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A genomic DNA fragment from Desulfovibrio fructosovorans, which strongly hybridized with the hydAB genes
from Desulfovibrio vulgaris Hildenborough, was cloned and sequenced. This fragment was found to contain four
genes, named hndA, hndB, hndC, and hndD. Analysis of the sequence homologies indicated that HndA shows
29, 21, and 26% identity with the 24-kDa subunit from Bos taurus complex I, the 25-kDa subunit from
Paracoccus denitrificans NADH dehydrogenase type I, and the N-terminal domain of HoxF subunit of the
NAD-reducing hydrogenase from Alcaligenes eutrophus, respectively. HndB does not show any significant
homology with any known protein. HndC shows 37 and 33% identity with the C-terminal domain of HoxF and
the 51-kDa subunit from B. taurus complex I, respectively, and has the requisite structural features to be able
to bind one flavin mononucleotide, one NAD, and three [4Fe-4S] clusters. HndD has 40, 42, and 48% identity
with hydrogenase I from Clostridium pasteurianum and HydC and HydA from D. vulgaris Hildenborough,
respectively. The 4.5-kb length of the transcripts expressed in D. fructosovorans and in Escherichia coli (pSS13)
indicated that all four genes were present on the same transcription unit. The sizes of the four polypeptides
were measured by performing heterologous expression of hndABCD in E. coli, using the T7 promoter/poly-
merase system. The products of hndA, hndB, hndC, and hndD were 18.8, 13.8, 52, and 63.4 kDa, respectively.
One hndC deletion mutant, called SM3, was constructed by performing marker exchange mutagenesis. Im-
munoblotting studies carried out on cell extracts from D. fructosovorans wild-type and SM3 strains, using
antibodies directed against HndC, indicated that the 52-kDa protein was recognized in extracts from the
wild-type strain only. In soluble extracts from D. fructosovorans wild type, a 10-fold induction of NADP
reduction was observed when H, was present, but no H,-dependent NAD reduction ever occurred. This
H,-dependent NADP reductase activity disappeared completely in extracts from SM3. These results indicate

that the hnd operon actually encodes an NADP-reducing hydrogenase in D. fructosovorans.

Hydrogenases (Hyds) are iron-sulfur enzymes which are re-
sponsible for the oxidation of molecular hydrogen, as well as
for the reduction of protons during molecular hydrogen pro-
duction. Hyds are key enzymes in the energy metabolism of the
sulfate-reducing bacteria belonging to the genus Desulfovibrio,
which use oxidized sulfur compounds as their terminal electron
acceptors (31). Many Desulfovibrio species can use molecular
hydrogen as their sole energy source (2); thus, the hydrogen
oxidation which is thought to take place on the periplasmic
side of the inner membrane would be involved in the electron
transfer across the membrane and the creation of a proton
motive force. Alternatively, Desulfovibrio species can grow on
lactate or pyruvate, the oxidation of which in the cytoplasm
may result in H, production (7, 15, 26). It has not yet been
clearly established whether this H, production is attributable
to regulation of the redox state of the electron transfer chain
(8) or to H, cycling, which may drive ATP synthesis (13). The
number, type, and cellular location of Hyds can vary from one
Desulfovibrio species to another. It has emerged from a survey
of 22 Desulfovibrio isolates that [Fe] Hyds have not always been
detected, unlike the [NiFe] Hyds, which were found to be
present in every strain tested (28). Four classes of bacteria
have therefore been distinguished: those with [Fe], [NiFe], and
[NiFeSe] Hyds (class 1), those with [NiFe] and [Fe] Hyds (class
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2), those with [NiFe] and [NiFeSe] Hyds (class 3), and those
with [NiFe] Hyds only (class 4). This diversity makes the role of
these various Hyds difficult to determine. To study the role of
Hyds in the sulfate-reducing bacteria, we decided some years
ago to use Desulfovibrio fructosovorans as a model because of
its ability to effect substrate-level phosphorylation by ferment-
ing fructose. This property might make it possible to obtain
Hyd-null mutations that are not lethal to the organism even if
Hyds are involved in the mechanism underlying oxidative phos-
phorylation, as has been previously suggested (13). D. fructoso-
vorans MR400, from which the [NiFe] Hyd structural genes
(hynAB) had been deleted, was constructed in order to corre-
late the functional deficit with the genotype of the mutant (18).
Significant levels of residual Hyd activity have been observed in
MR400, which were attributable to additional enzymes. This
residual activity was sufficiently strong for growth to occur on
organic substrates as well as on H,-sulfate medium.

With a view to identifying the Hyd responsible for this re-
sidual activity, the genomic DNA of this organism was probed
by using the hydAB [Fe] Hyd genes from D. vulgaris Hilden-
borough (27). The results presented here led to the discovery
of a new NADP-reducing hydrogenase, the existence of which
was hitherto unsuspected in a sulfate-reducing bacterium.

MATERIALS AND METHODS

Bacterial strains and plasmids. D. fructosovorans DSM 3604 has been de-
scribed by Olivier et al. (14). D. fructosovorans AhndC is a null mutant which was
obtained by performing marker exchange mutagenesis as described by Rousset et
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al. (18). Escherichia coli DH5« [endA1 hsdR17(ry~ myt) supE44 thi~! X~ recAl
8yrA96 relAl A(argF-lacZYA)U169 ¢ 80dlac(AlacZ)M15] and E. coli K38 (HfrC
\, suppressor free) (24) were used as hosts for the recombinant plasmids.

Plasmid pHV150, containing the structural hydAB genes from D. vulgaris
Hildenborough on a 1.9-kb inset, was kindly provided by G. Voordouw (27).
Plasmids pT7-5, pT7-6, and pGP1-2 (24) were used in the heterologous expres-
sion experiments.

