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Carbon monoxide dehydrogenases (CO-DH) are the enzymes responsible for the oxidation of CO to carbon
dioxide in carboxydobacteria and consist of three nonidentical subunits containing molybdopterin flavin
adenine dinucleotide (FAD), and two different iron-sulfur clusters (O. Meyer, K. Frunzke, D. Gadkari, S.
Jacobitz, 1. Hugendieck, and M. Kraut, FEMS Microbiol. Rev. 8§7:253-260, 1990). The three structural genes
of CO-DH in Hydrogenophaga pseudoflava were cloned and characterized. The genes were clustered on the
chromosome in the transcriptional order cutM-cutS-cutL. The cloned cutM, cutS, and cutL genes had open
reading frames of 864, 492, and 2,412 nucleotides, coding for proteins with calculated molecular weights of
30,694, 17,752, and 87,224, respectively. The overall identities in the nucleotide sequence of the genes and the
amino acid sequence of the subunits with those of other carboxydobacteria were 64.5 to 74.3% and 62.8 to
72.3%, respectively. Primer extension analysis revealed that the transcriptional start site of the genes was the
nucleotide G located 47 bp upstream of the cutM start codon. The deduced amino acid sequences of the three
subunits of CO-DH implied the presence of molybdenum cofactor, FAD, and iron-sulfur centers in CutL,
CutM, and CutS, respectively. Fluorometric analysis coupled with denaturing polyacrylamide gel electrophore-
sis of fractions from hydroxyapatite column chromatography in the presence of 8 M urea of active CO-DH and
from gel filtration of spontaneously inactivated enzyme revealed that the large and medium subunits of CO-DH
in H. pseudoflava bind molybdopterin and FAD cofactors, respectively. Iron-sulfur centers of the enzyme were
identified to be present in the small subunit on the basis of the iron content in each subunit eluted from the

denaturing polyacrylamide gels.

Carbon monoxide dehydrogenase (CO-DH) is the key en-
zyme for CO oxidation in carboxydobacteria, which grow on
CO as the sole source of carbon and energy (21, 29). The
enzymes purified from several bacteria consist of three non-
identical subunits (L, M, and S) and contain molybdopterin
cytosine dinucleotide, flavin adenine dinucleotide (FAD), and
two different [2Fe-2S] clusters as cofactors (21, 29). The en-
zyme is induced by CO and repressed by organic compounds,
except for those of Hydrogenophaga pseudoflava (formerly
Pseudomonas carboxydoflava [43]) (18) and Acinetobacter sp.
strain JC1 (36), which are expressed constitutively also under
heterotrophic growth conditions.

The structural genes for CO-inducible CO-DHs have been
cloned from Pseudomonas thermocarboxydovorans (named
cutA, cutB, and cutC for large, medium, and small subunits,
respectively) (34) and Oligotropha carboxidovorans (named
coxL, coxM, and coxS for large, medium, and small subunits,
respectively) (29, 40). The three genes were clustered in the
transcriptional order cox(cut)BCA(MSL). The two reports,
however, did not describe the transcription of CO-DH genes,
except that a sequence identical to a part of the consensus
sequence for the —10 region of o”*-type promoters is present
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in the upstream region of the cutB gene in P. thermocarboxy-
dovorans (34).

The deduced amino acid sequences of CO-DH subunits
revealed significant homologies with the three corresponding
domains of xanthine dehydrogenases from several eukaryotic
organisms (12, 17, 25, 35). The sequence data proposed that
iron-sulfur centers of the two CO-DHs are within the small
subunits. The molybdopterin and FAD were assumed to be
present in the large and medium subunits, respectively, in P.
thermocarboxydovorans (34) like other three-subunit or three-
domain molybdenum-containing hydroxylases (MCHs) (3, 8, 9,
17). The two cofactors, however, were proposed to bind to the
large subunit in O. carboxidovorans (40), implying that the
location of FAD in CO-DHs, possibly in all MCHs, is contro-
versial. X-ray crystallography analysis of the three-dimensional
structure of aldehyde oxidoreductase of Desulfovibrio gigas, a
two-domain MCH, clearly identified the large and small do-
mains as molybdopterin- and iron-sulfur center-binding sites,
respectively (37), which supports through analogy the current
assumptions on the corresponding CO-DH cofactor-binding
sites. The structure, however, has suggested no solutions on the
FAD-binding site, since the enzyme contains neither FAD nor
a domain corresponding to the medium subunit or domain in
other MCHs. In xanthine dehydrogenase, the intermediate
domain has generally been accepted to bind FAD, but direct
evidence is lacking (1, 5, 11, 17, 33).

In this study, we cloned and characterized the genes for the
constitutive CO-DH of H. pseudoflava to explain the diversity
and basic transcriptional characteristics of CO-DH genes. We
also tried to identify the location of the three CO-DH cofactors
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TABLE 1. Bacterial strains, phages, and plasmids used in this study

Bacterial strain, phage, or plasmid

Description

Source or reference

Bacterial strains

H. pseudoflava Wild type (DSM 1084) 43
E. coli
XL1-Blue recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lac [F' proAB lacl4 ZAM15 Tnl0(Tet")] Stratagene
XL1-Blue MRA (P2) A(mcrA)183 A(merCB-hsdSMR-mir)173 endAl supE44 thi-1 gyrA96 relAl lac Stratagene
(P2 lysogen)
Phages
Lambda EMBL3 BamHI-digested arms Stratagene
Lambda clone 311 Lambda EMBL3 clone containing cut genes of H. pseudoflava This study
Plasmids
pUC18 2.69-kb cloning or sequencing vector; Amp" 44
pBKS2 pUC18 containing 1.5-kb Sall fragment from clone 311 This study
pBKX1 pUC18 containing 3.5-kb Smal fragment from clone 311 This study

and found direct evidence indicating that the molybdopterin,
FAD, and iron-sulfur centers are present in the large, medium,
and small subunits of CO-DH in H. pseudoflava, respectively.

MATERIALS AND METHODS

Bacterial strains, phages, plasmids, and cultivation. The bacterial strains,
phages, and plasmids used in this work are described in Table 1. H. pseudoflava
DSM 1084 was grown at 30°C in Luria-Bertani medium (LB) or in standard
mineral base medium with a gas mixture of 30% CO-70% air as described
previously (20). Growth was measured by turbidity determined at 650 nm with a
Hitachi U-2000 spectrophotometer. Escherichia coli strains were cultivated at
37°C in LB. For phage infection, LB containing 0.2% (wt/vol) maltose and 10
mM MgSO, was used.

DNA manipulations. Plasmid DNAs were isolated from E. coli by the alkaline
lysis method described by Sambrook et al. (38) and from H. pseudoflava by the
method of Kado and Liu (16). Chromosomal DNA from H. pseudoflava was
isolated from cells harvested at early stationary growth phase following the
method of Marmur (26). Electrotransformation of E. coli was carried out with a
Gene Pulser apparatus (Bio-Rad). Competent cells were prepared as described
by Dower et al. (6). Phage lysate preparation and phage DNA isolation were
performed as described elsewhere (34a).

