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Abstract

Cytochrome ¢” from Methylophilus methylotrophus is an unusual monohaem protein that undergoes a major redox-linked
spin-state transition: one of the two axial histidines bound to the iron in the oxidised form is detached upon reduction and a
proton is taken up. A 3.5-kb DNA fragment, containing the gene encoding cytochrome ¢” (c¢ycA), has been cloned and
sequenced. The cytochrome ¢” gene codes for a pre-protein with a typical prokaryotic 20-residue signal sequence, suggesting
that the protein is synthesised as a precursor which is processed during its secretion into the periplasm. The C-terminus of
cytochrome ¢” has homology with the corresponding region of an oxygen-binding haem protein (SHP) from phototrophically
grown Rhodobacter sphaeroides. SHP is similar in size and in the location of its haem-binding site. Immediately downstream
from cytochrome ¢” a second open reading frame (ORF) codes for a 23-kDa protein with similarity to the cytochrome b-type
subunit of Ni-Fe hydrogenase. The possibility of coordinated expression of cycA and this ORF is discussed. © 1999
Elsevier Science B.V. All rights reserved.
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The soluble cytochrome ¢” isolated from Methylo-
philus methylotrophus is a small protein (15 kDa)
containing a protohaem IX group covalently linked
to the polypeptide backbone by thioether bridges at
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the conserved site Cys-X-X-Cys-His. The axial li-
gands are two histidine residues in the oxidised
form [1], and a single histidine residue in the reduced
form [2]. EPR, m.c.d., and NMR studies provided
evidence for an unusual near-perpendicular (85°) ori-
entation of the axial ligand planes in the oxidised
form [1,3]. Characterisation of the haem environment
by NMR suggests that the redox-linked protonation

0005-2728/99/8 — see front matter © 1999 Elsevier Science B.V. All rights reserved.

PII: S0005-2728(99)00085-7



56

| 500 bp I

N.J. Price et al. | Biochimica et Biophysica Acta 1413 (1999) 5561

a w wl o w Q
|
\ orf3 z cycA orf2 orf4
pSAL1
pSAL2
pSAL3
pSAL4
pSALS5

Fig. 1. Genetic and physical map of the M. methylotrophus DNA containing the cytochrome ¢” gene, cycA. The orientation and local-
isation of the ORFs are indicated by four triangles. The solid lines represent the extent of DNA sequenced. Subclones were con-
structed in pUCI8 or pBluescriptll KS* (Stratagene). pSAL1 and pSAL2 were constructed using the unique BamHI site and Pstl
cloned into pUCI18 and pUCI19. The PstlI fragment was digested with EcoRV giving rise to pSAL3. pSAL4 and pSALS were con-
structed by cloning the EcoRI fragments of the Pstzl fragment into EcoRI-digested pUCI8. The relevant restriction sites are shown.

The putative origin of replication is indicated (hatched box).

occurs via a channel running through the cleft on the
haem face opposite to that containing the histidinyl
ligand that detaches upon reduction of the iron atom
[4]. It has been shown that the midpoint redox po-
tential of this haem protein has a strong pH depend-
ence (redox-Bohr effect) in the physiological pH
range [5]. Therefore, cytochrome ¢” provides an in-
teresting example of a soluble protein capable of
coupling electron and proton transfer, in vitro, but
its physiological role has not been elucidated. Re-
cently, amino acid sequence homology has been
found between cytochrome ¢” and an oxygen-binding
protein (SHP) from Rhodobacter sphaeroides [6].
Here we report on the nucleotide sequence of the
cytochrome ¢” gene and show that the gene appears
to be located in an operon that includes, at least, one
other redox protein.

