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SUMMARY: Blue-green algae (cyanobacteria) contain both primitive photosynthetic and respi- 
ratory systems In their membranes.  The controversial genes coding for an  ao~-type cytochrome 
oxidase in cyanobacteria were examined. The DNA probe coding for the most conserved part of 
subuni t  I hybridized with DNA fragments from four cyanobacterial species. We have cloned the 
genes coding for subuni t s  I and II from the genomic library of the thermophilic cyanobacterium 
Synechococcus vulcanus and determined the nucleotide sequence of the subunit  II gene. The de- 
duced protein sequence (327 amino acid residues) indicates that there are two hydrophobic seg- 
ments  near  the N-terminus and a hydrophilic intermembrane domain containing ligands for 
Cu^(the ESR-active Copper) similar to other subuni t  IIs. The S.vulcanus subuni t  II does not con- 
tain the cytochrome c moiety that is present in bacilli and thermophiles. © 1991 Academic 
Press, Inc, 

To elucidate the origin and evolution of respiratory systems, it is important to identify and 
characterize the corresponding terminal oxidases in cyanobacteria. Cyanobacteria are inter- 

esting because they are evolutionarily primitive, and both photosynthetic and oxidative phos- 

phorylation systems coexist in their biomembranes.  In oxygen-producing cyanobacteria, re- 

moval of poisonous oxygen might have been a primitive process for respiration. There have 

been several reports supporting the presence of cytochrome aa3-type oxidases in cyanobacteria 

(for example, [1-411, a l though ident if icat ion of the t e rmina l  oxidases is r a the r  difficult. 

Bacterial cytochrome ach-type oxidases are structurally and functionally similar to the corre- 

sponding enzyme in mitochondria, although they have fewer subuni t s  [5-7]. Genes coding for 

these bacterial oxidases have been cloned from Paracoccus denitrificans [8], the thermophflic 

bacterium PS3 [9,10], Bacillus subtilis [11], and Thermus thermophilus [12]. The deduced se- 
quences for subuni t  I (COI) are very similar to each other as well as to those of mitochondrial 

COI's. These subuni ts  contain three chromophores (haem a, haem a 3 and Cu B) out of four redox 

active metal centers. The sequences of COIl are also similar to each other, especially around the 

putative Cu^-binding domain. The bacterial COII genes of PS3, B. subtilis and T. thermophilus 

encode proteins  with a cytochrome c domain  at the C-termini,  whereas the sequence of 

Paracoccus COII does not [8]. 

Abbreviations: COl, COIl, COIII, cytochrome coxidase subuni ts  I, II, III, respectively; 
ORF, open reading frame; PCR, polymerase chain reaction; bp, base pair. 
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Here we report the cloning and sequencing of the genes coding for cytochrome aa3-type oxi- 

dase in the thermophflic cyanobacterium Synechococcus vulcanus. 

MATERIALS AND METHODS 

T4-DNA ligase, DNA polymerase of Thermus aquaticus, restriction enzymes, plasmid vector 
pUC119, and MI3 bacteriophages mp18 and mp19 were obtained from Takara Shuzo Co. (Kyoto, 
Japan). Hybond N ÷ (nylon membranes  for DNA blotting) and [ct-32p]dCTP were purchased from 
Amersham Corp. 

Cyanobacterial cells were kindly donated to us as follows: S. vulcanus [13], by Dr. Y. Inoue of 
the Institute of Physical and Chemical Research, Wako-shi; Synechococcus elongatus [14], from 
Prof. S. Katoh of the University Tokyo; Plectonema boryanum and Anabaena variabilis [15], 
from Dr.T. Katoh of Kyoto University. 

The library of genomic DNA of S. vulcanuswas kindly given to us by Dr. Y. Inoue. This library 
was constructed by ligating DNA (13-18-kbp) with Sau3AI partially digested to the BamHI-site 
of the lambda DASH vector. The 32p-labeled probe was prepared by the PCR method using 5'- 
AGCTI'GGCGGAAATACG {sense primer for B. subtilis COI at positions 3362-3378 in [11]) and 5'- 
GCAAAAACGTATAAACC (antisense primer at positions 4021-4005 in [11]) and DNA (20ng) of 
B. subtilis W168 as a template. PCR with a thermal cycler (Perkin-Elmer Cetus) was carried out 
20 times with a cycle of 94 ° C(1 rain)- 48 ° C (2 mini- 75 ° C(2 min). The oligonucleotides used for 
PCR were synthesized by an Applied Biosystems model 380B DNA synthesizer. 

