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The CO dehydrogenase structural genes (cox) and orf4 are clustered in the transcriptional order coxM—
coxS— coxL—> orf4 on the 128-kb megaplasmid pHCG3 of the carboxidotroph Oligotropha carboxidovorans
OMS. Sequence analysis suggested association of molybdopterin cytosine dinucleotide and flavin adenine
dinucleotide with CoxL and of the [2Fe-2S] clusters with CoxS.

The molybdenum-containing iron-sulfur flavoprotein CODH
(26) is the key enzyme in the chemolithoautotrophic utilization
of CO by Oligotropha carboxidovorans OMS5 (27, 29). The large,
medium, and small subunits of CODH are encoded by the
structural genes coxL, coxM, and coxS, respectively (27). They
reside on the 128-kb megaplasmid pHCG3 (20, 21). We report
here the structural characteristics of the cox genes and the
analysis of the deduced amino acid sequences.

Abbreviations. The following terms have been abbreviated
in this report (abbreviations are shown in parentheses): carbon
monoxide dehydrogenase (CODH), aldehyde oxidoreductase
(MOP), xanthine dehydrogenase (XDH), flavin adenine dinu-
cleotide (FAD), molybdopterin cytosine dinucleotide (MCD),
and amino acid (aa).

The strains employed were O. carboxidovorans OMS (DSM
1227 [29]), Escherichia coli DH5a (15), and E. coli K38 (32).

The basic recombinant DNA techniques used followed stan-
dard protocols (3, 25). Plasmids were isolated as described
previously (4, 21). The coxS probe (oligonucleotide S) was the
64-fold degenerate 17-mer ATRTGNGCYTTNGCCAT de-
rived from the N-terminal protein sequence MAKAHI of CoxS
(12, 20). The coxM probe (oligonucleotide M) was the 128-fold
degenerate 17-mer ATNCKRTGRTARTCRAA derived from
the protein sequence FDYHRI of CoxM (12, 20). Deoxyoli-
gonucleotides were 3’ end labeled with digoxigenin-11-ddUTP.
Restriction fragment gene probes were labeled with digoxige-
nin-11-dUTP by the use of random primers (7). With the
1.45-kb BamHI-EcoRV fragment of pHCG3 (Fig. 1), hybrid-
izations were carried out at 60°C and washes were carried out
with 1X SSC (1X SSC is 0.15 M NaCl plus 0.015 M sodium
citrate) (containing 0.1% sodium dodecyl sulfate) at 68°C.

The 4.86-kb BamHI-HindIII fragment of pHCG3 carrying
the structural genes coxMSL was inserted into the vector
phagemid pBluescript I KS+ (Stratagene, Heidelberg, Germa-
ny), yielding phagemid pCDH1 (Fig. 1). Sets of nested dele-
tions were introduced bidirectionally into the cloned region by
treatment with exonuclease III-S1 nuclease (10) of the Erase-
a-Base kit (Promega, Madison, Wis.). Sequencing of both
strands of cloned DNA with the primers T3 and T7 (Strat-
agene, La Jolla, Calif.) was performed with the Taq DyeDeoxy
Terminator Cycle Sequencing kit in the model 373A DNA
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sequencing system (Applied Biosystems, Foster City, Calif.).
Each nucleotide position was determined with a redundancy of
four. The HUSAR program package (Deutsches Krebsfors-
chungszentrum, Heidelberg, Germany) was employed for se-
quence analysis.

DNA sequence and molecular organization of the coxMSL
gene cluster. Southern hybridizations with the oligonucleotides
M and S identified the 5’ coding regions of coxM on a 0.23-kb
BamHI-EcoRI fragment and of coxS on a 0.4-kb EcoRI-Hincll
fragment derived from plasmid pHCG3 (Fig. 1). The frag-
ments are part of a 4.86-kb BamHI-HindIII fragment which
was cloned as pCDH1 and completely sequenced in both di-
rections (Fig. 1 and 2). cox-positive fragments of pHCG3 were
cloned into the T7 RNA polymerase-dependent vector pT7-5.
Recombinant plasmids were transformed in E. coli K38 con-
taining pGP1-2 (34). Labeling with [*>S]methionine and West-
ern blots (immunoblots) revealed expression of CoxS and
CoxL.