M. methylotrophus (NCIMB 11585) was grown on
a methanol containing synthetic medium [7], har-
vested and genomic DNA isolated by the CTAB
method adapted from the protocol by Murray and
Thompson [8]. Degenerate oligonucleotides 5" CTC
GAA TTC AAY CCI ATG TAY GAR GCI CC 3’
and 5 CTC GGA TCC GC IGG RTT RTT IGT
RTG RCA 3’ were designed based on the published

partial amino acid sequence corresponding to EcoRI-
NPMYEAP and BamHI-APNNTHC, respectively
[6]. Following Touchdown PCR [9], a 132-bp prod-
uct was cloned into pBluescriptll KS* (Stratagene),
sequenced and used as a homologous probe to screen
against digested chromosomal DNA. Positive signals
were recuperated from an identical agarose gel, shot-
gun cloned into pBluescriptIl KS* and transformed
into Escherichia coli XL1-Blue. One transformant
was selected by colony hybridisation using the same
probe. Two complete and another two incomplete
ORFs were identified in the 3.5-kb PstI fragment
as shown in Fig. 1. The complete nucleotide sequen-
ces and the derived amino acid sequences are shown
in Figs. 2 and 3. The first ORF, cycA (438 bp, posi-
tion 1353-1790 in Fig. 2) encodes for cytochrome ¢”.
A ribosome-binding site [10] (AGGAG, double
underlined in Fig. 2) occurs 8-12 bp upstream from
the start codon. Preceding the start site are two hex-
amers (underlined in Fig. 2) with considerable ho-
mology to the —10 (TATAAT) and —35 (TTGACA)
consensus sequences of E. coli [11]. These putative
sequences are separated by 18 bp, within the ob-
served range of 15-19 bp [12]. The mature cyto-
chrome ¢” is preceded by a 20 amino acids long sig-
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GCATGCCTGCAGCCTCTTCATAACCCGTCGTACCGTTTATTTGGCCAGCAAAAAACAGCCCGCGAATCGTCTTTGTTTCTAGAGTCGACTTTAGGCCTCTTGGGTCGTAGTAGTCGTATT

CAATAGCATATCCGGGGCGCAAGATATGTGCATTCTCCAAACCACGGATAGAACGTACCAGCGCTAACTGGATATCAAATGGCAGACTGGTCGATATTCCATTAGGATAAATTTCGTGAG

TGGTTAAACCTTCAGGCTCCAGAAAGACCTGGTGCGACTCTTTGTCGGCAAAGCGATGTATCTTGTCTTCTACCGAAGGGCAGTAGCGCGGCCCCACACCCTCAATCACACCCGTATACA
TAGGAGAACGATCCAGGCCGCTACGAATAATTTCATGCGTTTGCTGATTGGTGTGAGTGATCCAACAAGGCAACTGTTGTGGATGCTGGGCTACATGACCCAAAAACGAAAATACTGGCA
CCGGCGTATCACCAGGCTGCTCAGTCATCACACTGTAATCAATTGAGCGTCCATCAATACGTGGCGGCGTACCCGTTTTGAGGCGACCAGCCGGGAGACCAATTTCAGCCAAGCGGCAGC
CAGTGAGATTGCTGGCGGATCTCCGGTCCGCGCTGTAATTTTGCAATCCAACATGTACCAACCCGCCAAGGAACGTGCCCGCTGTCAACACCACAGATTTAGCATAAAAGCGCAGCCCAA