Medium. D. fructosovorans was grown anaerobically at 35°C on bicarbonate-
buffered saline medium (31) supplemented with 20 mM fructose as the carbon
and energy source and 30 mM sulfate as the terminal electron acceptor. Agar
(1.6%) and thiamphenicol (40 ng/ml) were added to isolate the deletion mutant
in plates.

Gene cloning. One 13-kb Sacl fragment from D. fructosovorans strongly hy-
bridized with the hydAB genes from D. vulgaris Hildenborough in Southern
blotting experiment (data not shown). Chromosomal DNA from D. fructoso-
vorans was then digested by Sacl, and the 12- to 15-kb fractions were isolated by
performing agarose gel electrophoresis and purified with prep A gene (Bio-Rad
SA, Yvry sur Seine, France). The fractions were then ligated into dephosphory-
lated Sacl-digested pUCI18 (Appligéne, Illkirch, France), and the recombinant
plasmids obtained were used to transform E. coli DHS5«. Plasmid pSS13 was
isolated after screening 800 transformants by performing in situ hybridization,
using the nick translation labelled 3P hydAB probe from D. vulgaris Hildenbor-
ough.

Subcloning and nucleotide sequence analysis. The locations of the genes in the
13-kb insert hybridizing with the hydAB probe were determined by performing
restriction analysis and Southern blotting experiments. A 4.9-kb Dral-Sphl frag-
ment was subcloned into Smal-Sphl-digested pUC18 and sequenced. The result-
ing recombinant plasmid was named pSD5 (see Fig. 8). Overlaps were generated
by exonuclease ITI-exonuclease VII digestions (34). The sequencing reaction was
routinely performed with a Sequenase kit (U.S. Biochemical, Cleveland, Ohio).
The complementary strand was sequenced by using specific oligonucleotides as
primers. The 354 nucleotides (nt) upstream from Dral were sequenced by walk-
ing on the chromosome.

RNA extraction and Northern (RNA) blotting. D. fructosovorans cells grown in
fructose-sulfate medium were harvested in the middle of the exponential phase
and rapidly cooled to 0°C by adding crushed ice. The total RNAs were extracted
using the hot phenol method described by Miller (11). The Northern blotting
experiment was performed as previously described (20). The 1.3-kb PstI-Pvull
and 1.7-kb EcoRI-BamHI fragments radiolabeled by random priming were used
for Northern blotting (see Fig. 6).

Expression of the hndABCD genes in a T7 promoter/polymerase system. The
4.9-kb Dral-Sphl insert was subcloned in Smal-Sphl-digested pUC18. The re-
sulting plasmid was then digested at SacI and HindIII restriction sites present in
the pUCI18 polylinker, and the fragment obtained was subcloned in pT7-5,
placing the transcription of the genes under the control of the T7 $10 promoter
(24). The resulting plasmid, pTHnd, was used to transform E. coli K38(pGP1-2),
and the expression of the cloned genes was monitored by incorporating
L-[**S]methionine into the gene products. The proteins were separated on a
sodium dodecyl sulfate (SDS)-11% polyacrylamide gel and autoradiographed
after overnight exposure.

Gene replacement. The BamHI site was first removed from the polylinker by
digesting plasmid pSD5 at the Sacl site located in the polylinker and at the
EcoRV site located 400 bp after Dral (see Fig. 8). The resulting plasmid was
called pESS. The 1.2-kb Bcl/I-HinPI 1 fragment from pBR325 which contains the
cat gene was then ligated into BamHI-Clal-digested pESS. The recombinant
plasmid pESS5C, which cannot replicate in sulfate-reducing bacteria, was intro-
duced into D. fructosovorans by electropermeation (18). The thiamphenicol-
resistant strains were isolated on solid medium. The gene replacement in D.
fructosovorans AhndC was checked by performing Southern blotting experiments
using cat and hndC genes as probes (see Fig. 8). One mutant, SM3, was selected.

Southern blotting. Chromosomal DNAs from D. fructosovorans wild-type and
SM3 strains were isolated by Marmur’s method (9). Genomic DNA was digested
for 5 h with Asull, subjected to electrophoresis on a 0.7% agarose gel, and
transferred overnight onto a nylon membrane (Schleicher & Schuell, Ecquevilly,
France). The ECL Random Prime Labelling kit and detection system were used
as described by the manufacturer (Amersham, Les Ulis, France). Hybridization
was performed at 65°C, and the 1.4-kb Xhol-BamHI fragment containing the
hndC gene and the 1.2-kb HinPI-Bcll fragment containing the chloramphenicol
resistance gene (see Fig. 8) were used to probe chromosomal DNAs.

Construction and purification of the cytoplasmic MBP fusion proteins. A
protein fusion and purification system was used as instructed by the manufac-
turer (Biolabs, Montigny le Bretonneux, France). pSD5 was digested by Alul,
and the 1.7-kb Alul-Alul fragment containing the AndC gene was ligated into
Stul-digested pMAL-c1, which contains the gene encoding a cytoplasmic mal-
tose-binding protein (MBP) (see Fig. 9). After the transformation of E. coli, cell
extracts from several clones were analyzed to check the expression of a 94-kDa
protein, which corresponded to the size expected for an MBP-HndC fusion
protein. The fusion protein was purified in one step by using a maltose affinity
column and cleaved with the specific protease factor Xa.

Antibodies. The 52-kDa HndC protein was then injected into a rabbit at the
rate of about 300 pg every 20 days for 4 months. The serum collected was then
precipitated with 50% (NH,),SO,, and the pellet was resuspended in phosphate-
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buffered saline (PBS; 8%o0 NaCl, 0.2%0 KCl, 1.6%0 Na,HPO,, 0.24%0 KH,PO,
[pH 7.2]). After an overnight dialysis at 4°C against PBS, the dialysate was fixed
to DEAE-Trisacryl equilibrated with PBS. The resin was then pelleted by cen-
trifugation for 30 min at 6,000 X g, and the supernatant containing immuno-
globulins was used in immunoblotting studies.

