shows Western blot analysis of elution fractions 2, 3, and 4 using
. . the specific antisera designated adjacently. For analysis with HoxH-,
and the same Waghlng and elution procedure was used_ (dat@,yp,:l_’ HypD-, and HypE-specific antisera, the proteins were
not shown). In addition, several other Hyp proteins copurified separated by 12% SBSAGE. However, 15% SDSPAGE was
with HypE. As shown in Figure 1B, immunoblot analysis used for analysis with anti-HypC-specific serum.
using HypC- (9.8 kDa), HypD- (42 kDa), and HypF1-specific
(40.7 kDa) antisera established that the other two bandsdemonstrate that one or more complexes, each involving
present with molecular masses between 47.5 and 32.5 kDaHypE, must be formed.
were HypD and HypF1. Furthermore, detectable quantities Despite its lack of activity, to establish whether complex
of HypC were also present in the elution fractions. On the formation with HypE could still take place, an analogous
other hand, analysis showed that HypB1 and HypX were purification of C-terminallyStreptagged HypE from HF339-
not copurified with HypE (data not shown). Using serum [hypEA](phypEsc) cells was also undertaken. Again, con-
against the large subunit of the SH, HoxH, revealed no tracessiderable quantities of HypE were detected in the eluted
of this protein in the partially purified HypE, indicating that proteins. However, only traces of HypC and HypD and no
under these conditions HoxH is not copurified with the Hyp HypF1 were detected in the elution fractions (data not
proteins. The retention of the various Hyp proteins on the shown). This demonstrates that masking the C-terminal
column was not equal. Figure 1A shows that whereas HypE cysteine of HypE with a small peptide not only led to
was only present in the elution fractions, the HypD and inactivity but significantly inhibits complex formation be-
HypF1 bands were also observed in the last wash fraction,tween HypE and the other Hyp proteins.
that is, before desthiobiotin was added to the column. This Purification of HypE from hyp Deletion MutantBo obtain
suggests that they were not as tightly bound to the column more information with respect to the interactions between
as HypE. Furthermore, they were present at much lower HypC, HypD, HypE, and HypF1,hypEsn was introduced
quantities than the HypE. This is to be expected since HypE into R. eutrophaH16-derived strains in which one of the
alone was overexpressed from the plasmid whereas the othehyp genes was deleted, and cell-free soluble extracts were
Hyp proteins were only present at unenhanced, wild-type purified over aStrepTactin Superflow column using the
levels. These results show that HypC, HypD, and HypF1 same procedure described above. Figure 2 shows the results
copurified with HypE under wild-type-like conditions and of immunoblot analysis of the purified proteins. Three
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Ficure 2: Immunoblot analysis of the Hyp proteins copurified with
N-terminally Streptagged HypE in théyp deletion strains. For
detection using anti-HypD, -HypE, or -HypF1 sera, proteins were
separated on 12% SB$AGE gels. For detection using anti-HypC
serum, the proteins were separated on a 15%-SPXSGE. Each
lane contains 1L of protein from the third elution fraction of a
Streptag affinity purification using cells of the indicated strain:
lane 1, HF41#iypB1B2A](phypEsy); lane 2, HF340jypCAJ-
(phypEsn); lane 3, HF338jypDA](phypEsy); lane 4, HF339-
[hypEA](phypEsy); lane 5, HF441ypF1,FA](phypEsy).