TTTGGGTAACCACCCCAGCAGCTCTATCGCCCTCAAGGATAATATCGTCGACTGCCTGCTGGAACAGCCATAAATTAGGTTGGTTTTCGAGTCGGTGGCGGATAGCCGCTTTGTAAAGGA

TACGGTCAGCCTGTGCGCGGGTCGCACGCACAGCCGGGCCTTTACTGGAGTTCAAGATACGGAATTGGATACCACCTTCATCTGTAGCCGCTGCCATGGCGCCACCAAGCGCATCCACCT
CCTTTACCAAATGCCCCTTGCCGATCCCGCCAATAGAAGGATTACAGGACATTTGCCCCAGCGTTTCAATGTTATGGCTGAGCAGCAGGGTTTTTTGACCCATGCGAGCAGCCGCCAGTG
CGGCCTCAGTGCCTGCATGGCCGCCACCCACCACAATGACATCGAAACGATCAGGAAAGTCCATCATAAAGAATCTTGAACTGTTTGATTTAAAAAGATTTATGATTTTAGCGTAAACTA
ATCAAATGGTCATTTAATTCACTGATTTGTTACATCTATTCTGTGATTTAATACAATGTGTTTACCGTTTAATACAA;;gAATAACAAGCAGGCCATATTT;%%}AACATAAAAACAAIA

GAATATTTTCAAAACAACCAAGGAGCTTTACCATGAAAATCAAAACAATCATTGCCGTATTCGGGGTCTTATTTTCTGCTCATGCATTGGCTGACGTGACTAACGCTGAAAAGTTGGTGT
-10 RBS M K I KT ITIAVF FGVULTFSAHALAD VT NAETZEKTLTUVY

ACAAATATACCAATATCGCTCACTCCGCCAATCCAATGTATGAAGCGCCTTCAATTACTGATGGCAAAATTTTCTTCAACCGCAAATTCAAAACACCAAGCGGCAAAGAAGCGGCGTGTG
K Y T NI AHSANUPMYEA AP S STITUDGZ KTITFT FNZ RIEKTFIEKTU PSS GEKTEU DA ATCA

CATCTTGTCACACCAATAACCCGGCTAATGTAGGTAAAAACATTGTTACCGGCAAAGAAATCCCACCACTGGCACCACGCGTCAATACCAAACGCTTCACAGATATCGACAAAGTAGAAG
8 CH T NNUPANUVGI KNTIVTGTZ KTETITPP P RV NT KRF TDIDI KV E D

ACGAATTCACCAAACACTGTAATGATATTCTGGGTGCAGATTGCTCACCTTCAGAAAAAGCTAACTTCATTGCTTATTTGTTGACAGAAACCAAGCCTACCAAATAATAGATGTTACGTT
E F TKHCNDTITULGA ADTCS SU?P S8 EE KA ANTFTIA ATYTLTULTETIZ KT PTIZ KENEdM L R Y

ATGTCTGGGATCCGTTCATACGGATCTTTCATTGGTCCCTGGTGGTGGCGTTTGGATATGCTTTTTATACTCACGCCTCCATGTGGGATAGACTACACCACGCATATGCTGGCTATGTGG
VWDUPFTIR RTITFHWSTULVYVVATFUGYA ATFTYTHA ASMMWODU RTULUHEIUSHE A ATY A AGTYV A

CAGGCACACTCATCGTCGCCCGTATTATTTGGGGTCTAGTTGCCACCGGTTACGCAAGTTTCCGCAGCTTTCCGCTGAACCCGGTCTGGGCAGTCAAACACTTATTTAAACTCTTAAAAG
G T LI VARTITIWGTLVATG G GYA AST FHR ST FZPTULNUTPVWAVYVI KU EHETLTFTI KTLTLTEKG

GCACCGCcCAGACACTACATAGGCCACAACCCAACCGGTTCGATCGCCATTTATGCCATGCTGGGCCTGGGCATTGTCGCTGTAGGTTCTGGCTGTATTGTGTACAACAGCGGCTGGGGAT
T ARHYTIGHNZPTU G S I AI Y AMULGTULUGTIU VAV G S G@C I VYNJTGSUGUWGTF

TTATTGATGATGAGATGAGTAAAGTATTGCATCATTATGTGACCTGGACCTGGCTAGGGGTGGTCGTTGTGCATGTATTGGGCGTGATTt TTGAAAGCATCATTAATCATGACAATCTGA
I D DEMS S KV L HHYUVT T W @ VV VYV HYV LGV IV FESTITINU HUDNTLTI