The nucleotide sequence included four open reading frames
arranged as a gene cluster in the transcriptional order (5')
coxM— coxS— coxL— orf4 (3") (Fig. 1 and 2). coxM (867 bp),
coxS (501 bp), and coxL (2,430 bp) encode the CODH sub-

BamH| EcoRI
(]
EcoRl Hincll
BamH| EcoRV
—
BamH| Hindlll
| |
I I 1 I I I | I |
0 1.0 2.0 3.0 4.0 4.86 kb
[_coxM JcoxS| coxL I[_orf4 |
—_ —_ —_ —_

FIG. 1. Physical and genetic map of the cox region from pHCG3 of O.
carboxidovorans OMS. Depicted are fragments detected by or employed for
hybridizations, the cloned BamHI-HindIII fragment of pCDHI, the lengths and
orientations of the sequences obtained from the BamHI-HindIII fragment and
its deletion derivatives (thin arrows), and the transcriptional arrangement of
coxMSL and orf4 (heavy arrows). coxS and coxL overlap by 4 nucleotides (Fig. 2).
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coxM
MIPGSTFTDYUHRTZPZEKTSTIAD
GGATCCGACAGAGATCCAGGCGCAGGTAACCTGGGGAGETCECCGTGATACCTGGTTCATT TGAT TATCACCGTCCAAAATCCATTGCAG
BamH1 T
AV ALTLTJ XLGETDA ARTPLAGGEHT STLTIZPTIMEKTTR RLA
ACGCAGTCGCGCTTCTGACGAAGCTCGGTGAGGATGCTCGGCCCT TGGCCGEAGGCCACAGCCTAATTCCGATCATGAAGACCCGGCTGG

T PEHLVDLRDTIGDLV VG GIREESGTTDUVVIGAMT
CTACGCCGGAGCATCTGGTTGATCTCAGGGATAT TGGAGATCTCGTCGGAAT TCCGAGAGGAGGGTACGGACGTCGTCATCGGGGCGATGA

T Q HALIGSDTFLAAXKXKLZPTITIRETS SILTLTIADTPAO QI
CCACTCAGCATGCGCTGATAGGCTCAGATTTTCTCGCAGCAAAATTGCCGATCATTCGCGAGACATCGCTGCTGATCGCCGATCCGCAAA

R YMGTIGGNAANGDUPGNDMPALMOQCTLGAAY
TCCGCTACATGGGAACCATTGGCGGCAACGCCGCTAACGGCGATCCGGGCAACGATATGCCGGCCCTCATGCAGTGTCTCGGTGCGGCTT

E L TGP EGARTIVAARDTYYOQGAYT FTATITET?PGEITL
ACGAACTCACCGGCCCTGAAGGTGCGCGCATAGTTGC TGCGCGAGAT TACTATCAAGGTGCTTATTTCACGGCGATCGAGCCCGGTGAAC

L TAIRTIUZPVPPTGHGYAYEZ XKL LI KT RIKTIGTDYAT A
TTCTTACAGCAATCCGAATTCCGGTGCCGCCCACCGGACACGGTTACGCTTACGAAAAACTGAAGCGGAAAATTGGCGACTATGCCACCG

A A AV VL TMSGGKCVTASTIGLTNUNUVANTZPILWA
CCGCGGCGGCTGTCGTGC TGACGATGAGCGGCGGAAAATGTGTGACGGCATCGATCGGTCTCACCAATGTTGCGAACACACCGCTTTIGGG

EE A G XK VLV GTALDIE KT PALDTE KA AYVALAEATITATF
CGGAAGAGGCCGGCAAGGTGCTGGTTGGCACGGCGCTCGACAAACCTGCGCTCGACAAGGCTGTAGCGCTGGCTGAGGCGATCACCGCTC

A SDGRTGPAETYRTTIEKMAGTYVMLTZERRATYVETRATEKA AT R A

CGGCGTCGGATGGCCGCGGGCCCGCAGAATATCGGACCAAGATGGCGGGTIGTCATGCTGCGTCGTGCGGT CGAGCGGGCCAAGGCCCGCG
coxS

K N * M AKABHTIETLTTINTGEHTPTVEHA ALTVETFP

CCAAGAATTAGAAAATCAGGGGAGCCAACATGGCGAAAGCCCATATCGAGT TGACGATCAACGGACATCCGETGGAGGCACTGGTCGAAC

RTLLIHSFIREQQNLTGAHTIGEDTS SH (:) G A (:) T
CGCBTACGCTGTTGATCCATTTCATTCGCGAGCAACAGAACCTTACCGGCGCACATATCGGCTGCGACACCAGCCACTGCGGCECGTGTA

VDLDGMSTVEKS (:) T MF AV QANGA ASTITTTIETGHMA
CTGTCGATCTCGATGGTATGTCGETCAAGAGCTGCACAATGTICGCTGTCCAGGCTAACGGGGCT TCAATCACCACGATTGAAGGCATGE