PCR. Two synthetic primers, SL and LS, were used to amplify the region
covering the CO-DH small-subunit gene under the assumption that the tran-
scriptional order of H. pseudoflava CO-DH (HpsCut) genes is the same as those
of O. carboxidovorans (40) and P. thermocarboxydovorans (34) enzymes. The
primer SL was a 1,024-fold degenerate 23-mer (5'-GCNCARGARAARGCNG
TNGARCC-3") derived from the N-terminal protein sequence AQEKAVEP of
the HpsCut small subunit (29), and the primer LS was a 128-fold degenerate
17-mer (5'-TGNACNGGNGCRTTCAT-3") based on the N-terminal amino
acid sequence MNAPVQ of the HpsCut large subunit (29). The PCR mixture
contained a 200 wM concentration of each deoxynucleoside triphosphate, 50
pmol of each primer, template DNA, and 0.4 U of Tag polymerase in 10 pl of
reaction buffer (50 mM Tris-HCI [pH 8.3], bovine serum albumin [250 pg/ml],
1% Ficoll, 2.5 mM MgCl,). Amplification was carried out in a Fast Air Thermal
Capillary Cycler (Dachan Medical System Co., Seoul, Korea) as follows: after
primary denaturation for 10 s at 95°C, 45 cycles of annealing for 1 s at 62°C,
elongation for 15 s at 72°C, and denaturation for 1 s at 95°C were performed, and
then postelongation was performed for 30 s at 72°C. The PCR products were
eluted from agarose gel after electrophoresis and used as templates to synthesize
the random primed probes labeled with digoxigenin-11-dUTP for Southern blot
and plaque hybridizations.

Southern hybridization. DNAs digested with restriction enzymes were sub-
jected to electrophoresis and then transferred to Hybond-N* membranes (Am-
ersham) by capillary blotting. Hybridization and washing were carried out at
68°C following the instructions supplied by the manufacturer. Colorimetric de-
tection of positive bands was performed according to reference 3a.

Cloning and DNA seq ing. The H. pseudoflava DNA partially digested with
Sau3Al was ligated to lambda EMBL3 DNA, packaged by using Gigapack III
gold packaging extracts (Stratagene), and transduced to E. coli XL1-Blue MRA
(P2) cells following the manufacturer’s instruction. Plaque replicas were
screened with the labeled random primed probes.

DNA fragments in subclones and nested deletion clones were sequenced by
the dideoxy chain termination method (39) using a Sequenase DNA sequencing
kit (version 2.0; United States Biochemical Corp.). DNA and deduced amino
acid sequences were analyzed by using DNASIS and PROSIS programs (version
7.00; Hitachi Software Engineering Co., Yokohama, Japan). The BLAST pro-

gram was used to search the protein sequence database at the National Center
for Biotechnology Information (National Institutes of Health, Bethesda, Md.).

RNA isolation and primer extension. Total RNA was isolated from cells
growing at the early exponential growth phase on CO with the Ultraspec RNA
isolation system (Biotech Laboratories Inc., Houston, Tex.) according to the
manufacturer’s instruction (la). A primer extension experiment was performed
with the avian myoblastosis virus reverse transcriptase primer extension system
(Promega) and a 30-mer oligonucleotide primer, 5'-TCGCCGACCGACTTGG
GCGCGTGGTACTCG-3', which is complementary to nucleotide positions 15
to 44 bp downstream of the cutM start codon, according to the method of
Sambrook et al. (38).

Protein determination. Protein was determined by the method described by
Bradford (4). Amounts of proteins in crude cell extracts were estimated by the
same method after the extracts were boiled in 20% NaOH for 10 min (31).

Enzyme assay. CO-DH activity was assayed photometrically at 30°C by mea-
suring CO-dependent reduction of 2-(4-indophenyl)-3-(4-nitrophenyl)-2H-tetra-
zolium chloride (€40, = 17.981 mM ™' em™ ') in 50 mM potassium phosphate
buffer (pH 7.2) at 496 nm by the method of Kraut et al. (22).

Electrophoresis. Nondenaturing polyacrylamide gel electrophoresis (PAGE)
of the native enzyme was performed by the method of Laemmli (24) but without
sodium dodecyl sulfate (SDS), as described previously (20). SDS-PAGE was
carried out following the method of Laemmli (24) with several modifications as
described by Kim et al. (19). Proteins were stained with Coomassie brilliant blue
R-250 by the method (20) modified from that of Weber and Osborn (42).

Enzyme purification. Cells of H. pseudoflava grown on CO were harvested in
the midexponential growth phase and washed once in 50 mM Tris hydrochloride
buffer (pH 7.5; standard buffer). All purification steps were carried out at 4°C
except when noted. Samples were concentrated, if needed, with an ultrafiltration
membrane (Amicon YM 10) under an atmosphere of nitrogen gas.

A 30-g portion of the washed cells was suspended in 116 ml of standard buffer
and disrupted by sonic treatment (20 s/ml) in portions of 20 ml. The suspension
was centrifuged at 15,000 X g for 30 min. The resulting supernatant was then
treated with protamine sulfate to a final concentration of 0.054%, left in ice for
1 h, and then centrifuged at 112,000 X g for 90 min. The supernatant fluid was
next made 30% saturated with respect to ammonium sulfate. After 1 h, this
fraction was centrifuged at 15,000 X g for 30 min. The resulting supernatant was
further treated with ammonium sulfate to achieve a final concentration of 40%
saturation. After 1 h, the solution was centrifuged again at 15,000 X g for 30 min,
and the precipitate was suspended in a small volume of standard buffer. The
suspension was then dialyzed against three 3-liter changes of standard buffer for
18 h. The dialysate was then applied to a DEAE Sepharose CL-6B column (2 by
15 cm) preequilibrated with standard buffer. Elution was carried out with 150 ml
of standard buffer followed by a linear NaCl gradient (500 ml; 0 to 0.5 M) in
standard buffer. Fractions were collected at a flow rate of 9.2 ml/cm? per h, and
fractions with high specific activity were pooled. The pooled fractions were
concentrated with an ultrafiltration membrane and then applied to a Sephacryl
S-300 column (1.6 by 100 cm) preequilibrated with standard buffer. Elution was
performed with standard buffer at a flow rate of 3.8 ml/cm? per h. Fractions with
the highest specific activity were pooled and stored at —20°C.

The purified enzyme revealed only a single band on nondenaturing polyacryl-
amide gel and was judged to be >95% homogeneous after densitometric analysis
of the gel stained with Coomassie brilliant blue R-250 (data not shown).

Subunit separations. To separate subunits from active CO-DH, 9 mg of active
enzyme was applied to a hydroxyapatite column (1 by 3 cm; type III; Sigma
Chemical Co.) preequilibrated with standard buffer. Elution was performed
successively with 7 ml of standard buffer and then with 9 ml of standard buffer
containing 8 M urea followed by elution with 8 M urea in 7 and 5 ml of 50 and
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FIG. 1. Southern hybridization of H. pseudoflava DNA. Southern hybridization was performed with random primed probes synthesized by using a 0.5-kb PCR
product covering the CO-DH small subunit as a template. Shown are gels subjected to agarose gel electrophoresis (A) and Southern hybridization with random primed
probes (B). H. pseudoflava chromosomal and plasmid DNAs were digested with HindIII (H), EcoRI (E), BamHI (B), Sall (S), and Smal (M). A DNA digested with

HindIII (\) was used as a size marker.