Western blot (immunoblot) transfer and immunoblotting. Soluble proteins
from wild-type D. fructosovorans and mutant SM3 were separated by electro-
phoresis in SDS-12% polyacrylamide gels and transferred onto BA83 nitrocel-
lulose membranes (Schleicher & Schuell), using a Biometra Fastblot B33 elec-
troblotting apparatus (Science-Tec, Les Ulis, France). Immunoreactive proteins
were detected by using rabbit anti-HndC serum (diluted 1:1,000) and anti-rabbit
peroxidase-labeled immunoglobulins (BM chemiluminescence Western blotting
kit; Boehringer Mannheim, Meylan, France).

Enzyme assays. D. fructosovorans cells were broken with a French press and
centrifuged for 30 min at 7,500 X g. Enzyme assays were performed on the
soluble fraction obtained after additional centrifugation for 2 h at 150,000 X g.
This fraction was carefully maintained under nitrogen atmosphere. The H,-
driven NAD(P) reduction was measured spectrometrically at 30°C at 340 nm in
a tightly closed quartz cuvette (21).

Nucleotide seq e accessi ber. The nucleotide sequence of the D.
fructosovorans hnd operon has been submitted to the GenBank Sequence Data
Library under accession number U07229.

RESULTS AND DISCUSSION

Nucleotide sequence analysis. The nucleotide and derived
amino acid sequences of hindABCD genes are given in Fig. 1.
The nucleotide sequence showed the existence of four open
reading frames (ORFs), designated hndA, -B, -C, and -D, all
oriented in the same direction. Each of these was preceded by
potential ribosome binding sites. These genes were 513, 378,
1,434, and 1,749 bp long and were separated by 38-, 24-, and
19-bp intergenic regions, respectively. The possibility that
these ORFs encode polypeptides was examined with the MBS
computer program, using the D. fructosovorans codon usage
table (19). According to this analysis, all four ORFs exhibited
a high probability of coding for proteins.

The gene hndD possesses four regions (nt 3561 to 3691, nt
3764 to 3954, nt 3933 to 4073, and nt 4121 to 4210) which share
a high degree of homology (70, 62, 63, and 68%, respectively)
with the central part of iyd4 (nt 501 to 630, nt 700 to 882, nt
857 to 980, and nt 1055 to 1140), encoding the large subunit of
the [Fe] Hyd from D. vulgaris Hildenborough (data not shown)
(27). These strong homologies are likely to be responsible for
the nonambiguous response obtained in the Southern blotting
experiments.

Amino acid sequence analysis. The 18.8-kDa protein en-
coded by hndA (Fig. 2) showed 29% identity with the 24-kDa
subunit of bovine complex I (4), 21% identity with the 25-kDa
subunit of the NADH dehydrogenase type I from Paracoccus
denitrificans (33), and 26% identity with the N terminus (res-
idues 1 to 149) of the HoxF subunit of the NAD-reducing Hyd
from Alcaligenes eutrophus (25). On the basis of evidence from
previous biochemical and electron paramagnetic resonance
spectroscopic studies, one [2Fe-2S] cluster has been assigned
to the 24- and 25-kDa subunits of the proteins of mammalian
and bacterial origin, respectively (reference 30 and references
therein). This cluster may be accommodated by the four con-
served cysteine residues present at positions C-98, C-103,
C-139, and C-143 in the amino acid sequence of HndA.

The product of the AndB gene is a 13.8-kDa protein, the
amino acid sequence of which did not show any homology with
the protein from either the Swissprot or GenEMBL data bank.

HndC (Fig. 3) is a 51.7-kDa protein. Using the Swissprot
data bank, we found that the region extending from residues 1
to 441 of HndC shows 37% identity with the C-terminal region
(residues 161 to 612) of the HoxF subunit of the NAD-reduc-
ing Hyd from A. eutrophus (25) and 33% identity with the
C-terminal region (residues 67 to 444) of the 51-kDa subunit
from Bos taurus complex I (4). These proteins are known to be
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AATTCCATTATTTTTTGAAATCGGTCCGGAGCGCTCCACGCCCCGGGACCGGTGCCGGACGTATCCGGGGGAACCGCTTTCCGGETRACTCTCCCCTGGG- 100
-35
TGTTTTTGTTAATAGCCTGTGTATACAGGCTTTTTTTTGTTGGTCCGGTTATTGCTGTTTCCGGGGCAGGCGTGAGGAAGAAGGGCCTGCTTTGGCGTGG- 200
-10
AAGACGGCAGACATGGCTCAAGGGAATAAGCCCCCTTAGATTGTGAAAATAATCACAATCTAAGGGGGCAGGAATGTAACGGGGATAACGGATCAAGGCC- 300

TTCCGGGCAGGAGAAAGGACGGTGGGCGTAGCGCCTCGTTTTTCCAAGAACT T TAAAATGCCACAAGGAGAGGTGTTTTTGTATGCAAAACTCAACTTGC- 400
rbs HndA M Q@ N S5 T - 6

CRAGCGGTCGGCGAATGCAGGGTGCCGGAACATGCGGTTCTGCCGCAGCCGCTGTACCGGGAAGTCGTTCAGT TTATTGAATCCCTCCCTCAGARAGAGG- 500
Q A V G E ©RrR v P EHAVLEP Q@ P L YREV V QFTIZESTULZPQ K E- 39