APDGTTLSALG QETGTFT RMM (:) 6 L Q (:) 6 ¥ (:) T PGMIM
CAGCACCGGATGGTACACTGAGTGOGCTGCAGEAAGGETTCCGCATGATGCATGGTCTGCAATGCGGCTACTGCACTCCGGGGATGATCA

R S HRLLOQENTPSTPTEAETILIRTFG GTIG GG GNITL (:) R (:) T G
TGCGATCGCATCGCTTGCTGCAGGAGAATCCAAGCCCGACCGAAGCGGAAATACGCTTCGGCATCGGTGGAAATCTTIGCCGCTGCACCG
coxL
M N I QT
Y QNI VEKATIGO QYA AAATEKTIINSGTYTPFTETEHA AATEH+
GCTATCAGAACATTGTCAAAGCAATCCAGTATGCCGCCGCCAAGATCAATGGCGTACCTTTCGAGGAGECCECAGAATGAATATCCAGAC

T VEPTSAERAEI KL QGMG CI XU RI KT RYVETDTITRTFTDQ
CACCGTTGAACCGACGAGCGCGGAGCGTGCCGAAAAGT TGCAGGGTATGGGCTGCAAGCGCAAACGTGTCGAAGATATCCGCTTTACCCA

G K 6 N Y VDDV KLPGMLTFGDTFVRS S HAHARTIZK
GGGTAAGGGCAACTACGTCGATGATGTGAAATTACCGGGTATGTTGTTTGGTGATTTCGTTCGTTCGTCGCACGCCCATGCGCGCATTAA

S I DTS X AKALUPGVF FAVLTAADTLTEKTEPLNLHYM
AAGTATCGATACCTCGAAGGCTAAGGCGCTTCCAGGTGTATTCGCTGTTTTAACGGCGGCCGACCTGAAGCCGCTGAATCTGCATTATAT
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P TLAGDVQAVLADTETZIKV VLT FAQNQ QEVATFUVV AKD
GCCGACGCTGGCTGGCGATGTGCAGGCAGTGCTTGCAGACGAGAAGGT TCTT TTCCAGAATCAGGAGGTTGCCTTTGTAGTGGCGAAAGA

R YV A ADAIE ELVETVDYEZPLTPVLVYVDZPTFI KA AMEF?P
TCGTTACGTI TGCGGCGGACGCGATCGAATTGGTCGAAGTCGATTATGAGCCGCTGCCGGTTCTAGTCGACCCATTCAAGGCAATGGAACC

D APLILRETDTII KD XMTGAHGA ARTI KU HHEHNUBETITFIR RUWE
AGATGCACCTCTGCTACGTGAAGATATCAAAGACAAAATGACCGGTGCGCACGGTGCGCGCAAACATCACAACCATATCTTCCGTTGGGA

I 6DKXKEGTUDA ATT FAKAEV VY SKDMTFTYUHRVYVHTEPS
AATAGGCGATAAGGAAGGCACCGATGCGACCTTCGCCAAAGCCGAAGTCGTGTCAAAAGATATGTTTACCTATCATCGGGTGCATCCGTC

P L ETOCQCV ASMD I KTIT KU GELTTILWGTT FOQAZPHUVI

GCCGCTGGAAACGTGTCAGTGCGT TGCGTCGATGGACAAGATCAAGGGTGAACTGACGT TGTGGGGCACATTCCAGGCGCCGCATGTCAT
1

RTVVSLISGLPEHEKTIHTYTIATPDTI|6GGTF G N|gxv
CCETACCETGGTGTCGCTGATCTCGGGT TTGCCEGAGCATAAAATCCACGTCATTGCACCGGACATCGGGEECGGCTTTGGCAACAAGGT

G A Y 8 G YV CAVV ASIUVILGVYU?PV KWV VETUDTZ RMENTL
GGGCGCTTATTCCGGCTACGTCTGCGCGGTGGT TGCCTCCATCGTGCTGGGCGTGCCCGTGAAGTGGGTCGAAGACCGAATGGAGAACCT

§$ T T STF ARDYHMTTETLAATI KDSGI KTITULAMERTECUHUV
CTCCACGACATCATTIGCGCGCGACTATCATATGACGACAGAACTCGCAGCCACCAAGGACGGCAAGATTCTTGCGATGCGCTGTCACGT