500 mM potassium phosphate buffer (pH 7.5), respectively, under 15 cm of
hydrostatic pressure.

Separation of CO-DH subunits was also performed with 36 mg of spontane-
ously inactivated enzyme and a Sephacryl S-300 column (1.6 by 100 cm) pre-
equilibrated with standard buffer. Elution was carried out with the same buffer at
a rate of 3.8 ml/cm? per h.

Cofactor analysis. Molybdopterin was measured by fluorescence of emission at
460 nm after excitation at 360 nm with a fluorometer (model F2000; Hitachi)
after being converted to form A fluorescent oxidation products. The form A
derivative of molybdopterin was prepared by boiling of the purified CO-DH for
20 min at pH 2.5 in the presence of I, plus KI following the method of Johnson
and Rajagopalan (15). FAD was detected by fluorescence of emission at 525 nm
after excitation at 370 nm (7). The iron content in CO-DH subunits prepared by
electroelution from slices of polyacrylamide gel after SDS-PAGE of purified
enzyme was calculated from the molar extinction coefficient of ferrous iron-o-
phenanthroline (g5, = 1.11 X 10* M~! em™! [27]) separated from trichloro-
acetic acid- and o-phenanthroline-treated subunit solutions as described previ-
ously (32).

Nucleotide sequence accession number. The cut sequences of H. pseudoflava
have been assigned accession number U80806 in the GenBank database.

RESULTS AND DISCUSSION

CO-DH genes are located on the chromosome. By using the
synthetic primers LS and SL, a 0.5-kb DNA fragment, which is
appropriate in size for encoding the small subunit of CO-DH,
was amplified by PCR with H. pseudoflava genomic DNA as a
template (data not shown). Part of the DNA was sequenced
and found to be highly homologous to the sequences of genes

for small subunits of CO-DHs from other carboxydobacteria.
Southern hybridization of chromosomal and plasmid DNAs
with random primed probes synthesized based on the PCR
product revealed that the probes hybridized to two Sall (0.5-
and 1.5-kb) fragments and a Smal (3.5-kb) fragment of chro-
mosomal DNA but not to any plasmid DNA fragments (Fig.
1). This result, together with the observation that the 0.5-kb
DNA fragment was not obtained when H. pseudoflava plasmid
DNA was used as a template for PCR, indicated that the genes
for HpsCut are present on the chromosomal DNA as are those
of P. thermocarboxydovorans (2). The genes of HpsCut, how-
ever, were previously judged to be plasmid borne after dot blot
and Southern hybridizations employing oligonucleotide probes
synthesized based on the N-terminal amino acid sequences of
CO-DH subunits from O. carboxidovorans and Pseudomonas
carboxydohydrogena (13, 22).

Cloning and characteristics of the cutMSL gene cluster.
Twenty-five positive clones containing the 3.5-kb Smal frag-
ment were obtained by plaque hybridization of the lambda
library with the random primed probes. Among the positive
clones, lambda clone 311, which contains a 17-kb insert DNA,
was selected for restriction mapping. Based on the restriction
map of the 17-kb insert (Fig. 2), two subclones, pBKX1 and
pBKS2, were constructed in pUC18 for sequence analysis using
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FIG. 2. Restriction map of a 17-kb insert DNA in lambda clone 311 containing H. pseudoflava CO-DH genes. EcoRI (E), Smal (M), and Sall (S) were used for
restriction mapping. The probe binding site, a 1.5-kb Sall fragment in pBKS2, and a 3.5-kb Smal fragment in pBKX1 are indicated under the map. ORFs for large

(cutL), medium (cutM), and small (cutS) subunits of CO-DH are shown by arrows.
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the 3.5-kb Smal fragment and 1.5-kb Sall fragment, respec-
tively, which hybridized with the random primed probes.

Sequencing of the two DNA fragments revealed the pres-
ence of three complete open reading frames (ORFs) of 864,
492, and 2,412 bp, coding for proteins with calculated molec-
ular weights of 30,694, 17,752, and 87,224, respectively. Iso-
electric points (pls) of large, medium, and small subunits were
calculated as 5.88, 8.43, and 7.77, respectively. The pls suggest
that most of the surface area of CO-DH is occupied by a
negatively charged large subunit under neutral conditions,
since the CO-DH band was detected on polyacrylamide gel
after nondenaturing PAGE of the enzyme at pH 6.8 and the
enzyme bound to DEAE-Sepharose CL-6B at pH 7.5 during
purification (data not shown).

The deduced amino acid sequences derived from the long,
medium, and short reading frames matched completely with
portions of the N-terminal sequences of the large, medium,
and small subunits of HpsCut (29), respectively, except the
13th residue of the medium subunit, S, which was previously
reported to be H after N-terminal sequencing (29). This, to-
gether with the calculated molecular weights of the three
genes, suggests that the cloned genes are HpsCut genes which
are clustered in the order cutM-cutS-cutL like those of other
carboxydobacteria (34, 40). Western blot analysis using anti-
sera to large and medium subunits of HpsCut revealed that
CutL and CutM were produced in E. coli harboring pBKX1
and a derivative of pBKS2, respectively, further supporting this
suggestion (data not shown). The molecular weights of CutM
and CutS, but not cutL, are comparable to those obtained by
denaturing PAGE of purified CO-DH (33,000 and 17,000 for
medium and small subunits, respectively [30]): the molecular
weight of CutL was estimated to be 70,000 previously (30),
which is much smaller than that calculated in the present study.
The numbers of amino acids present in the CutM and CutS of
H. pseudoflava are the same as those in the corresponding
subunits of P. thermocarboxydovorans but 1 and 3 residues less
than those in the CoxM and CoxS of O. carboxidovorans, re-
spectively. H. pseudoflava CutL also contains fewer amino acid
residues than those of other carboxydobacteria: the CutL con-
sists of 30 and 6 fewer residues than the large subunits of P.
thermocarboxydovorans and O. carboxidovorans, respectively.

All the three HpsCut genes begin with the standard trans-
lational start codon ATG, as do those in P. thermocarboxy-
dovorans (34). The coxM gene of O. carboxydovorans, however,
begins with alternative translational start codon GTG (40).
Potential Shine-Dalgarno sequences, GGAGA, were found 8
bp upstream of the translation initiation codons of the three
genes. Two directly repeated sequences (underlined), TTCGT
GCAGCCAGGCGTGCAGTTCGTGC and CGTGCAGCCA
GGCGTGCAG, were found 156 to 129 and 154 to 136 bp
upstream of the cutM translational start site, respectively. In
addition, three inverted repeats (underlined), AAAACGGTT
GTTTT, CCGACGATGGCGTCGG, and ATTGACAAAAG
TCAAT, were identified 125 to 112, 90 to 75, and 45 to 30 bp
upstream of the cutM start codon, respectively. The average
G+C ratio of the cloned cut genes was 66.6%, which is higher
than those of P. thermocarboxydovorans (61.4% [34]) and O.
carboxidovorans (57.2% [40]) cut genes but is in good agree-
ment with the total G+C content of H. pseudoflava (66 to 68%
[28]). Codon usage analysis showed a strong codon bias for Gs
and Cs in the third position.