TTTGGGCCATGATTACCGGCTGCAAACGCGTTTGTAGCATTGATGAGCGATTTGACCAACGAAACACACCCTTTCCCAGAAAAAAACCCCGCTAGCGGGTTTTCTTTATTGTCTATTTGC
W AMTITGGC KRV C S8 I DEUZRTPFDUG QTR RNTUPTFUZPTR RIEKTI KPR End

CAATACAAAAACGGCTAAATATTTCACCCAGTAAATCATCCGGGGTGAATTCTCCTGTGATACTTCCGAGGGCCTCCTGTGCGCAACGCAATTCTTCGGCGACGAGTTCAGCGGCATGCA
TTTGATGCAATGCCAACTCCAGATGCTGTTCTACGTCGGTCAGCGCTTGTAAATGACGTGCTCGCGCCATAAACACACCTTCACCTCCAAGCTGATAACCAACAATTTCCAGAAGCGTTT

TTTTTAGGTGGCCAATACCATCCCCTGTTTTGGCAGATAAAAATACGTGTTGGTTATTTTCGATGAGATCTACCCGGGATGTTTCACGTGAAACATCAATTTTGTTATGGACCCATATTT

TCTTAACCTGGTCAGGGAGTTTTTGCAGAATAGTCGTTTCAAGCGGACCGATACCGTGCTGGCTATCCACCAATAACAAAGCCACATGGGCTGTTTCTATGGCTTTCCAAGTGCGGGCAA

TGCCCACTTGTTCTACAGCATCATCCGTGTCACGTAAACCAGCCGTATCAATGATATGTAAAGGCACGCCTTCAATCTGGATCACACTCTTGATCGTATCGCGTGTCGTTCCTGCGATTG
GCGTTACGATCGCCACCTCTTCACCAGAAAGCGCATTGAGCAGGCTGGACTTACCTACATTAGGCTGGCCAATGAGAACCACATTGATGCCTTCACGTAATAGTGATCCCTGTTTGGCTT
GCTCGAAAATGATACGCAAAGCAGCCTGGTTGGCTTGGAGCTTTTCCAGTACCCGACCTTGAGTAATAAAATCAATTTCCTCTTCAGGAAAATCCAGGCAAGCCTCTACATACATGCGTA
AATCGATTAATTGCTGCAACAAGCGTTGAATCGCCTGAGAAAACTCGCCCGACAGTGAGCGCACTGCGCTACGGGCAGCTTCTATCGTGGCTGCATTAATGAGGTCGGCTACTGCTTCAG
CTTGTGCCAGATCAAGCTTGTCATTTAAGTATGCGCGCTGCGTGAATTCACCGGCCTGAGCATGCCGTGCGCCGCACTCAATGCACCGCGCCAGCAATATTTGCATAAGCGCAGTCCCGC

CATGGGCCTGCAGGCATGC

57

Fig. 2. Sense strand nucleotide sequence of a 3.5-kb fragment of M. methylotrophus DNA. The deduced amino acid sequences of the
cytochrome ¢” gene and orf2 are indicated using the standard single-letter code. Putative ribosomal binding site is underlined (bold).
An arrow marks the signal peptide cleavage site. A region with dyad-symmetry is underlined (nucleotides 2361-2386). The GenBank
accession number for the M. methylotrophus cycA nucleotide sequence is AF119838.

nal peptide (including the ATG start codon) appar-
ently serving the purpose of directing the protein to
the periplasm. The sequence of the signal peptide
shows high similarity to the sequences of signal pep-
tides of other prokaryotes [13]. The amino acid se-
quence of cytochrome ¢” has been completed by pro-
tein sequencing and is identical to that deduced from
the nucleotide sequence [14].

Cysteine residues 49 and 52 together with histidine
53 constitute the typical haem-binding site of the
mature protein as found in most ¢-type cytochromes.