Biochemistry, Vol. 43, No. 42, 20043471

Wild Type

ol

O
F & &
R

A R
QS
A3 T

Q
<
4

2
<
1 2

3

ot
-

Strep tag |-HypE overproduction in

B o s T @ e
o S T~ S = ST~ N~ )

P IIIELP

b o= 6

HypE/MypF1
yp VDI

F
HypF1

Anti HypF1

Anti HypE

Ficure 3: Immunoblot analysis of complexes of HypE. Proteins
were separated on a45% nondenaturing polyacrylamide gel. In
panel A, samples were purified from HF3B9pEA](phypEsn)
using theStreptag Il affinity purification. The Western blot was
then developed with the protein-specific antibody indicated at the
top of the lane. Protein quantities are as follows: lane Lgl
lane 2, 5ug; lane 3, 1ug; lane 4, 5ug. In panel B, samples were
purified from the strains indicated at the top of each lane, and
proteins were detected with specific antisera indicated at the bottom.
Lanes 16 contain 5ug of protein, and lane 7 containsuly.

several situations. For example, there could exist one large
complex between HypC, HypD, HypE, and HypF1, or there
may be several different complexes each including HypE

different categories of mutants can be identified. First, there and some subset of the other Hyp proteins. To establish

are those mutants where all of HypC, HypD, and HypF1
copurified with HypE. This category includes HF3B9pEA]-
(phypEsy) (effectively wild-type) and HF417{p/pEsy), in
which hypB1and hypB2were deleted. Second, there are
those mutants in which only HypFl and HypE were
copurified, whereas HypC and HypD were not detected in
the purified protein. HF338{p/pEsn), which ishypDA, and
HF340(hypEsy), which is hypCA, fall into this second
category. Finally, HF441{p/pEsw), which lacks both HypF1
and HypF2, forms a third category in which only traces of
HypC and HypD were copurified with HypE. Thus it can

whether multiple complexes were present in the purified
samples, the eluted proteins were analyzed o3P0
polyacrylamide-gradient, nondenaturing gels, as well as gels
of different fixed percentages of acrylamide. Two methods
were used to establish the molecular masses of complexes
in native gels: estimation by comparison to a native protein
standard, and electrophoresis on native gels having various
percentages of acrylamide (see Materials and Methods for
details). While the former method does not account for
effects due to protein charge leading to errors in estimates
of the masses of large complexes, the latter technique has

be concluded that whenever both HypE and HypF1 were significant errors for small molecular weight proteins {30
present these two proteins copuried. Furthermore, HypC and60 kDa) and can, at best, be considered appropriate for

HypD copurified with HypE as a unit, that is, one was never
observed without the other. Finally, their interaction with
HypE was significantly destabilized by deletion loypF1
and hypF2

Detection of HypE-Containing Complexes Using Nonde-
naturing Polyacrylamide Gel#\s shown above, under wild-
type conditions, N-terminalltreptagged HypE copurifies
with HypC, HypD, and HypF1. This result could arise from

proteins in the range 46600 kDa @4, 45). Figure 3A shows

that a spot at approximately the same height can be observed
when a nondenaturing gel is blotted and analyzed with
specific anti-HypC, -HypD, -HypE, or -HypF1 sera. By
comparison with a native protein standard, it was estimated
that the molecular masses of proteins migrating in this part
of the gel were approximately 80 kDa. However, closer
examination revealed that the exact heights of all of the bands
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Table 2: Predicted Molecular Masses of Proteins and Protein complex obtained by comparison to a native protein standard
Complexes Relevant to This Study (80 kDa), as well as the molecular mass calculated from gels
expected of various polyacrylamide concentrations (70 kDa). We note
protein or molecular that there is no signal for HypE monomer arising from the
complex mass (kDa) dissociation of the HypE/HypF complex, lane 7, although
HypC 98 there is a signal for the HypF1 monomer. The reason is that
HypD 41.9 the stable form of HypE alone is a dimer, which runs to the
HypE 36.6 same position on the native gel as the HypE/HypF1 complex
Eé’gﬁl g‘gg (see results of HypE purification from HF210§pEys)
HypC/HypD 517 presented below). Therefore, dissociation of this complex
HypC/HoxH 64.7 results in no new HypE-specific signal. The presence of this
HypE 73.2 :
I(-|y);)pE/I)-z|pr1 32 HypE/HypF1 complex did not depend on HypB, HypC,