Transcription of cut genes. The cutM and cutS genes and the
cutS and cutL genes are separated by 17- and 31-bp intergenic
regions, respectively. The regions are too narrow to work as
promoters and contain no special sequences except ribosome-
binding sites. These, together with the fact that CO-DHs con-
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FIG. 3. Identification of transcriptional start site of cut genes. The transcrip-
tional start of cut genes was identified by primer extension mapping using a
32p_labeled 30-mer oligonucleotide primer which is complementary to codons 7
to 16 of the HpsCut medium subunit. Extension products (lane P) were analyzed
in parallel with the sequencing ladder (lanes G, A, T, and C) primed with the
same primer. The asterisk shows the transcriptional start site.

sist of three subunits in 2:2:2 ratio, suggested that the three
genes constitute an operon. Northern blot analysis using a
1.5-kb Sall insert in pBKS2 and a 2.0-kb Sall fragment from
pBKXI1 labeled with [a-**P]dCTP to probe cutM and cutL
transcripts, however, has not been succeeded yet. It has been
shown that the three genes for PthCut are separated by a 22-bp
intergenic region (34). In the case of O. carboxidovorans, coxS
started 18 bp downstream from the translation stop codon of
coxM, and an overlap of 4 bp was observed between coxS and
coxL (40).

Primer extension revealed that the transcriptional start site
of HpsCut genes is the G nucleotide located 47 bp upstream of
the cutM start codon (Fig. 3). Transcriptional start sites were
not determined for OcaCox and PthCut genes (34, 40).

Though Pearson et al. (34) found a part (TTGCA) of the
consensus sequence for the —10 region of a o”*-type promoter
upstream of cutB in P. thermocarboxydoflava, the consensus
sequences of 0%, GC and GG in the —12 and —24 regions,
respectively, was not observed upstream of the transcriptional
start site of HpsCut genes. This is quite understandable, since
the expression of CO-DH genes in the two organisms is con-
trolled by different regulatory mechanisms; i.e., genes for Pth-
Cut are CO inducible and repressed by organic compounds,
while those of HpsCut are expressed constitutively even under
heterotrophic conditions. The consensus sequence of known
promoters in other bacteria was also not found in —10 and —35
regions, suggesting that a new kind of promoter sequence may
work for cut genes in H. pseudoflava. The presence of several
direct repeats and inverted repeats found upstream of cutM



HpsCutl MNAPVQDAEARELALAGMRPRACAK—-—EDARF | QGKGNYVDD | -KMPGMLHMD | VRAP | AHGR | KK | HKDAALAMPGYHAVL TAEDLKPLKLHIW-MPTL 95
PthCutA MNAPLSDREKALMGMGEPRLR-—K—-EDARF | QGKGNYVDD | -KLPGMVHMD | VRSPLAHAR | KR | NKEAALQVPGYLAVLTAEDLKPLKLHW-MPTL 92
OcaCoxL MN | QTTVEPTSAERAEKLQGMGCKRKRVED | RFTQGKGNYVDOV-KLPGMLFGDFVRSSHAHAR | KS | DTSKAKALPGYFAVLTAADLKPUNLHY-MPTL 98
AniNdhC MONPHYYSPP | TRNV | GKRVP————~ ATEDARLLTGRGKYLND { -NVDGQLHACFVRSPAAHAQ | TG I DTSAASEMPGVHLVWTSAD | EQYCAGI-EAQY 93
PpuQorlL MMKHE--VVALKKKS | GTSVL-—--RREDTRLLTGRGRY | ADL-VLSGMLHVASLRASPFAHAR | VS | DVADAQALPGYEL VWCGADVAELSQG | -VATM 91

RpaHbaC MSGPAFQGG——LDRAGVPLYDG! DK——— ——VTGRARYTADL-DHTGALVAR | LRSP | SHGD | VRLDVSKALALDGVAAIVTGEDC-AITYGV-LP |- 86
DmeXdhL KSAQLFERVCSOQP | COP-~ | GRPKVHAAALKQATGEA 1 YTOD | PRMDGEVYLAFVLSTKPRAK | TKLDASEALALDGVHQFFCYKDLTEHENEVGPV-F 653
DgiMopM -GADL GLKMPAGT- LHLAMVQAKVSHAN |KGI DTSEALTMPGVHSY ITHKDVKGKNRI TGLITF 257
consensus G 5 oxox owxx | w4k A% GV D

HpsCutL AGD-——-VAAVLADEKVHFQMQEVA1V | ADDRY | AADAVEAVKVEYDELPVV | DP | DALKPDAPVLREDLAGKTSGAHGPREHHNH | FTWGAGDKAATD 190
PthCutA AGD———VAAVLADGKVHFQMQEVAVY | AEDPYAAADGVEAVEVEYEELPAVVDPFEALKPDAPYVREDLAGKTEGAHGKRYHHNH | FTWEAGDKAATD 187
0OcaCoxL AGD-—---VQAVL ADEKVLFQNQEVAFVVAKDRYVAADA | ELVEVDYEPLPVLVDPFKAMEPDAPLLRED | KOKMTGAHGARKHHNH | FRWE | GDKEGTD 193
AniNdhC TAEGCEAMTMPLLAKDVVRYVGEPVVL VVAESRAAAEDACOLVGLELEHLEVVLDPRKS | -GGPVANGERPD————————— —NVGIRGRASFGDVD 179
PpuQorL QVEGFQTT [ QPLLANGVTRFVGE | VAVVVASSRA T AEDAAQL | QVEYEEL PAVTG | EAALE-GEARANDTLAG——— ———NVVSRTSRARDELA 177
RpaHbaC —————AMNEYPMARDRVRYRGEPVAAVAAVDAETARQALOL | ELELRELPAYYESEAARAPDAWLLHONKPGN | E—————REVHNEF —————— GDLA 167
DmeXdhL H DEHVFAAGEVHCYGQ | VGA | AADNKAL AQRAARL VKVEYEEL SPV | —————————— VTIEQA|ELKS———-YFPDYPRFV-——-TKGNVE =~ 726
DgiMopM PTNKGDGWDRP i LCOEKVFQYGDC | ALVCADSEANARAAAEKVKVDLEELPAYMS—————— GPAAAAEDA| EIHPGTPNVYFEQ—P | V-——-KGEDTG 344
consensus K ok ok ok k *Ax A x ok okk L x  * o %