GGCATCTCGTCACCGTGCTCCATAAGGCGCARAGTGTTTTTGGCTATCTGCCCATCGAAGTGCAGCAGT TTGTGGCCGATCACATGGAAGTTCCCCTGGC- 600
G HL VTV LHKAQSVF GYULU®PTIZEVQQFVADUHMEUVZPL - 72

GCAGGTCTACGGCGTCGTCAGCTTTTACACCTTTTTCACCATGGTGCCCAAGGGCAAGTATCCCATTTCCGTGTGCATGGGCACGGCCTGCTTCGTCAAG- 700
A Q VY GVVSFYTTFTFTMVYVEPZEKT GEKTYT?PTISV OMccTa ©F v K- 106

GGCGCGGACARAGTGGTCCATGCCTTCARAGAGCAGCTCAAGATCGATATCGGCGACGTGACCCCGGACGGCAGGTTCTCCATCGACACCCTGCGTTGCG- 800
G A DKV VHAUF KEQL K IT DI GDVT?PDSGI R FS I DTTUL R © -139

TCGGCGGCTGCGCCCTGGCTCCCATCGTCATGGTCGGCGAGAAGGTC TACGGCARCGTGACGCCGGGGCAGGTCAAGAAAATCCTGGCTGAGTACTAGCG- 900
vee ©aA L A P I VMV GET KV VTYSGNYV T P G Q V KK I L A E Y * -171

CAACCGCGTGCGATTTACAGATAAGGAGCGCGTTARAATGAGCACTATCCGATCCTTTGAAGATC TCAAGGCCAAGCGCCAGGAGATTCTTGACCGCAAGG-1000
rbs KndB M s T IR S F EDILI KA AIZ K ROQETITL DR K- 21

CCGCCAGARACGGCAAAACCATCATCAACGTGTCCCTGGCCACCTGTTCCATCGCCGCCGGCGGCAAGGTCGCCATGGAGGCCATGCAGGACGAAGTGGC-1100
AARNGE KTTITINUVSTLAT ©s I A AGGTZ KV VA AMEA AHM Q D E V - 54
CRAGAACGGGCTGACCGGCGTGGAATTCATGCAGTCCAGCTGCATGACTTACTGCTATGCCGAACCCACGGTGGAGATCACGCTGCCGGGCAAGGACCCC-1200

A K NG L T G V E F M Q S S © M1y ©Y A8 P T VETITTILTPGK D P- 88

GTCGTCTTCGGCGGCGTGGACGAAAACAGGGCCCGGGAACTCGTCACCGAGTACGTCATGAAGGGCGAACCGGTCGAGGGAATCATCCCCGTCAACTACG-1300
VVFGGVDENRAMRETILUVTETYUVMIEKSGEZ®PVESGTITIUZPUVNY=-I11

AACGGGTAGTCCTGTAATAGCAARCTACCGGGAGACGACGATATGGCAGCGACGACCACGGAAAAAAAGCAGCTTCGGATCGCCACCCGCAATTGCGGCTT~1400
E RV V L *» = rbs HndC M A ATTTEI KK QL RIATRN ©c - 19

CATCGATCCGGAAAGTATCGACGATTACATCGCCCTGCGGGGCTATGAGGGCCTGGCCAAGGTCCTGACCATGACCCCGGCCGAGGTGGTGGACCTGGTC~1500
F I DPE S I DODY I ALRGYZESGTLH ARTZ KUVILTMTZ®PAZEUVV DL V- 53

AAGCGCTCGGGCCTGCGCGGCCGCEGCGGCGCGGGCTTCCCCACCGGCATCAAGT GGGGCATCGCGCTCGGCAACAAGGCCGACCAGAAGTACATGGTGT~1600
K RS 6L R GRG GAGT FU&PTOGTIKWSOGTIATLTGNIE KA ADUG QI KYMUV- 86

GCARCGCCGACGAAGGCGACCCGGAGT TCATGGACCGCGCCGTGCTCGAGGGCGACCCCCACTCGGTGGTGGAGGCCATGGCCATCGGCGGCTACGCCAT-1700
© N ADEGDE®PETFMDRAVYLETGTDTPUHSVVEAMATILTGSG]ZY A -119

CGGGGCCACCCGGGGCACGGTCTACATCCGGGCCGAGTATCCCCTGGCCATCARGCGCCTCAAARAGGCCATCGACGACGCCCGCGAGTACGGCCTGCTC~1800
I GATU®RGTV Y I RAEYUPILATII K RILIE KI KA ATIUDUDH ARRTEY G L L-153

GGCGAARARCATCTTCGGCTCGGGCTTCGATTTCGACATCGAACTCAAGTACGGCGCCGGCGCGTTCGTCTGCGGCGAGGAAACGGCCCTGATCCGCTCCA-1900
G ENTITFGS GFDTFEDTITETLTEXKTYGHAGATFV ®6EETA ATLTIR S- 186

TGGAARGGCAAGCGCGGCGAGCCCGTGACCAAGCCGCCGTTCCCGGCCCAGTCCGGCTATTGGGAARAGCCCACCATCGTCARCAARCGTGGAGACCTTCGC-2000
M E G K R G E P V T KPP F P A QS G Y WEI KU PTTIVNNVETF -219

CAATATCCCCGCCATCATCATCAACGGCGCGGATTGGTTCTCCGGCATCGGCACCGCCACCTCCAAGGGCACCAAGGTGTTCGCCCTGGCCGGCAAGATC-2100
A NI P A I I I NGADWT F S GI T ATSKGTUKV F AL A G K I-253

CAGRACGTGGGCCTGATCGAAGTCCCCATGGGCATCAGCCTGCGCGAGGTCATCT TCGACATCGGCGGCGGCTGCCCCGACGGCARGGCCTTCAAGGCCG-2200
Q NV 6L I EVPMGISLREUVIFDTIGSG GG ©pr DG XK A F K A- 286

