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Abstract 

The cyanobacterial coxD gene for heme O synthase was cloned from Synechocystis sp. PCC 6803 and its nucleotide sequence was 
determined. The deduced amino-acid sequence of the gene was homologous to the amino-acid sequences of bacterial heme O synthases. 
In contrast to the genes for heme O synthases in other prokaryotes, which are clustered together with genes for the structural subunit(s) of 
cytochrome oxidase, the coxD gene is not linked to such genes on the chromosome of Synechocystis. 
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In seven species of bacteria ([1-3] and references 
therein) the gene for heme O synthase, which catalyzes the 
conversion of reduced heme B to heme O [4,5], is found in 
a cluster with the gene for heme O oxygenase, which 
converts heme O to heme A [6], and with genes for the 
structural subunit(s) of bo-type quinol oxidase or aa3-type 
cytochrome oxidase. However, in cyanobacteria such as 
Synechococcus vulcanus [7] and Synechocystis sp. PCC 
6803 [8], the gene for heme O oxygenase is found in a 
cluster with the genes for the structural subunits of aa3-type 
cytochrome oxidase, but the genes for heme O synthase 
are not found in regions adjacent to this cluster. 

We report here the cloning of a gene from Synechocys- 
tis sp. PCC 6803 that is homologous to genes for heme O 
synthases in other bacteria. This gene, designated coxD, 
was found 9 kb downstream of the desA gene [9]. Cloning 
and sequencing were performed as described previously 

Abbreviations: CoxD, the gene in Synechocystis sp. PCC 6803 that is 
homologous to cyoE; CoxD, the protein encoded by the coxD gene; 
cyoE, the gene in Escherichia coli for heine O synthase; CyoE, the 
protein encoded by the cyoE gene. 

* Corresponding author. Fax: + 81 564 544866; e-mail: 
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I The nucleotide sequence data of the coxD gene have been deposited 
with the DDBJ/EMBL/GenBank databases under the accession number 
D 13960. 

0005-2728/96/$15.00 © 1996 Elsevier Science B.V. All rights reserved 
SSDI 0 0 0 5 - 2 7 2 8 ( 9 5 ) 0 0 1 4 8 - 4  

[10]. Homology scores were calculated using the Dayhoff 
MDM-78 matrix [11] and the PCGene Program Package 
(IntelliGenetics, Geneva, Switzerland). The nucleotide and 
the deduced amino-acid sequences of the coxD gene are 
shown in Fig. 1. The gene encodes a protein of 316 
amino-acid residues with a calculated molecular weight of 
34804. Southem blot analysis of the genomic DNA 
demonstrated that the gene is present as a single copy on 
the chromosome of Synechocystis sp. PCC 6803. 

The alignment of the deduced amino-acid sequence of 
the coxD gene with the amino-acid sequences of heme O 
synthases from other organisms is shown in Fig. 2. Site-di- 
rected mutagenesis of 40 amino-acid residues in the heine 
O synthase of Escherichia coli (cyoE), reported by Saiki 

Fig. 2. Alignment of the amino-acid sequence deduced from the coxD 
gene with the amino-acid sequences of other heme O synthases. Asterisks 
indicate identity between CoxD and other heme O synthases. The residues 
in CyoE that are essential for the function of the enzyme are indicated by 
# (invariant in CyoE and CoxD) or $ (shifted or replaced by a homolo- 
gous residue) (Saiki et al., 1993). Abbreviations: CoxD, heme O synthase 
of Synechocystis sp. PCC 6803 (this work); ORF1-R.s., heme O synthase 
of Rhodobacter sphaeroides (pir A45164); ORF1-P.d., heme O synthase 
of Paracoccus denitrificans (pir S03804); COX10-S.c., heme O synthase 
of Saccharomyces cerevisiae (pir A37812); Coxl0-H.s., human heme O 
synthase (genpept HSU09466_l); CtaB-B.s., heme O synthase of Bacil- 
lus subtilis (pir A14395); CtaB-B.f., heme O synthase of Bacillusfirmus 
OF4 (pir B45335); CyoE, heme O synthase of Escherichia coli (pir 
E42226). 
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GGAATACTCGCTTAAAATTCAGGAAAAATTTTTGATCTCCCCCCTGCTTACCCTTTCTTT 60 