L A D HGAFDACA ADUPSI KWE?PAGTFMUNTICTTGSYDM
CCTGGCTGATCACGGAGCGT TCGACGCCTGTGCCGATCCATCGAAATGGCCGGCGGGCT TCATGAACATCTGTACCGGCTCCTATGACAT

PV AHL AVDGVYTNIKASGS GV AYRTCSTFR RV YVTTE A
GCCGGTGGCACATCTGGCCGTGGATGGTGTCTATACCAACAAAGCGTCCGGCGGCGTAGCCTATCGT TGCTCGTTCCGAGTGACGGAAGC

VYATIZERATIETTLAQRLIEMDS S ADTULTZ RTIIKINTEFTIAGQTE
GGTTTATGCCATTGAGCGCGCGATCGAGACGCTGGCGCAGCGGCTCGAGATGGACTCAGCCGATCTACGCATCAAGAACTTTATCCAGCC

EQFPYMAPLGWETYDSGNYZPLAMEKTE K AMDTUVGEG
GGAGCAGTTCCCTTATATGGCGCCGCTGGGCTGGGAGTACGACAGCGGAAATTATCCACTCGCGATGAAGAAAGCGATGGATACGGTCGG

Y HQ LRAEO QZKAI KO QEATFI KRGETRTETIMGTIGTISTF
TTATCATCAGCTTCGIGCTGAACAGAAAGCCAAACAGGAAGCCTTCAAGCGCGGCGAGACACGCGAGATTATGGGCATCGGTATCTCGTT

FTETIVGAGPS SI KUNCDTILGVYVYSMTFDSA AETIRTIIHEHEP
TTTCACCGAGATTGTCGGCGCCGGGCCGTCGAAGAATTGCGATATTCTCGGCGTGTCGATGTTTGACTCGGCGGAAATCCGTATCCATCC

T 6 S VIARMGTI K SQGQGHTETTT YAQTITIATTETLSG
AACCGGTTCAGTGATTGCCCGCATGGGCACCAAGAGCCAGGGCCAGGGGCACGAGACGACCTACGCTCAGATCATCGCCACCGAACTCGG
"
I PADDIMTIETETGNTTUDTATP Yl G L G T Y Q] S RS TZPT
TATTCCCGCTGACGACATCATGATCGAAGAAGGCAATACCGACACTGCCCCTTATGGCCT TGGCACTTACGGCTCGCGCTCGACGCCGAC

A G A ATAV AARIKTITIKAKAQMTIAAHBMTLYETVHTETGTSD
GGCTGGTGCGGCAACCGCTGIGGCCGCGCGCAAAATCAAAGCCAAGGCGCAGATGATTGCGGCGCACATGCTCGAAGTGCATGAGGGCGA

LEWDVDRTPFRVIKGLUPETZ KT FZ XTMZE KTETL'AWASTYNS
TTTGGAATGGGACGTGGACCGCTTCCGGGTGAAAGGCCTTCCGGAAAAATTCAAGACCATGAAGGAACTCGCCTGGGCGTCCTACAATAG

P PP NULEUPGLEAVNYYDUZPZPNMTYVYUPTFGAYTV FTCTI
TCCGCCGCCCAATCTCGAGCCTGGGCTCGAGGCTGTGAACTATTACGACCCTCCGAATATGACTTATCCGTTCGGTGCCTATTTCTGCAT

M DIDVDTGVAZKTRRTFYALDDT CSGTH RTINZPMII
CATGGATATCGATGTGGACACCGGCGTCGCCAAAACCCGGCGCT TCTATGCACTGGACGATTGCGGAACACGTATCAACCCGATGATCAT
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696 E 6 Q V H G G L T E A F AV AMGQETIRYDEA QGNRNKVLSG 725
3511 CGAAGGGCAGGTGCATGGTGGTTTGACCGAGGCCTTCGCGGTCGCGATGGGGCAGGAGATCCGATACGACGAGCAAGGCAACGTGCTITGG — 3600

726 A 8 FMDVF FLPTA AV ETZ©PI XKWETDT YTV VTU?®PSUPHHTP 755
3601 AGCGTCGTTTATGGACTICTTCCTGCCGACGGCCGTCGAAACGCCGAAGTGGGAGACCGACTACACAGTGACGCCGTCGCCACATCATCC 3690

756 I G A K 6V GE SPHUV GGV PCTFSNAVNDAYATFIULN 785
3691 GATCGGCGCCAAAGGCGTGGGTGAAAGTCCGCATGTCGGCGGTGTGCCGTGCTICTCAAATGCGGTGAATGATGCTTACGCCTITCTGAA 3780