HosCutl AVFANAPVTVSQHMYYPRVHPCPLETCGCVASFDP 1KGDLTTY | TSQAPHVVRT--—VVSMLSGI PESKVR I VSPD | GGGFGI JGIYP—GYVCAIVAS 285
PthCutA AVFAQAPVTVKQEMHYPRVHPCPLETCGSVASFDSVRGEL TVIVI THQAPHVVRT ———VVSMLSGLPESKVR | | CPD GGGFGNKVG YP-GYVCSIVAS 282
OcaCoxL ATFAKAEVVSKDMFTYHRVHPSPLETCQCVASMDK | KGEL TLWGTFQAPHV | RT-—-VVSL | SGLPEHK | HV | APD | GGGFGNKVGAYS-GYVCAVVAS 288
AniNdhC EAFSNAEHVVSALYHPGRVAAAPMETRGCLADYEWTEDRLKLWVS TOMPHYVKM-—-CLSLFLGFDESRSEV | SPDTGGGFGAIAHVFP-EEMLMPLAS 274
PpuQorL P | FASSAGVVRGQFSCGRVSACPMETRGAVAQYEWTTQAL | LWTATQMPSFVRT -—-MVAMFCA| PEHL | EVRVPDMGGGFGAKAHLHP-EELLVCLLS 272
RpaHbaC AGFEAADL | RTHTHHCAEVNHAQ | EPHACLMOYDPVTGRLTAQSVSQVGYYLHL ———MLARCLE | DPSRVRY | KPFMGGGFGARVEVLNFEVIAALLAR -~ 263
DmeXdhL EALSQADHTFEGTCRMGGQEHFYLETHAALA-VPRDSDELELFCSTAHPSEVQKL—--VAHVTALPAHRVVCRAKRUGGGFGGKESRG I SVALPVALAA -~ 821
OgiMoph P|FASADVTVEGDFYVGROPHMP | EPDVAFA-YMGDDGK———-CY [ HSKS | GVHLHLYM | APGVGLEPDQLVLVANPMGGTFGYKFSPT-SEAL-VAVAA 437
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HpsCutL | VLGRPVKWVEDRVEN | STTAFARDYHMDGELAATPOGK | LGLRVNVVADHGAFDACADPTKFPA-GLFHI CSGSYD | PRAHCSVKGVYTNKAPGGVAYR | 384 .

PthCutA { VLGRPVKWVEDR | EHLSSTAFARHYHMTGELAATADGK | LALRANVVADHGAFDACADPSKFPA-GLFHI CTGSYD | PTAYCRVDGVYTNKAPGGVAYR | 381
OcaCoxL | VLGVPVKWVEDRMENLSTTSFARDYHMTTELAATKDGK | LAMRCHVLADHGAFDACADPSKWPA-GFMN | CTGSYDMPVAHLAVDGVYTNKASGGVAYR | 387
AniNdhC KHLKTPVKWVEDRRENLLAGSHAHEQFVT | QYAANAEGR | TGVRTHALVDGGAYHMPPQTMAVECWATAQSRQLYYT | SRPLSTS-TRGPLPSPMG 372
PpuorlL RALGRPVRW | EDRQENFLGATHAKQQRNEMGLAFOGDGRFLALENRS | TDGGAYNNLPWTQLYESHVGNAV | LGYYKVPAVSEES | AVATNKCP | G 371
RpaHbaC KASGRVLMRLS-REETF | THRARPQTO | TLT { GTRRDGRFTACSCEVVQRGGAYAGYG VT I LYAGALLQ—-GLYD| PAVKYDGYRVYTNLPPCG 358
DmeXdhL. YRMGRPYRCMLDRDEDML | TGTRHPFLFKYKVGFTKEGL | TACD | ECYNNAGWSMOLS-FSVLER-AMFHF—ENCYR | PNVRVGGWVCKTNL-PSN 917
Dg iMopM MATGRPVHLRYNYQQQQQY TGKRSPWEMNVKFAAKKDGTLLAMESDWL VDHGPYSEFGDLLTLRG-AQF~ | -GAGYN | PN RGLGRTVATNH-VWGS 533
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HpsCutL CSFRVTEAVYL | ERMVDVLLAQKLNMDKAE | RAKNF | RKEQFPYTTQFGFEYDSGDYHTALKKVLDAVDYPAWRAEQAARRAD———PNSPTLMGIGLVTFT 481
PthCutA ICSFRVTEAVYL | ERMVDVLAQKLN | DKAE | RAKNF | RKEQFPYPQAFGFEYDSGDYHTALOKVLEAVDYKGLREEQARKRAD-——PNCPTLMGIGLVTFT 478
OcaCoxtL ICSFRVTEAVYA | ERA1 ETLAQRLEMDSADLR | KNF | QPEQFPYMAPLGWEYDSGNYPL AMKKAMDTVGYHQLRAEQKAKQEAFKRGETRE IMGIGI SFFT 487
AniNdhC -GVGYTAGTLARESL MODLARKMKVSPFE | RRRNVVR—-EFPWTNPQGYVYEEGSFLEY | DALEEMVDYPAFLRRADEARKAGK-—-—-YLGLGISVFY 463
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PthCutA EVVGAGPTKVCD 1 LGVGMF-DSCE | RVHPTGSA| ARMGT | TQGQGHATTYAQ |ATE-———— LG{PSDL | QVEEGDTATAPYGLGTYGSRSTPVAGAAI 571
OcaCoxL E1VGAGPSKNCD i LGVSMF-DSAE IRIHPTGSV | ARMGTKSQGQGHETTYAQ! | ATE—-———~ LGIPADD IMiEEGNTOTAPYGL GTYGSRSTPTAGAAT 580
AniNdhC ESSGESTGMMQAHGATDVFHDTATVKMDSTGSVT | TSGLNSQGAGHAT TLAQVAADV-————LGI PFES | SVDAGTSTKGAYGSGT | GSRAAVIAGGCY 557
PpuQorL OCTGTGTRTLSFLGTPTTTHDSATVRIDPTGKVTVTTSLASSGAGHETTLAQI AADY-——-—-| LGVPASDVV [QAG-STKNTYGFGAYASRGAVIGAGS| 557
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PpuQorsL GRAAS | VRERVKQLAGHLLEAASED 1V | EDGLVHVAGVPAKGMPFAEVVGAAYFADATH-—~~———— PPGFDATLEATATYDPSDLVLANGGHAAIVEID 649
RpaHbaC | DAATKLKQ L | ABAARKLEAVPEQ ECAGESFF | GSGAQAALRFAEVVKAALVDEGA | TVKG | FTCPPESQGGOHRGGAVGST-MGFSYAAQVVEVSVD 631
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OcaCoxL VOTGVAKTRRFYALDDCGTR I NPM | | EGQVHGGL TEAFAVAMGQE | RY-DEQGNVLGASFMDFFLPTAVETP-KWETD-YTVTPSPHHP | GAKGVGESPH| 766
AniNdhC PVTGFVKVEKVYSVEDCGY | INPT | VEGQ | RGGVVQG | GMGLFEQLAY-ONAGNLSTTSFLDYQTPTMOVSP—-PFE {R-HI ETPSVMTASGVKGMGESGL | 746
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FIG. 4. Comparison of amino acid sequence of the HpsCut large subunit with those of other molybdopterin-containing subunits and domains. The sequences
compared are those of large subunits of HpsCut (HpsCutL), PthCut (PthCutA) (34), OcaCox (OcaCoxL) (40), AniNdh (AniNdhC) (9), PpuQor (PpuQorL) (3), and
RpaHba (RpaHbaC) (8) and molybdopterin-containing domains of DmeXdh (DmeXdhL) (17) and DgiMop (DgiMopM) (41). Conserved residues are indicated by
a capital letter (identical) or an asterisk (similar). Marked amino acids (V) are those changed in the DmeXdh large domain from rosy mutants of D. melanogaster (14).
Five molybdopterin contacting regions in the DgiMop molybdopterin-containing domain are boxed. Sequences were aligned by using the PCGENE program.
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HpsCutM M1 PPRFEYHAPKSVGEAVALLGQLGSDAKLLAGGHSLLPMMKLRFATPEHL | DINRIPELRGIREEGSTVV | GAMTVENDL I SSP I VQARLPLLAEAAKL 100
PthCutB M| PPAFAYHAPRTLPDA | RLLSEL GDDAKLLAGGHSLLPMMKLRSPALPRSSTSTASRNFAGYGKKPALSALGAMT TENEL | ASELLKEKVPLLPEAAQL 100
OcaCoxM M1 PGSFDYHRPKS | ADAVALL TKLGEDARPLAGGHSL | P | MKTRLATPEHLVDLRD | GDLVGI REEGTDVY | GAMTTQHAL | GSDFLAAKLP IRETSLL 100
AniNdhA MKLPAIRYASPAS | EDACDLLST-DEDSK | | AGGQSLLPYMAMRLAQPSVV | DLGNVPGLTRLEEVGDYVRFGPMYTHAT | VNSPAVAKHLPMMAAAGRH 99
PpuQorM MKFPAFSYRAPASLQEV 1 QVLAD-DPDAR | | AGGASLLPLLAFRLVYPSCLVDLRNVSELFE [ SQSAG I LSVGAMVTHFRNKTOPTVAKCVPILPKVLAH -~ 99
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DmeXdh 339 QIRNVACLGGNIMTGSPISDM 359 391 FFTGYRRANVIEAHEVLLGI 409