TGATTCTCTATGGTTACTTCGACAAAAATCCATCGCC~CACGATTCCATGGGGGCGGTG 120 

M V T S T K I H R Q H D S M G A V  17 

TGC~GTTATTATCAGTTAACC~ACCGAGAATTATCCCCCTCTTGCTGATTACCACC 180 

C K S Y Y Q L T K P R I I P L L L I T T  37 

GCTGCTTCCATGTGGATTGCCTCGG~GGTCGGGTGGATTTACCCAAATTGCTGATCACT 240 

A A S M W I A S E G R V D L P K L L I T  57 

CTGCTGGGAGGAACCCTTGCAGCCGCTTCAGCCCAAACCCTGAACTGTATTTACGACCAA 300 

L L G G T L A A A S A Q T L N C I Y D Q  77 

GACATTGACTATGAAATGCTCCGCACCAGGGCCCGACCCATCCCAGCCGGAAAAGTGCAA 360 

D I D Y E M L R T R A R P I P A G K V Q  97 

CCCCGCCATGCGTTGATTTTCGCCCTAGCCTTAGGGGTACTTTCGTTCGCTCTTTTGGCC 420 

P R H A L I F A L A L G V L S F A L L A I I 7  

ACCTTTGTC~TGTACTAAGCGGTTGCCTAGCATTATCCGGCATTGTCTTTTACATGTTG 480 

T F V N V L S G C L A L S G I V F Y M L I 3 7  

GTCTATACCCATTGGCTGA~CGACACACGGCCCAAAACATTGTCATCGGTGGGGCTGCG 540 

V Y T H W L K R H T A Q N I V I G G A A I 5 7  

GGTTCCATTCCCCCCTTGGTGGGCTGGGCCGCTGTTACGGGGGATTTAAGCTGGACTCCC 600 

G S I P P L V G W A A V T G D L S W T P I 7 7  

TGGGTACTGTTTGCGCTAATTTTTCTTTGGACTCCCCCCCACTTTTGGGCCCTGGCTTTG 660 

W V L F A L I F L W T P P H F W A L A L I 9 7  

ATGATCAAGGATGATTATGCCCAGGTGAATGTCCCCATGTTGCCGGTAATTGCGGGGGAG 720 

M I K D D Y A Q V N V P M L P V I A G E 2 1 7  

GAAAAAACCGTTAGCCAAATCTGGTACTACTCACTGTTGGTGGTGCCTTTCAGTTTGCTG 780 

E K T V S Q I W Y Y S L L V V P F S L L 2 3 7  

CTAGTTTATCCTCTGCACCAGTTGGGCATACTTTATCTGGCGATCGCCATTATTTTGGGG 840 

L V Y P L H Q L G I L Y L A I A I I L G 2 5 7  

GGAC~TTTCTGGTCAAAGCTTGGC~CTCAAACAGGCTCCCGGCGATCGGGATTTGGCT 900 

G Q F L V K A W Q L K Q A P G D R D L A 2 7 7  

AGGGGATTGTTCAAGTTCTCCATTTTTTACCTAATGTTGCTCTGCCTGGCCATGGTGATT 960 

R G L F K F S I F Y L M L L C L A M V I 2 9 7  

GACAGTTTGCCCGTCACCCATCAGTTGGTGGCCC~ATGGGAACTTTACTGTTGGGTTAA 1020 

D S L P V T H Q L V A Q M ~ T L L L G * 3 1 6  

AGTTGAACCATGGCCCAGGTTTGGTTTTTCTCAAAGCTCCACTGACTTATTTGCC~TTC 1074 

Fig. h ~ e  nucleotide and the deduced amino-acid sequences of the coxD gene of Synechocystis sp. PCC 6803. 

COXD MVTSTKI HRQHDSMGA ........ VCKSYYQLTK .... PR-- I I PLL- LI - TTAASMW I AS EGRVDLPKLL I TLI~GTI2AAASAQ~C I YDQD I DYE MI~ TRARP I PAGKV 

CoxI0-H. s. V I EDS I DVGKETKEEKRWKEMKI~VYDL PGI LAQLS K .... I KLTALVVSTTAAGFALAP ..... GPFDWPCFLLTS VGTGL~ CA/~S INQFFEVPFDSN~TKI~RPLVRGQ I 
** * * * * * **** ** * * * * * ** * ** * ** ** * * * ** *** * * 

COXI0-S. c. VD PMVRKS KR PS HA I S EGI/~MKTLKKKV I M PYLQLTK .... PRLT I LVMLSA I CS YALS py PAS - - - VN [ - ELLCLTVGTTLcS GSANAINMGREPEFDRQMVRTQ~ PVVRGD V 