786 A G H I Q M P HD AWRLWIEKTYVGEGQLGLEHTYV* 809

3781 CGCCGGCCATATCCAAATGCCGCATGATGCCTEGCGECTATGGAAGGTAGGCGAGCAACTTGGCCTGCACGTCTAACGTACGGAGATCGC 3870
orf4

1 MRHHAERDTIKTYAERTLATY A 17

3871 ATTITCTAGCCGTGAATAGTAGGGAATCTGGAAATAGCTCATGCGTCATCATGCTGAACGAGACAAGGTCGCCGAGAGGCTGGCCTATGC 3960

18GYIPDRDLATAVWLMESLSRPLLLElGEAGV 47

3961 GGGCTATATCCCCGATCGCGATCTIGCGACCGCTGTTTIGGCTCGATGGAAAGCCTGTCGCGCCCGTTGTTGCTGGAAGGCGAAGCGGGTGT 4050

48GKT'EVALTLAQANGARLIRLQCYEGLDQNA 77
4051 AGGCAAGACCGAGGTCGCGCTGACACTGGCGCAAGCGAACGGAGCAAGGCTCATTCGCTTGCAATGCTATGAGGGGCTCGATCAAAACGC 4140

78 A L Y EWNYQROQLULATIZ XKTU RETGSURADA AUV DV IETDH 107
4141 GGCATTATACGAGTGGAACTACCAACGGCAGTTGCTGGCGATCAAAACACGGGAAAGTCGTGCGGACGCGGTAGATGTTATCGAGGATCA 4230

108 I F S E XK FLLERUPLTULAATIRUGQPIXKSAVLLTIDETUVTSD 137
4231 TATTITCTCGGAGAAGTTTCTGCTTGAGCGGCCGCTGTTGGCTGCAATACGTCAACCCAAATCGGCAGTGCTGCTAATTGATGAGGTTGA 4320

i3 R A D E E F E A F L L ELL S DY QVSIUPETLSGTTIUHAT 167
4321 CCGCGCCGACGAGGAGTTTGAGGCCTITTTACTCGAACTGTTGTCGGATTATCAGGT TTCGATTCCCGAACTTGGCACAATCCATGCCAC 4410

168 T I P Q V I L T S N 6 TR EL S DALURURRCLYUHYUVDY 197
4411 AACGATTCCACAGGTGATCCTGACATCCAATGGCACGCGTGAGTTATCAGATGCGTTGCGCCGGCGTTGTCTCTATCACTATGTCGACTA 4500

i8 P D V E R E AR I I T T RMUPNTIDTVALALAGQIARMIE 227
4501 TCCGGATGTTGAACGCGAGGCGCGTATCATCACCACACGGATGCCGAATATCGACGTTGCGCTGGCGTTGCAGATTGCCAGGATGATCGA 4590

228 G I R K EDULRIK S PGV AETTILUDWAAALAGTLTGUVETD 257
4591 GGGAATCCGAAAAGAGGATTTGCGCAAGAGTCCCGGCGTCGCGGAAACCCTCGACTGGGCGGCAGCAT TGGCGGGGCTTGGCGTTGAGGA 4680

28 L R A E P EAVF ETMMCLTIZ KTV VETDZ K SR RUVTUREVS 287
4681 TCTGCGCGCTGAACCCGAAGCTGTCTTTGAAACGATGATGTGCTTGATCAAGACAGTCGAAGATAAATCGCGCGTGACTCGCGAGGTTITC 4770

288 D R L L G K V A *

285

4771 TGATCGGCTGCTGGGCAAGGTGGCATGATATGGTGGCAACTGCGGCCATTCATGAATCCAGCGCTGCTTCGGCAGGGGCTCGCCGCAAGCTT 4862

HindlIll

FIG. 2. Nucleotide sequence of the BamHI-HindIII fragment derived from pHCG3 of O. carboxidovorans OMS. The DNA sequence is continuously numbered from
the BamHI restriction site to the HindIII site (both underlined). Deduced amino acid sequences are shown above the corresponding DNA sequences and are separately
numbered. Stop codons are indicated by asterisks. The putative ribosomal binding sites of the cox genes and orf4 complementary to the 3’ terminus of the 16S rRNA
of O. carboxidovorans are double underlined. Presumed ligands of [2Fe-2S] centers are circled. Boxes I to III refer to the MCD-, FAD-, and mononucleotide-binding

motifs discussed in the text.

units. The ribosomal binding sites of coxM, coxS, coxL, and orf4
(888 bp) could be precisely identified on the nucleotide se-
quence (Fig. 2), since they are complementary to the 3’ termi-
nus of the 16S rRNA of O. carboxidovorans (2).