HpsCutM | ADPQVRNRGT | GGD | AHGHPGNDHPALS | AVEAHFVLEGPNGRRTVPADGFFLGTYMTLLEENEVMVE | RVPAFAQGTGWAYEKLKRKTGOWATAGCAV 200

PthCutB | ADPQVRNRGT | GGD | AHGDPGNDHPA | SMALEAVFVLQGPQGERKVKATEFFQDTYMTALAENE [ LTAI LVPPMAAGTGYAYTKLKRKTGDWATAGAAV 200

OcaCoxM | ADPQ| RYMGT | GGNAANGDPGNDMPALMQCLGAAYELTGPEGAR | VAARDYYQGAYFTA| EPGELLTA IR I PVPPTGHGYAYEKLKRK | GDYATAAAAV 200

AniNdhA | AHPQ| RNRGTL GGSLAHGDAAGEWPLVLLALNGMVEVQSVRGRRT | EADDLFVGPYMTSLAADE | | TOVW| PSRPNG——WGYGEFARRSGDYGLANVAV 197

PpuQor M VAHQAVRNRGTLGGSLAHADAGAEMPFLMATLGATMY | ASSAGVRSVSATDFMKGHYFTDLEAGEVLVRVE | P | PALH--WEFDEYARRKGOYALVMAAA - 197
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PthCutB {LNMSAGKVTQAP | ALTNVAPTALRASAAAAGL | GRP | DAASLNDVATAVRA | COPAEDLRGDAEYKTAMAAEMVKRA | QKAAARC-—~H 287

0OcaCoxM VLTMSGGKCVTAS | GLTNVANTPLWAEEAGKVLVGTALDKPALDKAVALAEA | TAPASDGRGPAEYRTKMAGVMLRRAVERAKARA-—-KN 288

AniNdhA VLSTADSR ! SDVR | AVGGAVGK | QRVPDAEDVLNGSELSPERAEAASEAGAKSLSY | SD IHGSAEYRHGLVQEL |RRT [ VEAG-———-ART 283
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FIG. 5. Comparison of amino acid sequence of the HpsCut medium subunit with those of other medium subunits of FAD-containing proteins. The sequences
compared are those of medium subunits of HpsCut (HpsCutM), PthCut (PthCutB) (34), OcaCox (OcaCoxM) (40), AniNdh (AniNdhA) (9), and PpuQor (PpuQorM)
(3). Conserved residues are indicated by a capital letter (identical) or an asterisk (similar). Marked amino acids (V) are those changed in DmeXdh medium domain
from rosy mutants of D. melanogaster (DmeXdh) (14). Sequences were aligned by using the PCGENE program.

suggests that these repeated sequences are involved in the
binding of regulatory molecules. Analysis of the 200-bp region
downstream from the cutL termination codon revealed no
sequences capable of forming a transcriptional termination
structure but identified a putative reading frame. The frame is
homologous to the N-terminal region of P. thermocarboxy-
dovorans ORF4 (34) and starts with ATG located 48 bp down-
stream of the cutL stop codon TAA. O. carboxidovorans was
also found to have ORF4 downstream of the cox genes (40).

Sequences of CutMSL are highly conserved in CO-DHs and
other molybdenum-containing hydroxylases. The nucleotide
sequences of large-, medium-, and small-subunit genes of
HpsCut were 79.5, 69.0, and 74.5% identical to those of P.
thermocarboxydovorans CO-DH (PthCut [34]), respectively,
and 67.6, 57.1, and 68.8% identical to those of O. carbox-
idovorans CO-DH (OcaCox [40]), respectively. The amino acid
sequences of large, medium, and small subunits of HpsCut
were 84.4, 58.4, and 74.2% identical to those of PthCut (34),
respectively, and 67.7, 52.6, and 68.2% identical to those of
OcaCox (40), respectively (Fig. 4 to 6), indicating that HpsCut

is more closely related to PthCut than to OcaCox. The iden-
tities in the nucleotide sequences of CO-DH genes (66.3, 58.1,
and 66.2% for large-, medium-, and small-subunit genes, re-
spectively) and the amino acid sequences of CO-DH subunits
(69.0, 47.7, and 65.1% for large-, medium-, and small-subunit
genes, respectively) between P. thermocarboxydovorans and O.
carboxydovorans were less than those between H. pseudoflava
and the two bacteria (Fig. 4 to 6).

The amino acid sequences were highly conserved over the
whole ranges of the three CO-DH subunits except the C-
terminal region of large subunits (Fig. 4 to 6). Residues 45 to
72 in the medium subunit of PthCut exhibited no homologies,
except the G at position 62, with the corresponding residues in
other CO-DHs (Fig. 5).