TCCAGACCGGCGGCCCCTCCGGCGGCGCGCTGGCCARCAAGGACCTCGATGTGGCCATCGACTACGAGICCCTGGCCGCCTGCAAGTCCATCATGGGTIC-2300
VQTGGT®PSGOGALA ANEKTDTLTDVATIDTYTESTELHA AA®OKSsSTI MGG - 319

CGGCGBCATGGTCGTCATGGACGAGGACGACTGCATGGTCTCCGTGGCCARGTTCTTCCTGGACT TCACCATGGACGAGACCTGCGGCAAGTGCACCCCC-2400
S G GMV VMDETDTD®MV s VAEKTFEFTFTLTDTFTMDTET®©®©sc x © 1 p- 353

TGCCGCATCGGCTCCAAGCGCCTCTACGAGATCCTGGACCGGATCACCAAGGGCARGGGCACCCGGGCCGACCTCGATCGGCTCARGTCCCTGTCCGAGA-2500
© R T 6 S KRLYETITLDR RTITTIEKTGTEKTGTRA b L DRUL K S L S E~- 386

TCATCAAGGACACGGCGCTGTGCGGCCTCGGGCAGACCATGCCCAACCCCATCCTGTCCACCATGGATACCTTCGCCAATGAATACGAGGCCCATGTCGA-2600
I 1 kDTAL®c 1 6 Q T M P NP I L S$TMDTU FANEYE A H V - 419

CGACARGRAGTGTCCGGCCCACGTCTGCACGGCCCTGCTGACCTACACCATCGATCCCGCCAAGTGCACGGGCTGCGGCCTGTGCACCAGGGTCTGCCCG-2700
D DK K© p A H v ©r a1 11T Y TIpDe©Pak©®Or re® 61© 1 rR Vv©OP-4s3

GIGGAGTGCATTTCCGGCACGAAGAAGCAGCCCCACACCATCGATACCACACGGTGCATCAAGTGCGGCGCCTGCTACGACAAGTGCAAGTTCGACTCCA~-2800
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vVE® I 56 TK*KoPHTTIODTTR ROE®I xk ©c n ©y p xk ©k Fr p s - 486

TCATCAAGCAATAAGGATCCAAGGAGGTCCGCAATGTCCATGCTGACAATAACCATAGACGGCAAAACGACGTCAGTGCCGGAGGGCAGCACCATCCTGG~2900
I I K Q ~* rbs HndD M s ML TTITTIUDGI KTTSV?PEGSTI L- 22

ATGCCGCCARGACGCTCGACATCGACATTCCGACCCTGTGCTACCTCARCCTGGAGGCCCTT TCGATCAACAACAAGGCCGCC TCCTGOCGCGTCTGCGT - 3000
DAAEKTTLODTIUDTITZPTIL® vyL NL EALSTININTEKGAA AS SO RVYV O®- 55

GGTCGAGGTCGAGGGCCGGCGCAACCTGGCCCCGTCCTGCGCCACCCCGGTCACCGACARCATGGTGGTCAAGACCAACAGCCTGCGCGTCCTGAACGCC-3100
VVEVESGGRTERNTLAPS®©OATPVTDNMVYVYVKTNSTILERVTILN A 89

CGCCGCACCGTGCTCGAGCTGCTGCTGTCCGACCACCCCAAGGATTGCCTCGTGTGCGCCAAGTCCGGCGAGTGCGAGCTGCAGACCCTGGCCGAGCGCT-3200
R RTVUILETLTELTELSDHT PEXKDO L VO axseceE©®© EL QTZLAE R-122

TCGGCATCCGCGAGTCGCCCTATGACGGCGGCGAAATGTCCCACTACCGCARGGACATCTCCGCCTCCATCATCCGCGACATGGACAAGTGCATCATGTG~3300
F 6 I RESPYDOGGEMSUHTYURTEKTDTISASTITIRTDMDEK®OI M -155

CCGCCGTTGCGAGACCATGTGCAACACGGTCCAGACCTGCGECETGCTCTCGGGCGTCARCCGCGGCTTCACCGCCGTGGTCGCCCCGGCCTTCGAGATC-3400
©r R®@ e T M® N T VvoT® 6 vl.saeVvVNRGEFTA ATVVATPATFE M 189

AACCTGGCCGACACCGTGTGCACCAACTGCGGCCAGTGCGTGECCGTGTGCCCCACCGGOGCCCTGGTCGAGCACGAGTACATCTGGGAAGTGGTCGAGG- 3500
NLADTVO 1O 6 0© vav® p T cAacLUVESHTETYTIWEV V E-222

CCCTGGCCAACCCGGACAAGGTCGTCATCGTCCAGACCGCCCCGGCCGTGCGCGCGGCCCTCGGCGAGGACCTCGGCGTCGCCCCCGGCACCTCGGTCAC-3600
AL ANPDI KVVIVQTAPAVRAAMLGETDILSGVAZ®PGT S V =255

CGGCAAGATGGCCGCCGCCCTGCGTCGCCTGGGCTTCGACCACGTCTTCGACACCGACTTCGCCGCCGACCTGACCATCATGGAGGAAGGCTCGGARTTC-3700
T G KMAAALIRIRILGT FDHVFDTDT FARAMADILTTIMMETEG S E F- 289

CTCGACCGCCTGGGCAAGCACC TGGCCGGCGACACGART GTCAAGC TGCCCATCCTCACCTCCTGCTGCCCGGGCTGGGTCARGTTCTTCGAACACCAGT - 3800
L DRLGIEKUHTLAGDTNU VI KTELTP?TITLTsOO® P 6wvKTFTFTEH Q-322