ORFI- P.d. MS L - VVFTAFVGLW I APQPVNPFVAFCAVLF I ALGGGAS - GALNMWYDAD I DAVMRRTAGR PVP S GRV 
. • , * * , • , ** ** * , * * ** *** * ** ** ** 

CtaB-B.s. MANS .... R ILNDTAI DGQIEETTAWKDFLSLI KI GIVNSNLITTFTGMSVALHI SGLS FL- GNIN- TVLL- TL I GSSLI IAGSCAINNWYDRDIDHLMERTKVRPTVTGKI 
. . , * , , , , ** ,, *** , *** ** , , * 

CtaB-B. f. MIWKSNTA I D PTNV I EAGPDS S VADVQQKS ,WKDYL .V~. KQG I V~, SNL ,I ,~FAG ,I ,YLA I VYTGTV ,~, -, - H ,pM ,I/tLTGI ~F ~ A G ~  _ G ~ S ~ D ~  D R ~ P V P S ~  

CyoE MMFKQYLQVTK .... PG- - I I FGN - L I - S V I GGFLLAS KGS I DY PLF I YTLVGVS LVVAS G C V ~  I DRD I DRKMERTEITRVLVKGL I 
# # ### # # 

Q PRHAL I FALALGVLS FALLATFVNVLSGCLALS GI VFYMLVYTHWLKRA"FAQN I V I GGAAGS I p PLVGWAAVTGDLS WTpWVLFAL i FLWTPPHFWALALM i KDDYAQVNVPMLPV IAGEE KTVSQ 
* . ** * * * .~ . * * * * . ** *** . * * *** ** , ** * * * *** ** ** * * 

S ,PLI~, VS FATCCAVPGVA I LTLGVNPLTGALGLFNI FLYTCCYT p - LKR I S IA~]TWVGAWGAI p PVMGWTATTGS LDAGAFLL~I LYSWQFPHI~NALSWGLREDYS RDGYCMMSVTHPGLCRRVA 
** * * * ** . * * * ** ** * * * *** **** * * * * * *** * * * * 

T PTQAFEFAAL I GTLGVS I LYFGVNPTVAI LGASNI ALYGWAYTS - MKREH I INTWLGALVGMVPPLMGWAAAS PLS HPGSWCLAGLLFAWQFPHFNTLS HN i p/VEYK~AGyVM. - TAWKNPLLNAR 
* * ** * ** . * * ** * ** . ** * * *** **** . * * ** *** **** *** * ***** ** * * * 

S ~ ,  VGLAQAAI~I I FLAL - TT PTAAV I GL I GLF I Yg-v-LY~KRT~ I VGSFS GAVPPL I GWAAI DGGLI4LYAWLLFF IMFLWQPPHFI21LAMKRVEEYP~GI p ~ p ~ A G ~ T ~ Q  
** ** * * * ** *** **** , ********** ** *** ** ***** *********** **** ***~ * * * 

T ,SQEPLAVG IALSGLS VMMLGAGGNWFAAGFLAFT I FFYAVVYT I WLKRSTPQNI V I GGAAGAFPPM I GWAL PTGG i G i ESLI/~FAL i FFWTPPHFWALALFMKDDYS KAGVPMLTVTHGRKVTRCH 
* . * * * * * ** * ** . * * * *** ** ** * **** * * *** *** ** * **~, * * * * 

Q ,PSQ ,AL, WS GI LLVALGL I MLLM - TTVMAAVI GF I GVFTYVVLYTMWTKRRYT I NTVVGSVSGAVP pL I GWTAVEGN I GVVAWVLFMI LF IWQ I PHFLALAI KKTEDYRAANI PMLPDVYGFEVTKRQ 
* . * * ** ** **** , *********** ** *** ** * ***** ******* ** * ** ***~ . * * 

APGE~, G I GLALS G IAVVMLGLATITLFAAGLLA~I FFYAVVYSMWLKRTT PQNI VI GGAAGA/~p pM I GWAVATGGVS VES LFMFIKL i FMWTpp~s ~ D Y S  D A G V ~ G ~  
* ** * ** * * . * * * ** *** ** * ** * **** * * ** ** * * ** * * *** * 