A BLAST search revealed that amino acid sequences of
CO-DHs are highly conserved in several other MCHs. The
proteins were nicotine dehydrogenase from Arthrobacter nic-
otinovorans (AniNdh [9]), quinoline 2-oxidoreductase from
Pseudomonas putida (PpuQor [3]), 4-hydroxybenzoyl coen-
zyme A reductase from Rhodopseudomonas palustris (RpaHba

v
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HpsCutS N-KGVLHAVREGFYKEHGLOBGFETPGMLVRAYRFLQENPNPTEAE | RM--GMTGNLRETGYQN | VKAVQYAARKLQEPS--TAAA 163

PthCutC Q-GATLHAVQQAFYQEHGL OGFETPGMLMRAYRLLQDNPNPTEDEVRA--GMAGNLIBRETGYQN | VKAVLTAARMLOOPQ——OMAA 163

0OcaCoxS APDGTLSALQEGFRMMHGLOBGYETPGM | MASHRLLQENPSPTEAE | RF--G1 GGNLERETGYQN | VKA | QYAAAKINGVPFEEAAE 166
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PpuQorS (Q-GEKLNALQDSFRRHHALOBGFETAGMLATARS | LAENPAPSRDEVRE--VMSGNLGREBTGYET | IDAI TOPAVAEAARR——GEV 168

RpaHbaB A-NGRLHALQQTFHERLGAQSGFBTPGM | MAAEGLLRRNPSPTOEE | RT--ALSGNLERETGYAK | VESVQAAA-—————— EIAP 163

DmeXdhS STKTALHPVQERLPKAHGSARGFETPG | YMSMYALLRNAEQPSMROLEVAFQ--GNLERETGYRP | LEGYKTFTKEFACGMGEKC—— 175
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FIG. 6. Comparison of amino acid sequence of the HpsCut small subunit with other [Fe-S]-containing subunits and domains. The sequences compared are those
of small subunits of HpsCut (HpsCutS), PthCut (PthCutC) (34), OcaCox (OcaCoxS) (40), AniNdh (AniNdhB) (9), PpuQor (PpuQorS) (3), and RpaHba (RpaHbaB)
(8) and iron-sulfur center-containing domains of DmeXdh (DmeXdhS) (17) and DgiMop (DgiMopF) (41). Conserved residues are indicated by a capital letter
(identical) or an asterisk (similar). Cysteines bound to Fe-S clusters are shown as white letters on a black background. Marked amino acids (V) are those changed in
the DmeXdh small domain from rosy mutants of D. melanogaster (14). Sequences were aligned by using the PCGENE program.
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[8]), xanthine dehydrogenase from Drosophila melanogaster
(DmeXdh [17]), and aldehyde oxidoreductase from D. gigas
(DgiMop [41]) (Fig. 4 to 6). Amino acid sequences of the large,
medium, and small subunits of AniNdh (9) exhibited 31.7, 33.7,
and 50.3% identity with the corresponding subunits of HpsCut.
Among the five hydroxylases, AniNdh (9), PpuQor (3), and
RpaHba (8) consist of three subunits in the order M-S-L,
M-S-L, and S-L-M, respectively, and contain molybdopterin,
FAD, and Fe-S centers. DmeXdh, on the other hand, has three
distinct domains in the order S-M-L and also contains molyb-
dopterin, FAD, and Fe-S centers (17). DgiMop, however, con-
sists of two domains, a large molybdopterin-containing domain
and a small Fe-S center-binding domain in the order S-L (41).
Dendrograms of the pairwise scores plotted by the PCGENE
program revealed that the orders of similarity to HpsCut large,
medium, and small subunits of the corresponding subunits
or domains of other MCHs are PthCut-OcaCox-AniNdh-
PpuQor-RpaHba-DmeXdh-DgiMop, PthCut-OcaCox-AniNdh-
PpuQor-RpaHba-DmeXdh, and PthCut-OcaCox-RpaHba-
AniNdh-PpuQor-DgiMop-DmeXdh, respectively, indicating
that HpsCut is most closely related to CO-DHs, next most
closely related to other subunit enzymes, and least closely
related to nonsubunit proteins. The above results imply that
MCHs may be evolutionarily and structurally related to each
other and have common motifs for cofactor binding.

CutL contains a molybdopterin-binding site. The five re-
gions known to be the molybdopterin-contacting sites in Dgi-
Mop after X-ray crystallography (37) were conserved in all
MCHs examined (Fig. 4), suggesting that the molybdopterin
cytosine dinucleotide in HpsCut (29) binds to CutL through
these regions. Localization of two amino acid residues of CutL,
Ggs and A5, in a hypothetical molybdopterin-contacting re-
gion at positions identical to those of two amino acids in the
DmeXdh large domain, Gg,, and G, also supports this
assumption, since replacing Ggy, and G, With E and D,
respectively, is known to be responsible for rosy mutations in D.
melanogaster (14).

Schiibel et al. (40) reported that the OcaCox CoxL is the
putative FAD-binding site, since the GLGTYG sequence in
CoxL (Fig. 4 [residues 564 to 569]) is identical to dinucleotide-
binding motif GXGXX(G/A). This region, however, may not
be the FAD-binding site, since the domain containing the
proposed sequence is similar to the molybdopterin-binding
domain of DgiMop (37) and the Gs4, in CutL corresponds to
the Gy of DgiMop involved in the formation of a hydrogen
bond with the Mo(IV)-carried oxygen ligand in molybdopterin
molecule.

CutM contains a FAD-binding site. The DmeXdh medium
domain is known to contain three internal regions that bind
FAD and NAD*: K3, which binds FAD, and K5 and N, which
bind NAD™ (14). Among the three regions, the K3 region is
most highly conserved in CO-DH, which does not use NAD™*
as a coenzyme, and also in other MCHs containing both FAD
and the medium subunit or domain (Fig. 5). The K3 sequence
is absent in DgiMop containing no medium domain and FAD
(41). These together with the finding that two amino acid
residues of CutM, G,,, and G,,,, in the K3 region align at
positions identical to those of two amino acids in the DmeXdh
medium domain, G345 and Gsss, strongly suggest that HpsCut
CutM binds FAD, since replacing the amino acids Gj,g and
Gss5; with E and D, respectively, is known to result in rosy
mutants of D. melanogaster (14).

CutS has two [2Fe-2S] center-binding sites. The amino acid
sequence of CutS was very similar to the small subunits and
domains of other MCHs containing Fe-S clusters (Fig. 6). The
regions which contain eight cysteines responsible for binding
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two [2Fe-2S] clusters in the DgiMop small domain (37) were
conserved at identical positions in all MCHs examined. The
first region, containing four cysteines in positions 42, 47, 50,
and 62 of CutS, is a typical [2Fe-2S] binding region, C-X,-C-
X,-C-X,,-C, found in bacterial and plant ferredoxins (10). The
second four-cysteine-containing region, C-X,-C-X,-C-X-C,
which binds another type of [2Fe-2S] cluster, is more con-
served than the first one in MCHs. Both Fe-S motifs are absent
in CutL and CutM. These considerations together with the
observation that the G4, and E,4 of CutS located at positions
corresponding to those of the two changed residues of xanthine
dehydrogenase in D. melanogaster rosy mutants (G,,—E and
Egy—K) (14) imply CutS as the iron-sulfur protein of HpsCut.