DNA sequencing was performed by the dideoxy chain terminator procedure [16] using [a- 
32p]dCTP. Other methods used for molecular cloning were based on those of Maniatis et al. [17]. 

The sequence data were analyzed with a software program (Genetyx,Tokyo) adapted for an 
NEC PC9801 computer. 

RESULTS AND DISCUSSION 

Analysis  by hybridization 

To clone the genes coding for cytochrome oxidase in cyanobacteria, a conserved region in COI 

of B. subtilis cytochrome cao~-type oxidase was used as the probe. For this, a set of oligonu- 

cleotides, a sense primer and anti-sense primer (see Materials and Methods) were synthesized 

chemically, and chain reactions were carried out with B.subtilis DNA as the template to prepare 

the DNA of the most conserved part of COI containing hydrophobic segments VI-X [7,10,11]. The 

product, mainly composed of 660-bp DNA as judged by agarose gel electrophoresis (not shown), 

was labeled with [a-32p]dCTP. Figure 1 shows the result of hybridization to Southern blotted 

genomic DNA from four species of cyanobacteria. The probe hybridized well to fragments of S.  

vulcanus and of S. elongatus DNA at 63 ° C and at 58 ° C, respectively. The patterns were almost 

the same. In contrast, the probe did not hybridize to the DNA of P. boryanum or that  ofA. vari- 
abilis at 63o C (not shown), but  hybridized rather well both DNAs at 58 ° C. 

Cloning of the genes coding for cyanobacterial oxidase 

Out of about 5000 recombinants, 20 clones were selected by plaque hybridization of the ge- 

nomic l ibrary of S.vulcanus. Three clones contained the 2.4-kbp XhoI-fragment which hy- 

bridized to the probe well (see Fig. 1). Further sequence analysis showed that at least one of 

these clones (clone 4) indeed contained the genes for cytochrome oxidase subunits. 

DNA sequence 

Figure 2 shows a restriction map and the order of genes encoding for the three subunits (COIl, 

COl and COIII). Nucleotide sequencing of the subcloned Hind III/Xhol fragment in M 13 revealed 

that it was homologous to the sequences of other COI's including the sense priming site used for 

PCR (underlined). The nucleotide sequence of the EcoRI/Hind III fragment (1178 bp) contained 

the genes for COIL 

Figure 3 shows the nucleotide sequence of the genes coding for COIl and COI (partial) and the 

deduced amino acid sequence for COII. The open reading frame for S. vulcanus COIl starts from 

an ATG at position 1954 (numbered from the EcoRI site in Fig. 2) and terminates at TAG at 2935, 

coding for a 327 amino acid residue protein. 

438 



V o l .  1 8 1 ,  N o .  1, 1991  B I O C H E M I C A L  A N D  B I O P H Y S I C A L  RESEARCH C O M M U N I C A T I O N S  

, , 

~ -  - -  3 . 6 k b p - -  

- -  2 . 4 k b p - -  " o 

1 2 k b p - -  

4.3kbp -. 

1.7kbp 

I I I  I I I I  I I I I  
1 2 3 4 5 

58°C 63°C 58oc 

F . 1. Southern blot analyses of cyanobacterial DNA with the B. subtilis COIl gene (ctaC) as a 
~ Genomic DNAs from S. vulcanus, S. elongatus, P. boryanum and A. variabilis were hy- 
drolyzed with EcoRI, HindIII or Xhol,  electrophoresed, and blotted to a Hibond N ÷ filter.  
Hybridization and washing were carried out at the indicated temperature. 1 and 3: S. vulcanus, 
2 and 4: S. elongatus, 5: A. variabilis, 6: P. boryanurrt 

Chameterlstles o f  the deduced protein sequence for COH 
Figure 4 shows  the  a l ignment  of COII sequences .  S . v u l c a n u s  COll is closely re la ted  to o the r  

