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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 aa;-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 aa,-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 Syrnechocys-
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 cvoE; CoxD, the protein encoded by the coxD gene;
cyoE, the gene in Escherichia coli for heme O synthase; CyoE, the
protein encoded by the cyoE gene.
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[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. Southern 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 heme
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); Cox10-H.5., human heme O
synthase (genpept HSU09466_1); CtaB-B.s., heme O synthase of Bacil-
lus subtilis (pir A14395); CtaB-B.f., heme O synthase of Bacillus firmus
OF4 (pir B45335); CyoE, heme O synthase of Escherichia coli (pir
E42226).
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GGAATACTCGCTTAAAATTCAGGAAAAATTTTTGATCTCCCCCCTGCTTACCCTTTCTTT 60

TGATTCTCTATGGTTACTTCGACAARAAATCCATCGCCAACACGATTCCATGGGGGCGGTG 120
M vV T 8 T K I H R Q HD S M G A V 17

TGCAAAAGTTATTATCAGTTAACCAAACCGAGAATTATCCCCCTCTTGCTGATTACCACC 180
¢c K 8 ¥ ¥ Q L T K P R I I P L L L I T T 37

GCTGCTTCCATGTGGATTGCCTCGGAAGGTCGGGTGGATTTACCCAAATTGCTGATCACT 240
A A S M W I A S E G R VDL P KL L I T 57

CTGCTGGGAGGAACCCTTGCAGCCGCTTCAGCCCAAACCCTGAACTGTATTTACGACCAA 300
L L. 6 6 T L A AA S A Q TULNC I Y D Q 77

GACATTGACTATGAARATGCTCCGCACCAGGGCCCGACCCATCCCAGCCGGAAAAGTGCAA 360
b I DY EM L R TRAUR P I P A G K V Q 97

CCCCGCCATGCGTTGATTTTCGCCCTAGCCTTAGGGGTACTTTCGTTCGCTCTTTTGGCC 420
P R H AL I F A L AL GV L 8 F A L L A 117

ACCTTTGTCAATGTACTAAGCGGTTGCCTAGCATTATCCGGCATTGTCTTTTACATGTTG 480
T F VvV N VL 8 6 ¢ L A L s G I V F Y M L 137

GTCTATACCCATTGGCTGAAACGACACACGGCCCAAAACATTGTCATCGGTGGGGCTGCG 540
VY T H WL K R HTA QN I Vv I G G A A 157

GGTTCCATTCCCCCCTTGGTEGGCTGGGCCGCTGTTACGGGGGATTTAAGCTGGACTCCC 600
G s 1T Pp P L V G W A A V T G D L § W T P 177

TGGGTACTGTTTGCGCTAATTTTTCTTTGGACTCCCCCCCACTTTTGGGCCCTGGCTTTG 660
W v L F AL I F L W T P P HF W A L A L 197

ATGATCAAGGATGATTATGCCCAGGTGAATGTCCCCATGTTGCCGGTAATTGCGGGGGAG 720
M I X D DY A Q VNV P ML P V I A G E 217

GAAAAAACCGTTAGCCAAATCTGGTACTACTCACTGTTGGTGGTGCCTTTCAGTTTGCTG 780
E XK TV 8 ¢ I w ¥ ¥ §$ L L vV Vv P F 8 L L 237

CTAGTTTATCCTCTGCACCAGTTGGGCATACTTTATCTGGCGATCGCCATTATTTTGGGG 840
L vy P L H QL G I L Y L A I A I I L G 257

GGACAATTTCTGGTCAAAGCTTGGCAACTCAAACAGGCTCCCGGCGATCGGGATTTGGCT 800
G ¢ F L V K A W Q L K Q A P G D R D L A 277

AGGGGATTGTTCAAGTTCTCCATTTTTTACCTAATGTTGCTCTGCCTGGCCATGGTGATT 960
R ¢ L, F K F 8§ I F ¥ L M L L ¢ L A M V I 297

GACAGTTTGCCCGTCACCCATCAGTTGGTGGCCCAAATGGGAACTTTACTGTTGGGTTAA 1020
D s L P V T H @ L V A @ M 66 T L L L G * 316

AGTTGAACCATGGCCCAGGTTTGGTTTTTCTCAAAGCTCCACTGACTTATTTGCCAATTC 1074

Fig. 1. The nucleotide and the deduced amino-acid sequences of the coxD gene of Synechocystis sp. PCC 6803.
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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),
Bacillus firmus (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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