TCCCGGACATGCTCGACGTGCCCTCCACGGCCAAGTCGCCGCAGCAGATGTTCGGCGCCATCGCCARGACCTACTACGCCGACCTGCTCGGCATCCCGCG-3900
F PDMULUDVPSTAIEKS?PQEQMFGATIAIEKTYYADTILTULSGTI P -35

CGAAAAGCTCGTGGTCGTCTCGGTCATGCCCTGCCTGGCCAAGAAGTACGAGTGCGCCCGTCCGGAATTCTCCGTGAACGGCAACCCGGACGTCGACATC-4000
REKTLUVVVSVMPO LAKXEKYE®© ARGPETFSVNGNTEPTDV D I-389

GTCATCACCACCCGTGAGCTGGCCAARGCTCGTCAAGCGCATGARCATCGACTTCGCCGGGCTGCCCGACGAGGACTTCGATGCGCCGCTCGGCGCGTCCA~4100
v I T TR EULAIZ KILV K RMNIDT FAGTLU®PUDTEU DTFEFDA AZPTUL G A S-422

CGGGCGCGGCCCCGATCTTCGGCGTCACCGGCGGCGTCATCGAGGCGGCGCTGCGCACCGCCTACGAGCTGGCCACCGGCGARACCCTTAAGAAGGTCGA~4200
T GAAPI FGVTGGV I EAALURTAYETLATSGETTL K K V - 455

CTTCGAGGACGTGCGCGGCATGGACGGCGTCAAAAAGGCCAAGGTCAAGGTCGGCGACAACGAGCTTGTCATCGGCGTGGCCCACGGCCTTGGCAACGCG~4300
D F EDVRGMDGV KEKAI KV KV GDNZETLVTIGV AHGT L G N A- 489

CGGGAACTCTTGAAGCCGTGCGGCGCGGGCGAGACCTTCCACGCCATCGAGGTCATGGCCTGTCCGGGCGGCTGCATCGGCGGCGGCGGACAGCCCTACC~4400

RELTLTEKTPO® ¢ rcgETFHAIEVMAD p66®© 1 666 6 g P Y- 522
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FIG. 1. Nucleotide sequence of the 4nd region. The amino acid sequence deduced from the nucleotide sequence is given in the single-letter code. Cysteine residues
are in circles. Stop codons are indicated by asterisks. The Shine-Dalgarno sequences (rbs) are underlined. The convergent arrows indicate inverted repeats.

involved in the NAD™ oxidoreductase activity, where flavin
mononucleotide (FMN) acts as a cofactor (reference 4 and
references therein). The HndC region extending from residues
54 to 91, which is likely to be involved in the formation of the
ADP pocket in the NAD™ binding site, was identified by the
method of Wierenga et al. (32). The consensus sequence pos-
sibly involved in the binding of FMN was not established.
However, the multiple alignment of HndC and related pro-
teins, shown in Fig. 3, shows that the region involved in the
binding of FMN is probably located in the glycine-rich con-
served region (16) encompassing amino acids 170 to 218 in
HndC. HndC harbors 21 cysteine residues with five conserved

positions. The sequence motif CysXXCysXXCys correspond-
ing to residues 348 to 354 along with cysteine 392 in HndC may
coordinate one [4Fe-4S] cluster. A cluster of this kind has been
identified in electron paramagnetic resonance spectroscopic
studies carried out on both HoxF from A. eutrophus and the
bovine 51-kDa subunit of B. faurus complex I (reference 30 and
references therein). The other conserved cysteine residue, at
position 177 in HndC, falls within the region thought to be
involved in the binding of FMN. The C-terminal domain of
HndC is characterized by the presence of eight cysteine resi-
dues arranged into two canonical sequence motifs, CysXX
CysXXCysXXXCys(Pro/Lys), and may coordinate two [4Fe-
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FIG. 2. Multiple alignment of the derived amino acid sequences of the hndA
gene product and related proteins. A, HndA from D. fructosovorans; B, 24-kDa
subunit from B. taurus complex I; C, 25-kDa subunit from P. denitrificans NADH
dehydrogenase type I; D, HoxF subunit (residues 1 to 200) from A. eutrophus
NAD-reducing hydrogenase. Identical amino acids are shaded, and cysteine
residues present in conserved positions are boxed.

4S] ferredoxin-like clusters (3). HndC therefore probably
houses one NAD* and one FMN binding site and coordinates
three [4Fe-4S] clusters, arranged in that linear order in the
sequence from N to C terminal. Since HndA and HndC to-
gether are potentially able to harbor one NAD™ cluster, one
FMN cluster, three [4Fe-4S] clusters, and one [2Fe-2S] cluster,
it can be postulated that this dimer might form a functional
unit having NAD™ reductase activity, as does the HoxF-HoxU
dimer of A. eutrophus (25).