COII's. There  is a signal s equence  adjacent  to the  N-termlnal  (underlined),  which  m a y  be  be pro-  

cessed  as  in the  PS3 COII. The first hydrophobic  t r a n s m e m b r a n e  segment  (B) is found  at  posi-  

t ions  76-98. In these  par ts ,  respective r e s idues  are not  conserved,  b u t  as  a whole, the  charac te r -  

is t ics  of a s ignal  pept ide  sequence  (A) and  a t r a n s m e m b r a n e  helix (B) are conserved.  The second  

hydrophobic  s egmen t  is p re sen t  at  posi t ions  117-135 (C) as  in o the r  COII's. Close to a n d  ins ide  

of th is  segment ,  E-112, W-115, T-116 a n d  P-119 are strictly conserved.  This  hydrophobic  seg- 

m e n t  m a y  in terac t  to a n o t h e r  hydrophobic  s e g m e n t  in COI as  pointed  out  in Ref. [7]. This  N-ter- 

mina l  t h i rd  d o m a i n  is  likely to form a m e m b r a n e  a n c h o r  d o m a i n  c o m p o s e d  of two h y d r o p h o -  

bic ha i rp ins .  

The res t ,  t he  C- te rmina l  two th i rds ,  is a func t iona l ly  i m p o r t a n t  p a r t  t h a t  p ro b ab l y  c o n t a i n s  

l igands to Cu^ a n d  b i n d s  cy toch rome  c as  a subs t r a t e .  Three por t ions  are highly conserved:  a n  

I 1Kbp t 

ECORII Pi tl 

Ps~ 
I 500bp 

Kpln[ Hmo111 Xhol EcoT221 Hmo111 

° ° ,  H ° ° , ,  t I 

" ' , . ~  Anllsense Primer 

I r r I I I Kpnl Sphl I"laelll Hmdlll Xhol EcoT221 

971Pnmer ~ 

Fig.2. A map of S. vulcanus genes coding for subunits of cytochrome oxidase. The restriction 
sites used for subcloning and sequencing are also shown. The sequence of the dashed portion 
was obtained by using an oligonucleotideprimer. 
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C011 
1890 -TAACCCACAT~CTTGGGGAAGTCTGCCTAGGATCAGGGTGGGATTTT~T~GACGCTTTGGCAC~ATGGAACAAATACCCGC 

M E Q I P A  

TTCAATTTGGACACTGACCGCTGGTGTTGTGGTGACCCTGA•TAGTTTTTGGGTAGGGCA•cACCATGGCCTCTTGCCGGAGCAGGCCTC 
S I W T L T A G V V V T L I S F W V G H H H G L L P E Q A S 

Kpnl 
TGAGCAAGCT•CCTTGGTGGATAACTTCTTTGACATTATGCTCACCATTG•TACCGC•CTCTTTCTGGTGGTACAGGGTGCCATCATCCT 

E Q A P L V D N F F D I M L T I "G'--T~A L F L V V Q G A I I L 

TTTTGTGATTCGCTATCGCCGcCGTGCCGGTGAGGAAGGTGATGGACTACCCGTGGAGGGCAACCTACCCCTAGAGGCCTTCTGGACAGC 
F V I R Y R R R A G E E G D G L P V E G N L P L E A F W T A 

GATTCCGGCTTTGATTGTGATCTTCcTTGGTATTTACAGCGTCGATATTTTCCAGCGCATGG•GGGA•TGAATCCGGGGGATCATGCCA• 
I P A L I V I F L G I Y S V D I F Q R M G G L N P G D H A M 

GCACTCGATGCATGCACCCAAGTCAGGGATGGCGGTTGT•GCCCAAGCCCCCTCGAAAACcACCAGTGATGCAACTGCcCTCTTAGCAGC 
H S M -'IT--'A- P K S G M A V V A Q A P S K T T S D A T A L L A A 

GGCGCAACCCCcGGAAATTGGCATTGGGGCTAG•cCTGATGTTCAAGGcAAAGCCCCAGACCTAGTGGTGGATGTGGCGGGTATGCAGTA 
A Q P P E I G I G A S P D V Q G K A P D L V V D V A G M Q Y 

TGCGTGGATTTTCACCTACCCCGACAG•GGCATTGTCTCCGGCGAATTGCATATCCCAGTTGGCAAGGATGTGCAGTTAAATCTCTCGGC 
A W I F T Y P D S G I V S G E L H I P V G K D V Q L N L S A  

Haelll 
GCGGGATGTCAT•CATT••TTTTGGGTG••••AGTT••G•TTGAAG•AGGATG•GATT•••GGTGTG•C•A•TACTCG•TTTAAG••CA• 

R D V I H S F W V P Q F R L K Q D A I P G V P T T R F K A T 

TAAAG•TGGGACATACCCTGTGGTCTGTGCGGAGCTGTGTGGTGGCTACCACGGTGcCATGCGCACCCAG•TGATCGTGCATACCCCAGA 
K V G T Y P V V C A E L C G G Y H G A M R T Q V I V H T P E 