HypD, or HypX (see Figure 3), meaning that formation of
this complex does not require other Hyp proteins.
HypE/HypF1 Complex Formation in Vitr@opurification
were not obviously identical, making it impossible to say of HypC, HypD, and HypF1 with HypE suggests that these
whether one or more complexes were present. On gradientfoyr proteins may form a large intermediate complex. This
native gels, the HypC-, HypD-, and HypE-specific signals hypothesis is bolstered by the fact that only one obvious
began with a reasonably resolved band in the 80 kDa regionspecies was observed when this mixture was analyzed on a
and then proceed into a more smeared signal until ap-nondenaturing gel. On the other hand, the results presented
proximately the 150 kDa region of the gel This may indicate in Figure 3 from the purification of HypE from HF338-
a range of complexes involving these proteins. By analysis [hypCA](phypEsy) and HF340hypDA](phypEsy) implied
of migration behavior on gels of various acrylamide con- that HypE and HypF1 alone were also capable of forming a
centrations, the fastest migrating complex was determinedcomp|ex even in the absence of HypC and HypD. Further-
to have a molecular mass of approximately 70 kDa and the more, this complex migrated to the same position in native
SIOWeSt a m0|eCU|aI’ We|ght Of 152 kDa Cal’efu| eVaantion ge's irrespective of the genetic background_ To establish
of the Hprl-SDECiﬁC Signals showed that they consisted of whether HypE and HypF1 alone form a stable complex and
three bands. The fastest rUnning band CorreSponded to HprlNhere it migrates in the nondena’[uring ge| System, experi_
alone and arose from HypF1 dissociating from complexes ments were undertaken to prepare such a complex in vitro.
after purification or during electrophoresis. There were also  a|| of the hydrogenase-related genesRneutrophaH16
two slower migrating signals at approximately the same zre encoded on the megaplasmid pHGA)(Thus, to purify
position as the HypE-, HypC-, and HypD-specific signals. HypE and HypF without contamination from any other
migrating band and a significantly less intense but only \yere introduced into HF210, a megaplasmid-fRe@utropha
slightly slower migrating band. Although this marginally  gtrain. HypE from HF210(@pypEsy) and HypF1 from HF210-
slpwer.Hprl band was always less significant than the quter(phyppjsc) were purified using th&treptag affinity puri-
migrating form, the absolute amount of the slower migrating fication. The purified proteins were then mixed and incubated
attempts. In some cases, it was quite obviously present andj—1594 nondenaturing polyacrylamide gel. Figure 4 shows
!n others virtually undetectable. The origin of this variation the results of immunoblot analysis with anti-HypF1 and anti-
is not yet clear. HypE sera. First, lane 2 shows that HypF1 purified from
Assuming a 1:1:1 stoichiometry, a HypC/HypD/HypE HF210, that is, not copurified with any other hydrogenase-
complex would have a molecular mass of 88.4 kDa and a related proteins, yielded a single, faster-migrating band in
1:1 complex of HypE and HypF1 would have a molecular the Western blot corresponding to HypF1 monomer. When
mass of 77.3 kDa (see Table 2 for a summary of predicted this protein was mixed with HypE in vitro, a new slower-
molecular masses relevant to this study). Thus it is possible migrating band was observed (lane 3). In actuality, close
that these complexes could migrate to similar positions in a inspection reveals that two new bands at approximately the
nondenaturing gradient polyacrylamide gel, yielding results same position were observed. This double band phenomenon
such as those presented in Figure 3. was also observed in purified in vivo prepared HypE/HypF1
Analysis of the HypE-containing complexes purified from samples as discussed in the previous section (see also Figure
other genetic backgrounds helped to clarify the situation. 3). The relative amounts of these two new bands depended
Figure 3B shows a Western blot analyzed using HypF1- on the [HypE]/[HypF1] ratio with more of the slower
specific antiserum and a lane detected with HypE-specific migrating form present when higher concentrations of HypF1
antiserum for comparison. The same pattern of HypF1 signalswere present (data not shown). These results show that two
as described above was detected. The fastest running bandew forms of HypF1 could be produced in vivo by mixing
corresponded to HypFl alone and arises from HypF1 with HypE. This result could arise from two situations: first,
dissociating from complexes after purification or during the if HypE were able to modify HypF1 so that it migrated
electrophoresis. The slower running band cross-reacts withdifferently in the native gel system, perhaps as a dimer
the HypE-specific antibody suggesting that it is a HypE/ instead of a monomer; the second possibility is that HypE
HypF1 complex. Furthermore, the expected molecular massformed a complex with HypF1. Comparison of the position
of a 1:1 complex of HypE and HypF1, 77.3 kDa, corresponds of the new HypF1 band with the position of the HypE/HypF1
well to an estimate of the molecular mass of this observed band observed for in vivo complex purified from Hyp339-