The polypeptide encoded by indD has a predicted molecu-
lar mass of 63.6 kDa. The amino acid sequence of HndD was
compared with those of the Hyd I from Clostridium pasteuria-
num (10), the large subunit (HydA) of the dimeric [Fe] Hyd
from D. vulgaris Hildenborough (27), and the putative mono-
meric [Fe] Hyd (HydC) from D. vulgaris Hildenborough (23).
As shown in Fig. 4, identities of 48, 42, and 40% were found to
exist between HndD and HydA, HydC, and Hyd I, respectively.
A longer N-terminal domain consisting of 117 amino acids was
present in Hyd I, HydC, and HndD but was lacking in HydA.
A recent Raman spectroscopic investigation (5) indicated that
in addition to the H cluster, three [4Fe-4S] clusters and one
[2Fe-2S] cluster are present in Hyd I from C. pasteurianum and
only two [4Fe-4S] clusters are present in HydAB from D.
vulgaris Hildenborough, which suggests that the N-terminal
domain of Hyd I may harbor one of the three [4Fe-4S] clusters
and the [2Fe-2S] cluster. In the case of HndD (Fig. 4), the
N-terminal domain harbors seven conserved cysteine residues
and lacks the eighth cysteine residue, which is to be found in a
nonconserved position in Hyd I and HydC. Since eight residues
are required to accommodate two iron-sulfur clusters, histidine
101 might be the fourth actual ligand of one cluster (9a). It
seems quite likely that the N-terminal region of HndD may
bind one [2Fe-2S] and one [4Fe-4S] center. The subsequent
sequence (residues 118 to 239 in HndD) contains eight con-
served cysteine residues showing the characteristic motif re-
sponsible for coordinating two [4Fe-4S] ferredoxin-like clus-
ters (3). The highest similarity between the four sequences
aligned in Fig. 4 lies in the central part of the proteins (from
residues 240 to 520 in HndD), which possesses five matching
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FIG. 3. Multiple alignment of the derived amino acid sequences of the D.
fructosovorans hndC gene product and related proteins. A, HndC from D. fruc-
tosovorans; B, HoxF (residues 153 to 602) from A. eutrophus; C, 51-kDa subunit
from B. taurus complex I. Identical amino acids are shaded, and cysteine residues
present in conserved positions are boxed.

cysteine residues. This highly similar region is thought to har-
bor the hydrogen-activating H cluster (10, 29). HndD therefore
has all of the features necessary to chelate one [2Fe-2S] cluster,
three [4Fe-4S] ferredoxin-like clusters, and one activating H
cluster and might therefore constitute a monomeric [Fe] Hyd,
as does Hyd I from C. pasteurianum.

On the basis of these sequence homology data, it can be
hypothesized that HndA, -B, -C, and -D assembled in a mul-
timeric entity might bring together all of the elements neces-
sary to obtain a NAD™-reducing hydrogenase. This assump-
tion is summarized in Fig. 5, where the salient structural
features of HndA, -B, -C, and -D from D. fructosovorans are
compared with those from the tetrameric NAD*-reducing hy-
drogenase from A. eutrophus. On the other hand, the absence
of the signal peptide consensus box (12) in the amino acid
sequences of the four proteins indicates that they may have a
cytoplasmic location, as does A. eutrophus NAD " -reducing
hydrogenase (17).

Northern blotting analysis. A 1.3-kb PstI-Pvull fragment
containing the major part of hindD was used in Northern ex-
periments. When the total RNAs from D. fructosovorans were
probed, a major 4.5-kb transcript was observed (Fig. 6, lane 3).
Minor 2.9-kb transcripts were also observed, which may have
been either some of the degradation products of the 4.5-kb
transcripts or the 4.5-kb transcripts swept along by the rRNAs.
The same 4.5-kb transcripts were obtained when RNAs from
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FIG. 4. Multiple alignment of the derived amino acid sequences from HndD
from D. fructosovorans (A), Hyd I from C. pasteurianum (B), HydC from D.
vulgaris Hildenborough (C), and HydA from D. vulgaris Hildenborough (D).
Identical amino acids are shaded, and cysteine residues present in conserved
positions are boxed.

E. coli DH5a(pSS13) were probed (Fig. 6, lane 2). When the
1.7-kb EcoRI-BamHI probe, encompassing hindC and a large
part of AndB, was used, the same transcripts were observed
(Fig. 6, lane 4). These results indicated that hndA, hndB, hndC,
and hndD are transcribed in D. fructosovorans and that these

HndA HndB

18.8 kDa 13.7 kDa

HoxF

66.8 kDa 26 kDa
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FIG. 6. Northern blotting experiments. The PstI-Pvull intragenic fragment
was used to probe RNAs from E. coli DH5a(pUCI18) (lane 1), E. coli
DHS5a(pSS13) (lane 2), and D. fructosovorans (lane 3). Lane 4, total RNAs from
D. fructosovorans probed with the EcoRI-BamHI intergenic probe. Restriction
enzyme abbreviations: B, BamH]I; E, EcoRI; D, Dral; P, Pstl; Pv, Pvull; Sp, Sphl.
Sizes are indicated in kilobases.

genes belong to the same transcription unit. The coregulation
of the expression of these genes can be interpreted as the need
for the four related proteins to be present at the same time in
the cell, either because they might work together in a multim-
eric structure or because they might act sequentially in a series
of reactions.

Heterologous expression studies. To determine whether this
operon had any real biochemical existence, the four genes were
cloned in pT7-5 and pT7-6 and overexpressed in E. coli. Four
polypeptides with apparent molecular masses of 13.6, 16, 52,
and 65 kDa were synthesized (Fig. 7). The molecular masses
observed were in good agreement with the theoretical values of
13.8, 18.8, 51.7, and 63.6 kDa predicted for the products of the
genes hndB, hndA, hndC, and hndD, respectively. No transla-
tion products were observed in the transformants carrying the
hnd region cloned in the opposite orientation in pT7-6 (data

HndD
(A | | Il | H
63.6 kDa
HoxY HoxH
| | | N
22.9 kDa 54.5 kDa

FIG. 5. Summary of related motifs in the proteins involved in the NADP-reducing Hyd from D. fructosovorans (top) and in the NAD-reducing Hyd from A.
eutrophus (bottom). H, the H cluster present at the active center of [Fe] Hyds; Ni, the nickel atom present at the active center of [NiFe] Hyds. The possible sites for
prosthetic group coordination are as follows: &, [2Fe-2S] center; B, HndA homologous region; [, region showing no homology; m, [4Fe-4S] center; and [, HndC

homologous region.
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FIG. 7. Heterologous expression of the ind genes in the T7 promoter/poly-
merase system. In the autoradiogram of 33S-labeled proteins, 40, 20, and 10 .l of
cell extract from E. coli K38(pGP1-2) harboring the expression plasmid pTHnd
were loaded in lanes 1, 2, and 3, respectively. Lane 4, control experiment,
performed with E. coli K38 harboring plasmid pT7-5 alone. The positions of
molecular mass standards are indicated.

not shown). These results indicated that the identified operon
may be translated into four proteins exhibiting the predicted
sizes.