GGATTTTGAAACGTGGCGCAGGCAAAACCAAGCGATAGCAACGGCACCAGTAATCccTTCTCTGAGGGATCGCCATATCCATGAGATGGG 
D F E T W R R Q N Q A I A T A P V I P S L R D R H I H E M G 

CGTAACCGCGGAATTGGTGGCGCAAGTAGAAGCAATCGCCCACGACCCTTCTGCCGAAAAGCTTTAGCTGTCTTCCTAACTGTTGCATTC 
V T A E L V A Q V E A I A H D P S A E "R----[~* 

COl 327 
TTTGAGAGCGTIATGGCGCAAGCACAACTGCCCCTAGATACccCCTTGTCCCTCCCTGAGCATCCCAAGGCATGGAAGTGGTACGACTAT 

M A Q A Q L P L D T P L S L P E H P K A W K W Y D Y 

•TCACCTTCAATGTTGATCACAAGGTGATTGGCATTCAATACTTGGTTACcGCC•TTATCTTTTACCTGATTGGcGGCCTGATGGCGGTG 
GCTA•GCGCACGGAGCTGGCTACGGCAGATTcCGACTTCCTCGATCCCAATCTGTACAACGCcTTTCTCACCAACCACGGCACGATCATG 
ATTTTCCTGTGGGTGGTGCcGGCGGCGATCGGGGGcTTTGGCAACTACTTGGTGCcCTTGATGATTGGGGCACGGGATATGGcCTTCCCC 
CGTTTGAATGCCcTGGCCTTTTGGCTGAACCCGCCGGCGGGGGCCCTACTGTTAGCCAGTTTCC•G•TTGGGGGTGCCCAAGCGGGcTGG 
ACGTCCTATCCGCCCTTGAGTAcGATCACAGCCACCACTGCCCAGAGTATG•GGAT•CTGGCGATCATCCTTGTGGGCACCTCTTCGATT 
CTGGGATCGGTGAATTTCATTGTCACCATCTGGAAAATGAAAGTGCCCAGTATGCGCTGGAATCAATTGCCCCTCTTTTGTTGGGCAATG 
CTAGCGACCTCTCTGCTGGCTCTAGTCTCAAcCCCTGTGCTGGCAGCAGGAC•GATT•TGCTGCTGTTTGATATTAACTTTGGcACCTCG 

AGCTTGGCGGAAATACG 
TT•TACAAACCGGATGCCGGTGGCAATGTGGTGATTTACCAGCACCTCTTCTGGTTT•ACTC•CATCCAGCGGTGTACCTGATGATTTTG 

Xhol 
CCGATCTTTGGCATTATGTCCGAGGTAATTCC•GTGCACGCCCGTAAGCCCATCTTTGGCTATCAGGCGATCGCCTACTCGAG- 3853 

p ~ 3 i .  NucleoUde and deduced amino acid sequences  of S.vulcanus  gene coding ~ r  COH and COI 
I). PutatNe ~ b o s o m e - b ~ d ~ g  s i tes  (double u n d e ~ e d ) ,  the  re s t~c t ion  s i tes  s h o w n  in 

F~ure  1, and the  comparat~e  s equence  of the s e r e  primer ( u n d e r f e d )  ~ e  m a r ~ d .  

aromatic cluster at posit ions 165-171,  the residues around H-207,  and -CXEVCGXXHXXM- at po- 

sit ion 248-259 .  According to a model  for the structure of Cu^, two hist idine  and two cyste ine  
residues m a y  directly ligate the Cu atom [18,19]. H-207,  C-248, C-252, and H-256 in S. v u l c a n u s  

COII are all conserved as  those  in  other proteins.  The vicinity of H-221 is the second conserved 
portion; in addition to V-205 and P-212,  two carboxylic acids (#), D-204  and D-219,  are con- 

served in  the  cyanobacterial  COII. The portion of  the aromatic c luster  is also highly conserved,  
but  in the S. vulcanus  sequence  -YAWIFTYPD-, the  second A-166 is unique ,  s ince in other COII 

s e q u e n c e s ,  tyros ine  or t r y p t o p h a n e  is  f o u n d  in  t h i s  pos i t ion .  Many  prol ine a n d  g lyc ine  

res idues  are conserved in S. vu lcanus  COII as in others, which  m a y  indicate that the basic  fold- 
ing of  COII is the  same.  