HypC/HypD/HypE 88.4
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Ficure 4: Immunolot analysis of complexes of HypF1 purified HypC ¢ o
from cells or prepared in vitro. Proteins were separated on¥b%o a— 087 s e AP, 7
nondenaturing acrylamide gel and then detected with anti-HypF1
or anti-HypE serum: lane 1, 7/ of the third elution fraction of HypC overproduction in
a Streptag affinity purification of HF33%ypEA](phypEsy); lane B S ¢
2, 1ug of HypF1 purified from HF210(pypFlsg); lane 3, 2ug of _{‘&’ Q
an equimolar mixture of HypF1 purified from HF210§pFlsc) RS
and HypE purified from HF210fpypEsy); lane 4, 1ug of the third “ Anti HoxH
elution fraction of &Streptag affinity purification of HF33%iypEA]-
(phypEsy); lane 5, 1ug of the third elution fraction of &treptag |:| Anti HypF1
affinity purification of HF210(pypEsy); lane 6, 2ug of an
equimolar mixture of HypF1 purified from HF210{ppFlsc) and .
HypE purified from HF210(pypEsy). -— A SR
[hypEA](pHYpEsn) cells (lane 1) showed that the two bands
were in the same place, suggesting that at least one of the - ype— Anti HypC
two new HypF1 forms prepared in vitro also arose from a ey

HypE/HypF1 complex. In addition, immunoblot analysis with Ficure 5: Purification of C-terminallyStreptagged HypC from
anti-HypE serum showed that this band also conteqned HypE F340hypCA](phypGsd). In panel A, the indicated proteins were
(lanes 4 and 6). Therefore, the new HypF1 species createtseparated on a 15% SPSAGE gel and visualized with Coomassie
by adding HypE in vitro not only relied on HypE for brilliant blue: lane 1, first elution fraction; lane 2, second elution
formation but was a complex between HypE and HypF1. fraction; lane 3, third elution fraction; lane 4, fourth elution fraction;
Furthermore, this complex was the same as the in vivo lane 5, fifth elution fraction; lane 6, standard proteins. From each

. e . elution fraction, 15:L of solution was applied to the gel. Panel B
complex obtained by copurification of the Hyp proteins. We shows Western blot analysis of the third elution fractions of the

note that HypE alone, that is, purified from HF210 so that pyrification shown in panel A and the third elution fraction from a
no other Hyp proteins are copurified, migrates to the same purification from HF441[hypFA,hypF2A](phypGso) using the

position in native gels as the HypE/HypF1 complex (lane specific antisera designated adjacently. Proteins were separated
5). This suggests that HypE is stable as a dimer. using a 12% SDSPAGE for analysis with anti-HypD, anti-HypE,
PR ! . . . anti-HypF1, or anti-HoxH serum.