However, unlike most cytochromes ¢, the haem is
located in the middle of the protein. Equally unusual
for monohaem cytochromes, cytochrome ¢” contains
a further two cysteine residues not required to bind
the haem, at positions 96 and 104 of the mature
protein. The distal histidine is adjacent at position
95. A similar occurrence has been found for cyto-
chrome ¢s from Azotobacter vinelandii [15], Pseudo-
monas mendocina [16] and more recently for SHP [5].
Using Chou and Fasman prediction [17], the poly-
peptide chain of cytochrome ¢” is organised into five
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GCATGCCTGCAGGCCCATGGCGGGACTGCGCTTATGCAAATATTGCTGGCGCGGTGCATTGAGTGCGGCGCACGGCATGCTCAGGCCGGTGAATTCACGCAGCGCGCATACTTAAATGAC
A CL QA HGGTALMMG QEITLTULARTEGCTIETCG G ARU HEAQAGETFT QR ATYTLNTD

R 8 L 8 G E F 8 Q A I Q R L

T I K 8 VI Q I E G V P L HITIDTA AU GTLU RUDTUDTD

A L L L VD S Q HG I GPULETTTITULOQK

M D F PDRVFDV I VYV G G G

A A TDE GG I Q FRIULNJSGSSSKGPA AVR RA AT

H R L ENGQPNULWTULT F Q QA YV DDTITITULETGUDTRA

L F F A GQINUGTTGY

121 AAGCTTGATCTGGCACAAGCTGAAGCAGTAGCCGACCTCATTAATGCAGCCACGATAGAAGCTGCCCGTAGCGCAGTGCGCTCACTGTCGGGCGAGTTTTCTCAGGCGATTCAACGCTTG
K L DL A QAEA AV ADTLELTINA AARAMATTIEA AU AR S A
241 TTGCAGCAATTAATCGATTTACGCATGTATGTAGAGGCTTGCCTGGATTTTCCTGAAGAGGAAATTGATTTTATTACTCAAGGTCGGGTACTGGAAAAGCTCCAAGCCAACCAGGCTGCT
L Q QL I DLURMYVEA AWCTULUDTFUZPETETETIDTFTITAGQGIR RV YVILETZ KT LUG QA AN G QA AA
361 TTGCGTATCATTTTCGAGCAAGCCAAACAGGGATCACTATTACGTGAAGGCATCAATGTGGTTCTCATTGGCCAGCCTAATGTAGGTAAGTCCAGCCTGCTCAATGCGCTTTCTGGTGAA
L RITIVFEZ QA AIZ KA QUGS SULLRESG GTINUVVILTIU G QPNUVSGT K S S ULULNA AATLS G E
481 GAGGTGGCGATCGTAACGCCAATCGCAGGAACGACACGCGATACGATCAAGAGTGTGATCCAGATTGAAGGCGTGCCTTTACATATCATTGATACGGCTGGTTTACGTGACACGGATGAT
E V A I VT P I A G T T R
601 GCTGTAGAACAAGTGGGCATTGCCCGCACTTGGAAAGCCATAGAAACAGCCCATGTGGCTTTGTTATTGGTGGATAGCCAGCACGGTATCGGTCCGCTTGAAACGACTATTCTGCAAAAA