Gene replacement. For the purpose of checking the bio-
chemical characteristics of this newly identified enzyme, a
AhndC mutant was constructed by marker exchange mutagen-
esis (see Materials and Methods). The chromosomal DNAs of
the wild type and mutant SM3 were digested with Asull to
obtain a differential response to probing. In the chromosome
of the wild-type strain, there are two Asull sites of interest, one
located in the middle of the hndD gene (Fig. 8, pSDS5) and the
other located 700 bp upstream of the Dral site (not shown).
The locations of these two sites were expected to produce one
4.1-kb fragment, which was what actually occurred when the
chromosomal DNA of the wild-type strain was tested with
probe A (Fig. 8A). As expected, no hybridization occurred
when the chromosomal DNA of SM3 was tested with probe A,
indicating that the AndC gene had been deleted (Fig. 8A).
Conversely, the presence of two additional Asull sites in the
chloramphenicol cassette inserted into SM3 (Fig. 8, pES5C)
released one 0.9-kb fragment which hybridized with probe B
(Fig. 8B). No hybridization occurred when the wild-type strain
chromosomal DNA was tested with probe B (Fig. 8B). These
results indicated that the genotype of SM3 was AhndC Cm'.

Immunoblot analysis. With a view to identifying the sub-
units of this enzyme in D. fructosovorans, antibodies were pro-
duced by using HndD and HndC expressed in E. coli in the
PMAL-cl system. Only HndC induced the production of an
antibody exhibiting a measurable immunological response. An-
ti-HndC antibodies were then used to test cell extracts from D.
fructosovorans wild-type and SM3 strains to determine whether
HndC was present (Fig. 9). One band corresponding to a
protein of 52 kDa, which is the size to be expected for HndC,
was observed in the wild-type extract but was lacking in the
SM3 extract (Fig. 9). It can be deduced from these results that
HndC was actually expressed in D. fructosovorans and that the
SM3 phenotype was HndC™.

Enzymatic activity. The last step in the preliminary charac-
terization of this new enzyme consisted of investigating the
activity of this enzyme in D. fructosovorans. The sequence com-
parisons suggested that the enzyme might be able to reduce
NAD™ in the presence of molecular H,, with HndA and HndC
acting as the possible NAD-reducing subunits and HndD act-
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FIG. 8. Construction of strain SM3 and Southern blotting experiment. Re-
striction enzyme abbreviations: A, Asull; B, BamHI; Be, Bcll; C, Clal; D, Dral;
E, EcoRI; EV, EcoRV; H, HinPL; S, Sacl; Sp, Sphl; X, Xhol. The Xhol-BamHI
fragment was probe A, which was used to probe blot A, and the HinPI/Bcll
fragment was probe B, which was used to probe blot B. Wt and SM3, wild-type
and SM3 strains of D. fructosovorans, respectively.

ing as the hydrogenase subunit. No H,-induced NAD* reduc-
tion ever occurred, however, in soluble extracts from D. fruc-
tosovorans (Fig. 10). When NADP™ was tested as the electron
acceptor, the characteristic increase in the reduction speed was
observed immediately after addition of H, (Fig. 10). As ex-
pected, SM3 failed to effect any H,-dependent NADP reduc-
tion (Fig. 10). This observation clearly indicated that the en-
zyme discovered was a NADP-reducing hydrogenase, showing
complete specificity toward NADP under our experimental
conditions.

It is not yet clear whether this enzyme is a multimeric com-
plex. The purification of the enzyme is under way at our lab-
oratory. The specificity of this hydrogenase toward NADP™
makes it the first of its kind to be described. Since NADPH, is
almost exclusively used in anabolism, it can be hypothesized
that D. fructosovorans is able to use the reducing power of H,
directly to synthesize biomolecules. This is probably not the
only means whereby D. fructosovorans produces NADPH,,
however. For example, the ability of this bacterium to oxidize
fructose and malate suggests that NADPH, might also be
produced via the pentose pathway and by the malic enzyme,
respectively. This intriguing enzyme might therefore play a
crucial role under conditions in which alternative pathways do
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FIG. 9. Construction of the protein fusion MalE-HndC and Western immu-
noblotting. Restriction enzyme abbreviations: Al, Alul; D, Dral; Sp, Sphl; St,
Stul. Wt and SM3, wild-type and SM3 strains of D. fructosovorans, respectively.
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FIG. 10. Enzymatic activity. Soluble extract (1.8 mg of total protein) from the
D. fructosovorans wild-type (Wt) strain was incubated with NAD* (@) or
NADP* (m), and soluble extract (1.8 mg of total protein) from D. fructosovorans
SM3 was incubated with NADP™ (#), both under nitrogen atmosphere. Hydro-
gen was injected into the cuvette as indicated by the arrow. O.D. optical density.
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not work, as might be the case when D. fructosovorans is grow-
ing on hydrogen with only very little available organic carbon
source. Under these growth conditions, which might occur
quite commonly in anaerobic biotopes, CO, fixation presum-
ably becomes essential (1, 6, 22) and the bacterium therefore
cannot afford to use organic molecules to synthesize NADPH,,.
Further studies of mutant SM3 will surely yield new insights
into Desulfovibrio metabolism.
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