Purification of HypC.Since it was not clear in which
complex or complexes HypC and HypD copurify with HypE, resulted in lesser amounts of copurified HypD and HypE,
experiments were undertaken to purify Hyp protein com- thatis, deletion ohypFdestabilized the interaction between
plexes using th&treptag affinity procedure with the tagin ~ HypC, HypD, and HypE.
other locations. Figure 5 shows a Coomassie-stained gel of To establish how many complexes were copurified, the
the proteins resulting from the purification of HypC modified purified proteins were again analyzed on various polyacryl-
with a C-terminalStreptag from the strain HF340(ypGso), amide, nondenaturing gels. Lanes 1 and 3 of Figure 6 show
in which hypC has been deleted. In addition to the non- that the purified protein contained at least two, if not three,
hydrogenase-related contaminants also observed in thecomplexes involving HypC. The fastest running form clearly
purification of HypE, there are two bands visible at the cross-reacted with anti-HoxH serum (lane 9) but not anti-
masses expected for HypD, HypE, or HypF1, as well as someHypD (lane 5) or -HypE (lane 7) serum. Its molecular mass,
strong bands in the region expected for HoxH (55 kDa), the estimated by comparing migration with respect to a native
NiFe-containing subunit of the SH. Western blot analysis protein standard, should be approximately 65 kDa. Calcula-
identified the two bands running between 47.5 and 32.5 kDation of the molecular mass using the method of Hederick
as arising from HypD and HypE, in addition to confirming and Smith leads to a value of 45 kDa. These estimates
that the higher molecular mass band arose from HoxH, acorrespond well to the expected molecular mass of a 1:1
protein that did not copurify with HypE. Also, in contrastto HoxH/HypC complex, 64.7 kDa. Taken together, these
the results of purification of HypE, HypF1 did not copurify results strongly suggest that it was exclusively a complex
with HypC (Figure 5B). The effect of deletion biypFland between HypC and the large subunit of the SH, HoxH. The
hypF2on purification of HypC was similar to that observed second, slower running form of HypC cross-reacted with anti-
for purification of HypE. This means that, as shown in Figure HypD serum but not with HoxH antiserum. This demon-
5B, purification of HypC from HF44X{ypF1,FA)[phypGd strates that HypD but not HoxH was involved in this
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Strep-tag Il HypC overproduction in known to require the six conservdd/p genes,hypA—F.
Despite the fact that these genes have been observed in many
L8 organisms, little work has been reported characterizing the
bl functions of the gene products and thus the biochemistry of