coxM begins with the alternative translational start codon
GTG (Fig. 2). The corresponding protein is composed of 288
aa (Fig. 2) and has a molecular weight of 30,239, which agrees
with the mean molecular weight of CoxM determined by de-
naturing polyacrylamide gel electrophoresis of independent

preparations of CODHs from O. carboxidovorans (molecular
weight, 29,700 [27]) or other CO-oxidizing bacteria (molecular
weight, 30,200 [27]). The N terminus of the deduced CoxM
protein (Fig. 2) matches that of the medium CODH subunit
(20), except for the methionine at position 2.

coxS starts 18 nucleotides transcriptionally downstream from
the 3" end of coxM (Fig. 2). The peptide inferred from cox§
consists of 166 aa (Fig. 2). Its molecular weight of 17,792 is
comparable to that of 16,000 or 16,800 obtained by denaturing
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Sequence of Position
Oc  CoxS 30 - 65 REQONLTGAHIG. . |C
Dm thS' 31 - 76 REKLRLCGTKLG. . |C
Rn  XdhS 30 - 75 RRKLGLCGTKLG. . |C
Dg Mop 28 - 63 RQOLGLTGVKVG. . {C
Hs Suolp 53 - 88 NEVDSTLTFRRS. . [C
Bt Suolp 53 - 88 NEIDSTLTFRRS.. |C
Sp Fdx 27 - 82 LDAAEEAGLDLPYS |C
An Fdx 37 - 82 LPFS |C
Consensus c
*
Oc  Coxs 89 - 146 2 |L |OE |[GFRMM [HG
cv  xdhs 113 - 170 E |V [OF |RLAKA |HG
Dm  Xdhs 100 - 157 F |V [QE |RLAKA |HG
Mm XdhS 102 - 159 P |V [OE |RIAKS [HG
Rn  XdhS 98 - 155 P |V IQE {RIARS |HG
Dg Mop 87 - 146 P |L [K |AWVL. [HG
Consensus P Qe HG

*

IOOQOOQOL‘

[le]

NOTES 2201

H [C |GA EJTV .................... DLDGMSVKS |C |TMF
G[CIGA[C|TVMV.......... SRLDRRANKIRHLAVNA |C |LTP
G[C[GAIC|TVMI.......... SKYDRLONKIVHFSVNA |C |[LAP
QICIGA[CISV. . o ILDGKVVRA [C |VTK
TICIGS |C|AM. i NINGGNTLA |C |TRR
TICIGS|CIAM. ..ol NINGGNTLA |C |TRR
A |C [ST |C [AGTITSGTIDQSDQSFLDD. .DQIEAGYVLT |C |[VAY
A [C|ST E;AGKLVSGTVDQSDQSFLDD..DQIEAGYVLT C |VAY

C C

* *

. |QCGYCTPG MI [M|-20- GIG [GNLCRCTGY|Q
. |QCGFCTPG |IV [M|-20- AFQ [GNLCRCTGY|R
. |[QCGFCTPG |IV |M|-20- AFQ |[GNLCRCTGY |R |PI
. |QCGFCTPG IV |M|-20- AFQ [GNLCRCTGY R
. |QCGFCTPG IV |M|-20- AFQ |GNLCRCTGY|R
QCGFCSPG [FI |V|-22- QKH |RNACRCTGY |K

n n n n o

RS ST i

QCGECLPG m

gN1CRCTGY pi

*  * *

FIG. 3. Comparison of cysteine clusters of CoxS with those of other [2Fe-2S] proteins. The sequences of the CODH small subunit from O. carboxidovorans (Oc CoxS
[Fig. 2]), the XDH 20-kDa fragment of D. melanogaster (Dm XdhS [24]) or rat liver (Rn XdhS [1]), the domain for MOP FeS centers I and II of D. gigas (Dg Mop
[36]), the succinate-ubiquinone oxidoreductase iron-sulfur (Ip) subunit of human liver mitochondria (Hs Suolp [19]) or bovine heart (Bt Suolp [19]), and the [2Fe-2S]
ferredoxin of Spirulina platensis (Sp Fdx [37]) or Anabaena strain 7120 (An Fdx [33]), as well as the 20-kDa XDH fragment of C. vicina (Cv XdhS [11]) or mouse liver
(Mm XdhS [35]), are shown. The positions of the sequences in the individual proteins are indicated. Conserved amino acids are boxed. The letters representing
consensus amino acids are capitalized if the amino acids are present in all sequences or in lowercase if the amino acids are present in all except one sequence. Conserved

ligands of [2Fe-2S] centers are indicated by asterisks.

polyacrylamide gel electrophoresis of CODH from O. carbox-
idovorans or other CO-oxidizing bacteria, respectively (27).
The N termini of CoxS (Fig. 2) and the small CODH subunit
(20) are identical.