In mi tochondr ia  a n d  Paracoccus,  cytochrome c is a protein detached from the oxidase w h i c h  

transfers  e lectrons from the  cytochrome bc I complex  to cytochrome oxidase.  Cytochrome c is  
covalenfly bound  to COII by gene fus ion in  PS3 [9,10], B. subt i l i s  [11] and To thermophi lus  [12]. 

However, the  S. vulcanus  COII has  no cytochrome c moiety .  It is advantageous  to Gram-posit ive  
bacteria to b ind  cytochrome c covalently,  because  they have no periplasmic  space. It is not  evi- 

dent  w h y  the gram negative T. t h e r m o p h i l u s  conta ins  fused  cytochrome c in COIl. 
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20 40 60 
Hu ---MAHAA-QVG . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  LQDATSPIME 
Pd ---MAIATKRRGVAAVMSLGVATMTAVPALAQDVLGDLPVIGKPVNGGMNFQPASSPLAH 
Tt - - -M . . . . .  QRSFAALGLWGLSL . . . . . . .  AQEAHRV . . . .  AITHPGG---SFNQEVA-- 
PS MNKGLCNWRLFSLFGMMALLLAG . . . . . . . . . . . . . . . . .  CGKPFLSTL--QPAGEVADM 
Bs MVK---HWRLILLLALVPLLLSG . . . . . . . . . . . . . . . . .  CGKPFLSTL--KPAGEVADK 
Sv MEQIPASIWTLTAGVVVTLISFW . . . . . . . . . . . . . . . . .  VGHHHGLLP--EQASEQAPL 

A 
80 100 120 

Hu ELITFHDHALMIIFLICFLVLYALFLTLTTKLTN . . . . . . . .  TNISDAQEMETVWTILPA 
Pd DQQWLDHFVLYIITAVTIFVCLLLLICIVRFNRR---ANPVPARFTHNTPIEVIWTLVPV 
Tt ---FLFPWVYFFSFLIFLVVAGSLAYVTWKFRAR-PEDQEEPPQIHGNDRLEVVWTLIPL 
PS -QYSLMLLSTSIMVLVIVVVAIIFVYVVIRFRRRKGEENKIPKQVEGSHKLEIIWTVIPI 
Bs -QYDLTVLSTLIMVVVVAVVSVIFFYVIVRFRRSRVGENTIPKQVEGNKFLEITWTVIPI 
Sv -VDNFFDIMLTIfiTALFLVVQGAIILFVIRYRRRAGEEGDGLP-VEGNLPLEAFWTAIPA 

======================= * **~=== 
140 160 180 

Hu IILVLIALPSLRILYMTDEVNDPS . . . . . . . . . . .  LTIKSIGHQWYWTYEYTDYG6---! 
Pd LILVAIGAFSLPILFRSQEMPNDPD . . . . . . . . . .  LVIKAIGHQWYWSYEYPNDGVAFD$ 
Tt  AIVFVLFGLTAKALIQVNRPIPGAMK . . . . . . . . . . .  VEVTGYQFWWDFHYPEL6 . . . . .  
PS ILLLILAVPTVLTTFKLADVKAMNDKKRDKN-T--VVVNVRANQYWWEFEYPDYG . . . . .  
Bs LLLIILVIPVVLYTLELADTSPMDKKGRKAEDA--LVVNVRANLYWWEFEYPDYG . . . . .  
Sv LIVIFLGIYSVDIFQRMGGLNPGDHAMHSMHAP++LVVDVAGMQYAWIFTYPDSG . . . . .  

======C======== * . * 
200 220 240 

Hu ]LDVDNRVVLPIEAPIRMMITSQDVLHSWAVPTLGLKTDAIPGRLNQTTFTAT . . . . . .  R 
Pd $LATDNPVVVPVGKKVLVQVTATDVIHAWTIPAFAVKQD . . . . .  AVPGRIAQLWFSVDQE 
Tt -LRNSNELVLPAGVPVELEITSKDVIHSFWVPGLAGKRDAIP6 . . . . . .  QTTRISFEPKE 
PS -IITSQDLVVPTNEKVYFNLIASDVKHSFWIPAVGGKMDTNTDNKNQFWLVFDQKATDKA 
Bs -IITSQELIVPTDQRVYFLLKASDVKHSFWIPSVG6KLDTNTDNENKFFLTFDSKRSKEA 
Sv -IV-SGELHIPVGKDVQLNLSARDVIHSFWVPQFRLKQDAIPG . . . . . . .  VPTTRFKATK 