910 NiFe active site biosynthesis. A working model of NiFe
active site biosynthesis has been developed using data almost
exclusively derived from experiments with coli (9). This
model suggests that using carbamoyl phosphate as a precur-
sor the diatomic ligands are synthesized by HypE and HypF
and then transferred to an Fe fragment housed in a HypC/
HypD complex. The iron fragment shuttles with HypC from
the HypC/HypD complex to a new complex with the
immature large subunit. The synthesis is completed by Ni
FIGURE 6: Immunoblot analysis of the complexes present in HypC incorporation through the actions of HypA and HypB.
ﬂggfg from the strains listed at th? top of each lane. HypC coli produces hydrogenases exclusively under anaerobic
hypQA](phypGsc) and HypF is HF441hypF1,FA]- . . .
(phypGsd). The subscript, y, and z refer to unknown protein ~ conditions. There exist, on the other hand, organisms, such
stoichiometries in complexes. Proteins were separated erl8% asR. eutrophathat produce hydrogenases only under aerobic
Sondfnat(;"int% tpholyélet'yl_amide _%_el. Tthbe Xvesttjerntb(ljotst t\;]vert;? ttthen conditions. In addition to the six conservegpgenes, these
eveloped with the protein-Speciiic antibody Indicatéd at the bottom organisms harbor anothdryp gene, hypX required for
of each lane. Lanes developed us tag Il specific antibod . . o
contain 5ug of protein, thosepusingm?)% a?ltibo?jyt@ of protein?/ synthesis of fuII'y ac?'ve hydrogenaséé);(l?). Identifying .
those using HypD antibody 10g of protein, those using HypE  and understanding differences in the aerobic versus anaerobic
antibody 10ug of protein, and those using HoxH:g of protein. biosynthesis of NiFe hydrogenases may be a crucial step in
developing hydrogenase-based biotechnological applications.
complex. Whether HypE participates in this complex is | this paper, we have begun to characterize the mecha-
unclear since the reaction with HypE-specific antibody is npism of NiFe active site biosynthesis R. eutrophaby
smeared in this region. Comparison with native protein identifying several complexes of the Hyp proteins formed
standard suggested that complexes of molecular masses of; yiyo. These complexes have been partially purified via
approximately 86-100 kDa migrate to this part of the gel.  affinity purification using aStreptag Il sequence and their
Furthermore, the migratory behavior of this complex ana- components characterized using immunological analysis.
lyzed using the method of Hederick and Smith suggests.thatAttaChing aStreptag Il to the C-terminus of HypE leads to
the complex has a molecular mass of 70 kDa. Thus, it is pnysjologically inactive protein. Reissmann and co-workers
improbable that this is a 1:1 HypC/HypD complex. However, (15) have shown that the C-terminal cysteine of HypE from
a 1:1:1 complex of HypC/HypD/HypE would have the E ¢oli can be modified in the presence of carbamoyl
expected molecular mass, 88.4 kDa. Finally, a third, slowest phosphate, ATP, and HypF with a CNgroup. The inactivity
migrating form, reacted strongly with HypD- and HypE- of g R. eutrophaHypE variant in which this cysteine is
specific antisera. Its molecular mass could be estimated top|ocked by theStreptag Il suggests that this mechanism may
be approximately 150 kDa based on comparison to the nativeg|so operate ifR. eutrophaWhen theStreptag is attached
standard and 152 kDa using the method of Hederick and+g the N-terminus of HypE, the protein regains physiological
Smith. The reactlo_n on th|s position of the gfal with HypC- activity and can be copurified with HypC, HypD, and HypF1
and Streptag-specific antisera can be described more as arigures 1 and 2). Under none of the conditions investigated
smear than as a band. However, when HypC purified from jjg HypB, HypX, or HoxH copurify with HypE, suggesting
the HypF strain is considered (lanes 2, 4, 6, 8, and 10), it hat they do not form stable complexes with HypE.
becomes clear that this slowest migrating form does react apalysis of nondenaturing gels and purification of HypE
with both HypC andStrepspecific antibodies. Thus, it om different genetic backgrounds helped to identify several
represents a complex between all of HypC, HypD, and HypE gistinct complexes involving HypE. First, whenever HypF1
and seems to be stabilized in the absenge of HypF. G|v.eniS present, it copurifies with HypE (Figure 2). This HypE/
the hlgh mol_ecular mass of this complex, it ShO_U|0I contain HypF1 complex migrated to the same position in native gels
multiple copies of one or more of the Hyp proteins present. jiragpective of genetic background and could be reconstituted
The HoxH/HypC complex is unaffected by the deletion of n yitro (Figures 3B and 4). This demonstrates that HypE
hypF, but the intermediately migrating forms of HypC were 54 HypF1 form a stable complex that does not rely on any
destabilized relative to the slowest migrating forms. of the other Hyp proteins for formation. In fact, close
DISCUSSION examination suggests that two HypE/HypF1 complexes may
be formed. The difference between these two forms must
Hydrogenases catalyze one of the most fundamentalbe subtle since they migrate to almost exactly the same
chemical reactions, the splitting of hydrogen into protons position on native gels. Furthermore, it is clear that none of
and electrons. While fundamental, this reaction is by no the other Hyp proteins are involved in these HypE/HypF1
means simple, and the biological architecture of hydrogenaseomplexes since they are formed in vitro using proteins
is correspondingly complex. Posttranslational maturation of purified from HF210, that is, not containing any other Hyp
hydrogenases is a complicated process involving biosynthesigroteins. Thus the difference between the two complexes
of the hydrogen-activating site, hydrogenase subunit oligo- must correspond to a small chemical or conformational
merization, and, in some cases, transport and insertion intochange. Attempts to establish the difference between these
a membrane. The biosynthesis of the active site alone istwo forms are ongoing.
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Scheme 1: Schematic Model of the Interactions between
HypC, HypD, HypE, and HypF1 iR. eutrophaBased on
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protein complex. Sinc&. coli HypF is able to modify the
C-terminus of HypE with a CN(15) and, as shown above,
R. eutrophaHypE is inactive with aStreptag on the
C-terminus, we hypothesize that the HypF-dependent modi-