A V E Q V GG I A RTWIKA ATITETAH
721 CTCCCTGACCAGGTTAAGAAAATATGGGTCCATAACAAAATTGATGTTTCACGTGAAACATCCCGGGTAGATCTCATCGAAAATAACCAACACGTATTTTTATCTGCCAAAACAGGGGAT
L P DQ V K KIWV HNZEKTIDV VS SRET S RUVDILTIENNIA QHVYVV FIULSA AT KTGD
841 GGTATTGGCCACCTAAAAAAAACGCTTCTGGAAATTGTTGGTTATCAGCTTGGAGGTGAAGGTGTGTTTATGGCGCGAGCACGTCATTTACAAGCGCTGACCGACGTAGAACAGCATCTG
G I G HL KKTULULETIUVSGYQLGGGESG GV FMARIARUGELUGQATLTUDVETSGQHTL
961 GAGTTGGCATTGCATCAAATGCATGCCGCTGAACTCGTCGCCGAAGAATTGCGTTGCGCACAGGAGGCCCTCGGAAGTATCACAGGAGAATTCACCCCGGATGATTTACTGGGTGAAATA
E L AL HQMHAAETLVAETETLURTUCAQEA ALUG G STITGET FTU®PUDUDTLTLGETI
1081 TTTAGCCGTTTTTGTATTGGCAAATAGACAATAAAGAAAACCCGCTAGCGGGGTTTTTTTCTGGGAAAGGGTGTGTTTCGTTGGTCAAATCGCTCATCAATGCTACAAACGCGTTTGCAG
F 8 R F C I G K End
1201 CCGGTAATCATGGCCCAAATCAGATTGTCATGATTAATGATGCTTTCAAAAATCACGCCCAATACATGCACAACGACCACCCCTAGCCAGGTCCAGGTCACATAATGATGCAATACTTTA
1321 CTCATCTCATCATCAATAAATCCCCAGCCGCTGTTGTACACAATACAGCCAGAACCTACAGCGACAATGCCCAGGCCCAGCATGGCATAAATGGCGATCGAACCGGTTGGGTTGTGGCCT
1441 ATGTAGTGTCTGGCGGTGCCTTTTAAGAGTTTAAATAAGTGTTTGACTGCCCAGACCGGGTTCAGCGGAAAGCTGCGGAAACTTGCGTAACCGGTGGCAACTAGACCCCAAATAATACGG
1561 GCGACGATGAGTGTGCCTGCCACATAGCCAGCATATGCGTGGTGTAGTCTATCCCACATGGAGGCGTGAGTATAAAAAGCATATCCAAACGCCACCACCAGGGACCAATGAAAGATCCGT
1681 ATGAACGGATCCCAGACATAACGTAACATCTATTATTTGGTAGGCTTGGTTTCTGTCAACAAATAAGCAATGAAGTTAGCTTTTTCTGAAGGTGAGCAATCTGCACCCAGAATATCATTA
1801 CAGTGTTTGGTGAATTCGTCTTCTACTTTGTCGATATCTGTGAAGCGTTTGGTATTGACGCGTGGTGCCAGTGGTGGGATTTCTTTGCCGGTAACAATGTTTTTACCTACATTAGCCGGG
1921 TTATTGGTGTGACAAGATGCACACGCCGCTTCTTTGCCGCTTGGTGTTTTGAATTTGCGGTTGAAGAAAATTTTGCCATCAGTAATTGAAGGCGCTTCATACATTGGATTGGCGGAGTGA
2041 GCGATATTGGTATATTTGTACACCAACTTTTCAGCGTTAGTCACGTCAGCCAATGCATGAGCAGAAAATAAGACCCCGAATACGGCAATGATTGTTTTGATTTTCATGGTAAAGCTCCTT
2161 GGTTGTTTTGAAAATATTCTATTGTTTTTATGTTAAGTAAATATGGCCTGCTTGTTATTGATTTGTATTAAACGGTAAACACATTGTATTAAATCACAGAATAGATGTAACAAATCAGTG