The first two nucleotides of the translational stop codon
TGA of coxS are part of the start codon ATG of coxL, indi-
cating an overlap of 4 nucleotides between these genes (Fig. 2).
The corresponding CoxL protein contains 809 aa (Fig. 2). Its
molecular weight of 88,735 matches that of the large CODH
subunit from O. carboxidovorans (molecular weight, 86,000
[27]) or other carboxidotrophic bacteria (molecular weight,
84,400 [27]). The N terminus of the peptide inferred by coxL
(Fig. 2) matches that of CoxL, in most positions (20).

orf4 starts 54 nucleotides transcriptionally downstream from
the 3’ end of coxL (Fig. 2). The codon usage of orf4 and that
of the cox genes are similar. The Orf4 polypeptide is composed
of 295 aa (Fig. 2) and has a molecular weight of 33,267. The
GGAAATA sequence is considered the ribosomal binding site
since it is complementary to the 3’ terminus of the 16S rRNA
of O. carboxidovorans (2) and is arranged 4 nucleotides up-
stream from the initiation codon ATG (Fig. 2). The GEAG
VGKT motif of Orf4 (Fig. 2, box III, residues 43 to 50) cor-
responds to the consensus sequence, GXXXXGKT (or S or G)
(30), referring to a putative mononucleotide binding site (see
Fig. 4).

Refined molecular weight of CODH. The molecular weights
of the deduced Cox proteins add up to 273,532, assuming
an (LMS), subunit structure of CODH. CODH -contains
FAD, MCD, molybdate (two molecules each), and four [2Fe-
2S] centers. The molecular weight of 277,436 of catalyti-
cally competent CODH is in agreement with a mean molec-
ular weight of 266,800 suggested by biochemical methods
27).

CoxM, -S, and -L and Orf4 are considered hydrophilic pro-
teins on the basis of hydropathy indexes between 0.04 and
—0.15 (moving segment of 7 aa [23]).

CoxS contains motifs indicative of type I and II [2Fe-2S]
clusters. Chemical analysis (26) and electron paramagnetic
resonance (5) of CODH revealed two distinct [2Fe-2S] clus-
ters. Four of the eight cysteines of CoxS (residues 42, 47, 50,
and 62) are arranged in the motif C-X,-C-X,-C-X,;-C (Fig. 2),
which is equivalent to C-X,-C-X,-C-X_-C in structurally char-
acterized ferredoxins (9) and other [2Fe-2S] proteins (Fig. 3).
The C-X,-C-X,-C-X;-C motif of CoxS (Fig. 3) is homologous
to a sequence in Drosophila melanogaster XDH which binds the
type 1 [2Fe-2S] center (13, 14).

Putative ligands of the type II [2Fe-2S] center in CoxS are
the cysteines 102, 105, 137, and 139 as well as histidine 98, since
they are clustered as motifs H-X;-C-X,-C and C-X-C (Fig. 2
and 3). The motifs, their amino acid environment, and their
position in the protein chain are highly conserved in CoxS,
XDHs, and MOP (Fig. 3). Both iron-sulfur motifs were absent
from CoxM and CoxL. The above considerations point to CoxS
being the iron-sulfur protein of CODH.

CoxL contains dinucleotide-binding motifs which can be
assigned to the MCD-type molybdenum cofactor and FAD.
CODH contains the dinucleotide cofactors MCD (16, 28) and
FAD (26). The binding sites of dinucleotide cofactors exhibit a
Bap fold of two parallel B strands with glycine residues con-
served as GXGXXG/A (30, 40).

The GGGFGN motif of CoxL (Fig. 2, box I, residues 268 to
273) is similar to the dinucleotide-binding consensus sequence
described above and to GGGFGG conserved in the 85-kDa
domain of XDHs from rats and Drosophila species (Fig. 4). We
consider GGGFGN the binding site of MCD in CoxL, since
replacement of the first glycine of GGGFGG by glutamate in
XDH of the D. melanogaster mutant G-800 — E resulted in a
molybdenum deficiency of the mutant enzyme (14).