• #* * * * # 

260 280 300 
Hu PGVYYGQCSEICGANHSFMPIVLELIPLKIFEMGPVFTL 227 
Pd 6V-YFGQCSELCGINHAYMPIVVKAVSQEKYEAWLAGAKEEFAADASDYLPASPVKLASA 
Tt PGLYYGFCAELCGASHARMLFRVVVLPKEE-FDRFVEAA . . . .  KASPAPVADERGQQVFQ 
PS G6VFYGKCAELCGPSHALMDFKVRPLPRDQ-FDAWVKKMQNAKKPVVTDPVAKEGEAIFN 
Bs GDNFFGKCAELCGPSHALMDFKVKTMAAKE-FQGWTKEMKNIKSTAESHLAKQGEELFKE 
Sv VGTYPVVCAELCGGYHGAMRTQVIVHTPED-FETWRRQNQAIATAPVIPSLRDRHIHEMG 

• # * *  * * 

haem c 320 
Pd E 277 
Tt QNCAACHGVARSMPPAVIGPE- 265 
PS KSCIGCHAVTPLDKRPAQRRT- 291 
Bs KNCLSCHAVEPNDKRAEAART- 289 
Sv VTAELVAQVEAIAHDPSAEKL 327 

Fig. 4 .  A n  al ignment  of COII sequences .  One mitochondria l  (human,  Hu) and five bacterial  pro- 
te ins  are shown.  The signal sequences  ofS.vulcanus (Sv) and P S 3  (PS) are undeHined.  Parts  of 
C-termlnus  sequences  are omitted in T.thermophilus (Tt), P S 3  and B . subUl~  (B~ .  T h e  long in- 
sert ion in  Sv a l i g n m e n t  (++) is  - K S G M A V V A Q A P S K T T S D A T A L L A A A Q P P E I G I G A S P D V Q G K A P D  
-. T h o s e  i n  H u  (!I) a n d  P d  ($$) a r e  -L IFNSYMLPPLFLEPGDLR-  ~ n d  - A F D A L M L E K E A L A D A G Y S E -  
DEYL-,  respectively. Two t r a n s m e m b r a n e  segments  (===) and the conserved carboxy groups  (#) 
are also marked.  

Comparison of  COil's and c o n c l ~ i o n  

Table 1 summarizes  numbers  of identical amino acid residues in the al ignment shown in Fig. 

4. The highest identity of S. vulcanus COII is observed with T. therrnophilus COII, followed by 

PS3 COIl and B. subtilis COII. Since the T. thermophilus COII shows  the highest identity with 
PS3 COIl, as well as those in Gram-positive bacteria, T. thermophilus seems to be closely relat- 

ed to cyanobacteria [cf. 20]. S. vulcanus COII is less homologous to h u m a n  mitochondrial COII 

or P.denitrificans COH. The sequence of S.vulcanus COII is rather close to those fused with cy- 
tochrome c such as bacilli and Thermus COIFs, but  different from those without cytochrome c 

such as mitochondorial and purple bacterial COIFs. This fact suggests that the genes coding for 

cytochrome c and cytochrome c oxidase were independent in the primitive form; and later, a 
both the genes fused in a group including Bacillus and Thermus. The sequence of the COIl of 

S.vulcanus is moderately different from those of other COIFs of different mitochondria and 

bacteria listed, and m a y  thus  be useful  for elucidating the structure-function relationship and 

evolution of cytochrome oxidases. 
In conclusion, S. vulcanus possesses the genes for the subunits  of cytochrome c oxidase. The 

genes seem to be expressed and functioning, since the deduced protein sequence of S. vulcanus 

COII, at least, has  consensus  amino acid residues at every important portion of the molecule.  
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Table 1. Comparative matrix for COIl from different sources 

Source 1 2 3 4 5 6 7 

1. Human 227 
2. P.denitrificans 69 277 
3. E. coli (bo) 43 41 260 
4. T. thermophilus 57 56 58 245 
5. PS3 43 58 61 78 271 
6. B. subtilis 36 57 55 66 165 
7. S. vulcanus 47 59 36 77 72 

269 
71 283 

Alignments of the cytochrome c portion in the C-terminal region were not included 
Number of identical residues. 
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