2281 AATTAAATGACCATTTGATTAGTTTACGCTAAAATCATAAATCTTTTTAAATCAAACAGTTCAAGATTCTTTATGATGGACTTTCCTGATCGTTTCGATGTCATTGTGGTGGGTGGCGGC
2401 CATGCAGGCACTGAGGCCGCACTGGCGGCTGCTCGCATGGGTCAAAAAACCCTGCTGCTCAGCCATAACATTGAAACGCTGGGGCAAATGTCCTGTAATCCTTCTATTGGCGGGATCGGC
H A G T E A AL AAARMGU QI KTULILTLS HNTIETTULG G QMS ST CNU P GSTIGU GTI G
2521 AAGGGGCATTTGGTAAAGGAGGTGGATGCGCTTGGTGGCGCCATGGCAGCGGCTACAGATGAAGGTGGTATCCAATTCCGTATCTTGAACTCCAGTAAAGGCCCGGCTGTGCGTGCGACC
K G HL V KE VDA ATLGG G AWM
2641 CGCGCACAGGCTGACCGTATCCTTTACAAAGCGGCTATCCGCCACCGACTCGAAAACCAACCTAATTTATGGCTGTTCCAGCAGGCAGTCGACGATATTATCCTTGAGGGCGATAGAGCT
R A Q A DRI UL Y KA AA AWTI
2761 GCTGGGGTGGTTACCCAAATTGGGCTGCGCTTTTATGCTAAATCTGTGGTGTTGACAGCGGGCACGTTCCTTGGCGGGTTGGTACATGTTGGATTGCAAAATTACAGCGCGGACCGGAGA
A GV VTQIGLRT FYAI K SUVV L TAGTT FTULUGS GTLVHTYVGGULOQNTYSADTRR R
2881 TCCGCCAGCAATCTCACTGGCTGCCGCTTGGCTGAAATTGGTCTCCCGGCTGGTCGCCTCAAAACGGGTACGCCGCCACGTATTGATGGACGCTCAATTGATTACAGTGTGATGACTGAG
8 A8 NL T GCRULAETIUGTLUZPA AGRTILIE KT GT®PU®PU RTIUDUG GRS STIUDTY S8 VMTE
3001 CAGCCTGGTGATACGCCGGTGCCAGTATTTTCGTTTTTGGGTCATGTAGCCCAGCATCCACAACAGTTGCCTTGTTGGATCACTCACACCAATCAGCAAACGCATGAAATTATTCGTAGC
Q P G DT PV PV F 8 F L GHVAQHUZP QA QLUZPTC CWTITHTNI QI QT HTETITIT RS
3121 GGCCTGGATCGTTCTCCTATGTATACGGGTGTGATTGAGGGTGTGGGGCCGCGCTACTGCCCTTCGGTAGAAGACAAGATACATCGCTTTGCCGACAAAGAGTCGCACCAGGTCTTTCTG
G L DR S P MY TGV IEGVGPURYCUPS8V EDIZ KTIU HRTFADIKTET S HA QVTF FIL
3241 GAGCCTGAAGGTTTAACCACTCACGAAATTTATCCTAATGGAATATCGACCAGTCTGCCATTTGATATCCAGTTAGCGCTGGTACGTTCTATCCGTGGTTTGGAGAATGCACATATCTTG
E P E G L TTHETIYUPNUGTI ST S UL PF DI QLA ALV VR R STIIZ RUGTLENIA AHTITL
3361 CGCCCCGGATATGCTATTGAATACGACTACTACGACCCAAGAGGCCTAAAGTCGACTCTAGAAACAAAGACGATTCGCGGGCTGTTTTTTGCTGGCCAAATAAACGGTACGACGGGTTAT
R P G Y A I E Y DY Y DPRGULI K STULETI KTTIR
3481 GAAGAGGCTGCAGGCATGC