fication required for strong interaction of HypE with HypC/
HypD in R. eutrophds the incorporation of a diatomic ligand
at the C-terminus of HypE. To create active hydrogenase,

HypF

the Results of This Study
G

2
()
=

7@

1 Complex Mogiicaton | PE | 3 this diatomic ligand must be transferred from HypE to the
immature hydrogenase large subunit. We suggest that this
R - transfer takes place from the HypC/HypD/HypE complex 5
Complex Complex
¢ dissociation formation | (HyeC \ ye0) 4 and generates as product complex 6. The need for the
- activated HypC/HypD/HypE complex, complex 5, to interact
with other proteins may explain its relative stability. As a
HypE . . . . .
maturation intermediate, it might be expected to be only
< _ . : ;
oo of mot yoc ) Hypd 5 transiently formed. The details of the supposed ligand transfer
ransfer of modification

process remain to be elucidated, and spectroscopic analysis
of the two HypC/HypD/HypE complexes is underway.

The purifications of HypC from different genetic back-
grounds also shed light on the actions of HypC Rn
eutropha To provide a more general picture of NiFe site

Under wild-type-like conditions, HypC and HypD also pjosynthesis, the results presented here uSingutropha
copurify with HypE. However, when HypF1 and HypF2 are proteins must be compared with what is already known from
absent, HypE copurifies with only trace amounts of HypC E. coli. In a study of arE. coli AcarABmutant by Blokesch
and HypD. Furthermore, if either HypC or HypD is absent, and Bak (16), that is, a mutant blocked in carbamoyl
then the other is not able to copurify with HypE. These phosphate synthetase, a HypC/HypD complex was identified.
results suggest that HypC and HypD can interact with HypE This HypC/HypD complex was resolved upon addition of
only as a complex and that this HypC/HypD has an increasedcitrulline, an indirect carbamoyl phosphate source, with
affinity for HypE after it has been modified in some way by concomitant appearance of a HypC/HycE complex, where
the action of HypF. This scheme of events is depicted as HycE is the large subunit of hydrogenase 3ncoli. The
complexes 5 in Scheme 1. The HypC/HypD/HYypE authors then suggested that HypC participates in a cycle
complex purified using &treptag on HypE must primarily  performing a transfer function, that is, that HypC with the
be complex 5 of Scheme 1 as opposed to complex 6 sinceFe and diatomic ligands is transferred from HypD to the
HypE purified from HF339fypEA](phypEsy) contained  immature large subunit.
easily detectable amounts of HypC and HypD, whereas HypE  The proposed mechanism of HypC shuttling between
purified from HF441hypFIA hypF2A](phypEsy) contained  HypC/HypD complex and HypCllarge subunit complex
only trace amounts of HypC and HypD. The precise appears not to operate R. eutrophasince HypC/HoxH
stoichiometry of this HypC/HypD/HypE complex is difficult  complex was purified in significant quantities from strains
for two reasons to estimate. First, Hpr and HypE have Containing mprSC and deleted fohypB(HF417(mypcsc)),
similar molecular masses, and second, native gel analysishypE (ypEHF339(fhypGsd), and hypF (HF441(iypGsd)
suggests a range of complexes with molecular masses(data for HF417 and HF339 not shown). If we assume that
between 80 and 150 kDa may be formed. This suggests thatHypE and HypF are essential for diatomic ligand synthesis
the smallest complex is most likely a 1:1:1 complex, while jn R. eutrophathen it appears that diatomic ligand synthesis
the largest may involve single copies of HypC and HypD s not crucial for HypC/HoxH complex formation. This result
bound to a trimer of HypE. This observed range of HypC/ s more in keeping with the ideas of Marand co-workers
HypD/HypE complexes may be physiologically relevant to (47) who suggested that two HypC-like proteins are needed
hydrogenase maturation since exactly three ligands, one COfor each HypC cycle, that is, one for interacting with HypD
and two CN, must be incorporated into the immature and one for interacting with hydrogenase large subunit, with
hydrogenase large subunit. It is possible that all three ligandsthe two functions having no intrinsic link. IR. eutrophait
are delivered simultaneously from a large HypC/HypD/HYPE seems that the two functions, that is, chaperoning HoxH and
complex to the immature hydrogenase large subunit. functioning in Fe(CO)(CN) synthesis in a complex with