The GLGTYG sequence (Fig. 2, box II, residues 564 to 569)
in CoxL is identical to dinucleotide-binding motif GXGX
XG/A (Fig. 4). It is, by exclusion, the putative FAD binding
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Sequence of Position
Oc  CoxL 265 - 277 PDIIGIGIGIF GINIKV GA
Oc CoxL 561 - 573 AP Y|GILIG|IT Y|GIS RS T
Rn XdhL 779 - 791 KR MIG|IGI|IG|F GIGIK E TR
Dm XdhL 797 - 809 KR LIGIGIGIF G|IGIKE S R
Hs GshR 24 - 36 LVII|IGIGIG|S GIGIL A S A
Hv GapDh 4 - 16 G ID|GIFIGIR IGIRL VL
Pf pHbH 6 - 18 AII|GIA|IG|IP SIGIL L L G
Consensus - - -G6G-G--6-- - -
(a)
Oc Orf4 39 - 54 LLLE|IGIEAGVIGKT|IEVAL
Hs &k 11 - 26 IFVVIGIGPGSIGKGITQCE
Consensus ----6G----GKT-- - -
(s)
(G)

FIG. 4. Comparison of the predicted phosphate-binding sequences in CoxL
and Orf4 with those in other nucleotide-binding proteins. The sequence desig-
nations refer to the large CODH subunit from O. carboxidovorans (Oc CoxL [Fig.
2]), the 85-kDa XDH fragment of rat liver (Rn XdhL [1]) or D. melanogaster (Dm
XdhL [18]), the glutathione reductase FAD-binding domain of human erythro-
cytes (Hs GshR [22]), the glyceraldehyde 3-phosphate dehydrogenase NAD-
binding domain of lobster muscle (Hv GapDh [6]), the p-hydroxybenzoate hy-
droxylase FAD-binding domain of Pseudomonas fluorescens (Pf pHbH [39]),
Orf4 from O. carboxidovorans (Oc Orf4 [Fig. 2]), and the adenylate kinase
ATP-binding domain of human skeletal muscle (Hs Ak [38]). The positions of
the sequences in the individual proteins are indicated. Especially conserved
amino acids (30) are boxed.

site. The FAD-binding domain of the ferredoxin-NADP™ re-
ductase type (17) is absent.

CODH is a prototype for the new sequence family of molyb-
denum hydroxylases. CODH revealed significant sequence
similarities to the three domains of XDHs from D. melano-
gaster (aa 1 to 159, 227 to 531, and 1003 to 1277 [18, 24]),
Drosophila pseudoobscura (aa 8 to 163, 235 to 539, and 1034 to
1284 [31]), and Calliphora vicina (aa 29 to 172, 245 to 549, and
1021 to 1295 [11]). Similarities were 76% for CoxS (35% iden-
tity) and 68% for CoxM (21% identity). The sequence of CoxL
extending from aa 488 to 773 revealed significant similarity
(61%) to and identity (26%) with the matching sequences in
XDHs. CoxM, CoxS, and CoxL (Fig. 2) and their equivalents
in nicotine dehydrogenase of Arthrobacter nicotinovorans (8)
exhibited similarities of 74% (32% identity), 83% (42% iden-
tity), and 71% (33% identity), respectively. CoxS is 74% sim-
ilar (41% identical) to aa 1 to 166 of MOP from Desulfovibrio
gigas (36). The homology of CoxL to MOP is 64% (28% iden-
tity) for aa 22 to 427 and 72% (27% identity) for aa 645 to 780.
CoxM and MOP are not homologous.

The primary structures discussed define a family of closely
related prokaryotic and eukaryotic molybdenum hydroxylases.
Therefore, the arrangement of molybdenum enzymes into pro-
karyotic and eukaryotic sequence families (41) seems to be
obsolete.

Conserved protein building blocks constitute CODH and
the other molybdenum hydroxylases. The subunits of CODH
represent conserved building blocks, referred to as M, S, and
L. They reappear as subunits in nicotine dehydrogenase or as
domains in XDH and MOP; a combined subunit domain struc-
ture in a molybdenum hydroxylase has not yet been described.
Building blocks S and L are consistently present in the se-
quenced molybdenum hydroxylases. Building block M is op-
tional, since it is absent from MOP. The M-encoding DNA is

J. BACTERIOL.

inserted between the sequences for building blocks S and L of
XDH, whereas it precedes the S- and L-encoding genes of
CODH and nicotine dehydrogenase. Accordingly, the genes or
nucleotide sequences of molybdenum hydroxylases are ar-
ranged in the transcriptional order (5") (M)—S—(M)—L (3').

Nucleotide sequence accession number. The cox and orf4
sequences are available from the EMBL nucleotide sequence
database under the accession number X82447.
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