Molybdopterin, FAD, and iron-sulfur centers bind to CutL,
CutM, and CutS, respectively. In a preliminary test, most of
the active purified CO-DH appeared as a single brownish-
yellow band on nondenaturing polyacrylamide gels even after
incubation for 1 h at 20°C in standard buffer containing 8 M
urea (data not shown), indicating that CO-DH is stable and
maintains its cofactors under the conditions tested. The en-
zyme, however, began to lose the typical band after treatment
with 2 M guanidine-HCI for 1 h. The band disappeared com-
pletely when the enzyme was incubated for 1 h in 4 M guani-
dine-HCI solution. These results supported previous observa-
tions that the molybdopterin and FAD were released from
CO-DH when the enzyme was treated with guanidine-HCI,
SDS, heat, or acid but not when it was incubated in the pres-
ence of urea (23). We, however, assumed that treatment of
active CO-DH with 8 M urea affects the binding strength
within the three CO-DH subunits to a certain degree even
though it does not force the CO-DH to release its cofactors.
We, therefore, tried to prepare subunits containing bound
cofactors from the active CO-DH, employing hydroxyapatite
column chromatography in the presence of 8 M urea to local-
ize molybdopterin and FAD in the enzyme. It was found that
a large amount of medium subunits, but almost no large sub-
units, was eluted with standard buffer containing 8 M urea
(Fig. 7), as expected from the calculated pls of the large (5.88)
and medium subunits (8.43). The fractions containing medium
subunits exhibited a strong signal for FAD but a weak one for
molybdopterin (Fig. 7A). The weak fluorescence for molyb-
dopterin in fractions 9 and 10 may be due to the background
from the FAD signal. When the enzyme was eluted with 50
mM phosphate buffer (pH 7.5) in the presence of 8 M urea, all
three CO-DH subunits appeared in the collected fractions
(Fig. 7B), which showed strong signals for both molybdopterin
and FAD (Fig. 7A). Among the fractions obtained with 8 M
urea-containing 500 mM phosphate buffer (pH 7.5), fraction
26 contained only the large subunit and exhibited a signal only
for molybdopterin (Fig. 7). These results support the assump-
tion that 8 M urea hardly affects the binding between subunits
and cofactors but may reduce the binding strength between
each subunit. It also indicates that molybdopterin and FAD
bind to the large and medium subunits of H. pseudoflava CO-
DH, respectively, which was suggested from the deduced
amino acid sequences of CutL and CutM. The coincidence of
the signal patterns of the two cofactors with the elution pattern
of the proteins further supports this indication (Fig. 7). It is
also plausible to assume from the protein profile of each frac-
tion (Fig. 7B) that the medium subunit in the native CO-DH
interacts with both the large and the small subunits of the
enzyme.

It was found that the purified CO-DH of H. pseudoflava was
inactivated after incubation for a month at 4°C, suggesting
spontaneous denaturation of the enzyme. The location of FAD
was further identified with the inactive enzyme. When the
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FIG. 7. (A) Hydroxyapatite column chromatography of active CO-DH. Ac-
tive purified CO-DH was applied to a hydroxyapatite column (1 by 3 cm) and
eluted successively with standard buffer, standard buffer containing 8 M urea, 8
M urea-containing 50 mM phosphate buffer, and 8 M urea-containing 500 mM
phosphate buffer under 15 cm of hydrostatic pressure as described in Materials
and Methods. Protein was monitored by absorbance at 280 nm (- — —). Cofactors
were analyzed by fluorescence of emission at 460 nm after excitation at 360 nm
and emission at 525 nm after excitation at 370 nm for molybdopterin (O) and
FAD (@), respectively. (B) CO-DH subunits in fractions from hydroxyapatite
chromatography. Denaturing PAGE of CO-DH subunits present in fractions
obtained from hydroxyapatite chromatography was carried out on a 12.5% poly-
acrylamide gel in the presence of 0.1% SDS following the method of Laemmli
(24). Twenty microliters each of several fractions eluted with standard buffer
(fractions 3 and 4), standard buffer containing 8 M urea (fractions 9, 10, and 11),
50 mM phosphate buffer containing 8 M urea (fractions 18, 19, and 20), and 500
mM phosphate buffer containing 8 M urea (fractions 25 and 26) were analyzed
together with active purified enzyme. Arrows indicate large (L), medium (M),
and small (S) subunits of CO-DH.

inactive enzyme was subjected to gel filtration, it did not elute
as a sharp peak (Fig. 8A). The signal for FAD appeared as two
peaks and did not coincide with the elution profile of the
enzyme. The intensity of the two signals and the elution pat-
tern indicated that the first and second signals are due to
protein-bound and protein-free FADs, respectively. These re-
sults indicate that the enzyme may have been inactivated partly
due to loss of FAD cofactor during spontaneous denaturation
of the enzyme. Analysis of the protein pattern in each fraction
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FIG. 8. (A) Elution pattern of inactive CO-DH on a Sephacryl S-300 column.
Spontaneously inactivated purified CO-DH was subjected to gel filtration on a
Sephacryl S-300 column (1.6 by 100 cm) with standard buffer as described in
Materials and Methods. Protein and FAD were monitored by absorbance at 280
nm (- - —) and fluorescence of emission at 525 nm after excitaion at 370 nm (@),
respectively. (B) Denaturing PAGE of fractions from Sephacryl S-300 column
chromatography. CO-DH subunits in 20 wl each of fractions 18, 20, 22, 24, 26, 28,
30, and 32 from Sephacryl S-300 chromatography of the inactivated CO-DH
were subjected to denaturing PAGE together with inactive purified enzyme (7
ng) (P) on a 12.5% polyacrylamide gel in the presence of 0.1% SDS by the
method of Laemmli (24). The large (L), medium (M), and small (S) subunits of
CO-DH are indicated by arrows.

revealed that fraction 32, which exhibits the FAD signal, con-
tains the medium subunit almost exclusively (Fig. 8), strongly
supporting the above indication deduced from analysis of frac-
tions from hydroxyapatite column chromatography that the
medium subunit in H. pseudoflava CO-DH binds FAD. The
sharp decrease in the density of large and small subunits (Fig.
8B) and the sharp increase in that of the FAD signal (Fig. 8A)
in fractions 22 to 26 suggest that the FAD-binding medium
subunit may occupy the innermost part of native CO-DH,
resulting in quenching of the FAD signal by the large and,
possibly, the small subunits surrounding it. This suggestion was
strongly supported by the observation that the intensity of the
FAD signal of fractions 22 and 24 increased after treatment of
the fractions with trichloroacetic acid or high temperature
(data not shown). The acidic nature of native CO-DH at neu-
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tral pH together with the estimated pI of the medium subunit
(8.43) also supports this suggestion.

Analysis of iron content in CO-DH subunits prepared from
active purified CO-DH revealed the presence of 0.58, 0.67, and
1.96 atoms of iron per mol of large, medium-, and small-
subunit proteins, respectively, indicating that the two iron-
sulfur centers in H. pseudoflava CO-DH are associated with the
small subunit as expected from the deduced amino acid se-
quence of CutS. Part of the iron in the small subunit seems to
be dissociated during boiling of CO-DH in the presence of
SDS for denaturing PAGE, resulting in a value lower than the
expected one (4 atoms per mol of subunit). The iron detected
in the large and medium subunits may be due to contamination
during PAGE and electroelution.

The present results clearly indicate through analogy with
sequence homology data (3, 9, 17, 34, 40) that the molybdop-
terin, FAD, and iron-sulfur centers bind to the large, medium,
and small subunits, respectively, of all three-subunit or three-
domain molybdenum-containing hydroxylases studied, includ-
ing the CO-DH from O. carboxidovorans.
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