S PAVS LVYATLLG I AGFMLLWFGANPI~CWLGVMGFV~VGVYSLYMKRHSVYGTL I GSLSGAAPPV I GYCAVTGE FDS GAAI LLA i FS LWQMPHSYA IAI FRFKDYQA~I pVLpV~G i S V ~  
# # # # # $ # ## ## $ 

I W - YYS LLWPFSLLLVY PLHQLG I LYLAIAI I LC~FLVKAWQLKQAP~DRDL ....................... ARGLFKFS I FYI~CLAMV I DS - LPV~QLVAQMGTLLLG 316 
*** * * * . ** * * ** * * * 

LRHCLALLVLS~/%Ap - VLD I TTWTFP I MAL p I NAY I SHL .... GFRFYV- DADRRS ..................... SRRLFFCS LWI4LPLLLLLMLTC - KR PSGGGDAGP p pS 443 
** * * * * * * * ** * * 

VSL/~ YS I LMFPLCFGLS Y - FNI TDWIrYQ I DSGL INA - WLTF - WItFKFYW- QQR INYSAKTLKDNVKFNKGLS VA~I YARKTFMASVLHL - PAI L I LAI I HKKGRWDWI YPGEAKRPQERF 462 
. * * ** * ** * * * ** * * ** * * ** * *** 

MVg~/VAALL - PVSLML - YPF - - - GLVYT I VAAVLGVGWL~ - GI AGFKMKDD I KW ...................... ARLMFVYS I ~ T  I FVL - MVI VHF 284 
* * * ** * * * **** * * ** * * * * * ** * 

.I FA- YTLVLAPFALW~F - TSVGGPLYLAVS V~ALF IAGGWQ I LRRS EDQAQA - DGYRVEKRY ................ FRLSLYYTFI~VQHWVGGW 279 
* * * * * * * * * * * *** * 

I I .~ACLM- PLPFFLGS-LGLP- I VILGLLLNIG- - WL I L - GI~MGFRS KNIMKWATQM ...................... FVYSI~TIYFVAMVVLT- LF 305 
* * * **** * * * * * ** * * * * 

.VL~. S - LLLAPLAVAGAF - TGTGG PLYLATA/_~G - WLLV - GAVRTWRRDEAQAEADRYRVE KA ............... FFRFSLYYLFL/4FGA I LA~KPYGLGGW 312 
* * * * * * * ** ** ** *** * * * * * * * 

ITLYI I AFAVATI~S LGGYAGY KY LVVA/JiVS V W ~ R G Y  - KVA- -DDRIW ...................... ARKLFGFS I I AI TALS VMMS VDFMVPDSh"FLLAAVW 296 
#$ # # 
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et al. [4], demonstrated that 23 amino-acid residues were of  
vital importance for the function of  this enzyme. We found 
that 20 of  these 23 amino-acid residues are conserved in 
the CoxD protein of Synechocystis sp. PCC 6803. Tyr-151 
of CyoE is replaced by Trp in the CoxD of  Synechocystis 
sp. PCC 6803 and in all the heme O synthases charac- 
terized to date. Lys-206 and Asp-257 of  CyoE are shifted 
to the - 2  and +1  positions, respectively, in the protein 
from Synechocystis sp. PCC 6803. 

The CoxD protein exhibits the highest homology to the 
heme O synthases of  Rhodobacter sphaeroides (28.7 SD) 

and Paracoccus denitrificans (22.5 SD), which were placed 
in the same taxonomic division by Woese [12], and we 
found that the homology score between these heme O 
synthases is 38.5 SD. The homology scores with respect to 
the heme O synthases of Bacillus subtilis (16.6 SD), 
Bacillusfirmus (18.2 SD), and E. coli (14.0 SD) are also 
very significant. When we compared heme O synthases of  
Rh. sphaeroides, P. denitrificans, Bacilli, and E. coli to 
each other, we obtained lower values (e.g., P. denitrifi- 
cans vs. E. coli, 9.5 SD; P. denitrificans vs. B. subtilis, 
12.1 SD; and B. subtilis vs. E. coli, 13.2 SD). When we 
compared bacterial and mitochondrial heme O synthases 
[13,14], we found that the CoxD of  Synechocystis sp. PCC 
6803 gave homology scores of  10.4 SD and 12.6 SD when 
compared to yeast and human COX10 proteins, respec- 
tively, whereas the heme O synthases from other bacteria 
gave homology scores of 5 .0-9 .2  SD when compared to 

the yeast  protein and 7 .5-11.7  SD when compared to the 
human protein. 
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