Purification of Streptagged HypC provided additional HypD, are not linked, that is, one does not necessarily require
circumstantial evidence that no stable HypC/HypD/HypE/ or follow the other in the maturation pathway. Rather the
HypF1 complex forms since HypF1 is never copurified while two functions seem to take place in parallel. However, at
purifying HypC. Furthermore, evidence for the HypC/HypD/ least with respect to SH maturation, the two functions do
HypE complex depicted as complex 6 is obtained from the not appear to be separated between two HypC-like proteins;
purification of HypC from HF441jypFI1A,hypF2A](phypGso) the same protein, HypC, performs both functions.

(Figure 6). The deletion of HypF means that HypE is no Itis perhaps surprising that HypF1 copurifies with HypE.
longer able to interact with HypF. Therefore, the driving R. eutrophacodes for two different HypF proteins assigned
force for the decomposition of the complex between HypC to the genesypF1 and hypF2 respectively. HypF2 is a
and HypD and unmodified HypE is decreased, and this standard HypF containing the three strongly conserved
HypC/HypD/HypE complex, complex 6, becomes more sequence motifs: an N-terminal acyl phosphatase motif, two
readily observable as the prominent, slowest migrating perfect zinc finger motifs, and a C-terminal motif containing

to large subunit

@ The change in shape from a circle to a square of HypE indicates
a change caused by HypF that allows interaction with the HypC/HypD
complex to take place.
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three conserved histidines thought to be involved in interac-
tion with carbamoyl phosphatd 4, 32). HypF1, however,
is a truncated protein containing only the C-terminal motif.
Paschos and co-worker$4) have demonstrated fé. coli
hypF that mutations in any of these three motifs lead to
inactive protein. On the other hanlyp mutants prepared
in R. eutrophashow that HypF1 and HypF2 are both active
in the production of hydrogenases. The results of this study,
that is, the copurification of HypE and HypF1, provide
additional evidence that HypF1 plays a role in hydrogenase
maturation inR. eutropha At the very least, HypE is able
to form a stable complex with HypF1 both in vivo and in
vitro. It remains a possibility that this complex does not
contain all of the functions necessary for diatomic ligand
synthesis but requires another component for complete
activity. Experiments are now underway to characterize the
in vitro activity of purified HypF1.

Having successfully purified several hydrogenase matura-
tion intermediates, it is now possible to consider biochemical

characterization of these complexes in vitro especially using 17.

FTIR spectroscopy, a technique that can be used to detect
the presence of Fe-bound CO and CNParticular targets

for such studies include the HypC/HypD/HypE and HoxH/
HypC complexes. Such studies may help to clarify the
mechanism of the biosynthesis of the biologically unusual
hydrogenase diatomic ligands.

19.
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