E E A A G M

Fig. 3. Antisense strand nucleotide sequence of a 3.5-kb fragment of M. methylotrophus DNA. The deduced amino acid sequences of
the two incomplete ORFs, orf3 and orf4, are indicated. Putative start site for orf4 is underlined (bold).

o-helical segments totalling ~47% of the amino
acids with very little B-strand structure (data not
shown).

The second ORF (orf2 in Fig. 1, 585 bp, position
1791-2375) is located immediately downstream of
the two stop codons of the cycA gene. Although
there is no obvious Shine-Dalgarno sequence [10]

upstream from the start codon, it is conceivable
that the two genes are translated by the same ribo-
some. The gene ends with a single termination codon
and codes for a 194-residue peptide with a calculated
charge of +8 resulting in a pl of 10.4. This gene
product may be membrane-bound containing four
hydrophobic transmembrane regions (bracketed re-
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Fig. 4. Alignment of orf2 (m.met) with amino acid sequences
predicted by various HydC genes. Vertical bars designate the
hydrophobic stretches. The bacterial species are labelled as fol-
lows: b.jap, Bradyrhizobium japonicum [25]; r.leg, Rhizobium le-
guminosarum [26]; r.cap, Rhodobacter capsulatus [27]; a.eut, Al-
caligenes eutrophus [28]; e.col, E. coli [29]; m.met, M.
methylotrophus (this study). Fully conserved histidines are desig-

nated by arrows.
-

gions in Fig. 4). A striking similarity was found with
the b-type cytochrome subunit of several Ni-Fe hy-
drogenases usually referred to as the gene hupC
([18,19] and references therein), with identity in the
range of 32-66% for membrane spanning regions,
and no specific homology with the rest of the se-
quence (see Fig. 4). HupC gene products have been
shown to accept electrons from hydrogenase in Rho-
dobacter capsulatus [19]. Dross and co-workers [20]
have suggested that the putative b-type cytochrome
subunits may function as electron donors to the res-
piratory quinones. However, orf2 is not homologous
with any other known cytochrome b. Five conserved
histidine residues representing potential haem ligands
were found, two of which were in the first and last
transmembrane spanning regions in the hydrogenase
subunit as seen in other Ni-Fe hydrogenases. Haem b
of cytochrome b is generally considered to be ligated
within hydrophobic regions via two histidine residues
[21].

Upstream of the cycA gene, up to 75% identity
was found with the E. coli replication origin (oriC).
On the opposite strand (orf3 in Fig. 3, position 2353—
3499), 77% identity with the E. coli gid4 gene coding
for glucose inhibited division protein (GIDA) re-
ported to be involved in cell division [22]. In all bac-
teria studied, the gid4 gene is found near to the oriC
[23]. Although the frame is incomplete, between 40
and 73% homology to GIDA from several bacteria
was found when compared against protein databases.
Downstream from orf2 on the antisense strand, an-
other incomplete ORF (orf4, position 1-1107 in Fig.
3) was identified. This ORF is similar to the carboxy
termini of the thiophene and furan oxidation pro-
teins (ThdF) from E. coli (~51% identical residues
in the sequenced portion), Haemophilus influenzae
" (~51%), Buchnera aphidicola (~41%) and Pseudo-
E monas putida (~ 53%). Although E. coli ThdF was
identified because of its involvement in thiophene

R R
> = > >l
[PV ]
i I

>4 >4 >+ R BRI

> > > > |ra:u:uu.n..||

D4 D4 D4 D4 >4 >+ wd > T 1
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and furan oxidation [24], the exact function of this
protein remains unknown.

Although cytochrome ¢” and the possible b-type
cytochrome subunit of hydrogenase are quite prob-
ably co-expressed, it is not known if they are func-
tionally related. In other organisms, the organisation
of the hydrogenase genes appears to be polycistronic
while being very conserved ([21] and references there-
in). However, homology between orf2 and several
known sequences of these cytochromes b is consid-
erably lower than expected. Although similar acces-
sory genes generally follow the b-type cytochrome
gene, in this study, no ORFs were found to be prox-
imal other than the high similarity with a ThdF pro-
tein on the opposite strand. Cytochrome ¢’ is not
known to be involved in hydrogen metabolism, sug-
gesting that the gene product of orf2 is probably not
a hydrogenase subunit. Also the analysis of the se-
quence data suggests that there is no reason to be-
lieve that orf2 is a hydrogenase subunit. Therefore it
seems reasonable to propose that orf2 could be a b-
type cytochrome. The sequence data suggest that
cycA and orf2 are in the same operon and are trans-
lationally coupled which supports the idea that the
two have a physiological relation.
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