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SUMMARY: The gene (coxII = coxB = ctaC) encoding subunit 1I of Synechocystis
PCC 6803 cytochrome ¢ oxidase has been isolated by screening a genomic DNA
library in pUC18 with a 17-bp oligonucleotide probe (probe C} derived from coxlI
of Paracoccus denitrificans after Southern blots with a 19-kb oligonucleotide
{probe A) derived from coxII of P. denitrificans had given equivocal results. A
2.2 kb PstI-Kpnl restriction fragment was subcloned into pUC 18 and the resul-
ting plasmid pDAUV26, which contained the probe C-binding site near the
downstream end was found also to contain the whole coxII gene upstream of this
site. The novel plasmid pDAUV 26 was used to transform competent E. colicells,
propagated therein, and the sequence determined. The 2.2 kb insert contained
the entire coding region for the coxIIl gene together with a GAG start codon, a
TAA stop codon, and a putative Shine-Dalgarno sequence. The deduced COI1
polypeptide is composed of 319 aa (calculated molecular mass of 32,800) plus a N-
terminal leader sequence of 20 aa. The hydropathy plot suggests two lipophilic
transmembrane domains near the N-terminus connected with an extremely hy-
drophilic aa stretch on the cytosolic side, while an unusually long (>50 aa) aa
stretch on the periplasmic (= intrathylakoidal) side leads to a typical cyanobac-
terial threonine in place of the first conserved glutamate of the cytochrome c-
binding region in all other COII proteins. Together with a considerably shorten-
ed and interrupted aromatic aa stretch in this region, these differences are
discussed in terms of the peculiar affinity of cyanobacterial cytochrome oxidases
for acidic c-type cytochromes. Other invariant features such as the strictly
conserved CuA—binding aa, however, are found in correct positions. © 1993

Academic Press, Inc.

It has been reported before that both plasma and thylakoid membranes
isolated and purified from the closely related cyanobacterial strains Syn-
echocystis PCC 6714 {1, 2] and PCC 6803 [2, 3] contain immunologically cross-
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PCC, Pasteur Culture Collection, Paris (France); nt, nucleotide(s); bp, base
pair{s}); kb, kilo-base pair (thousand base pairs).
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reactive aa-type cytochrome c oxidase. Alike to many other cyanobacteria
investigated so far [2, 4-8] spectral and kinetic properties, and inhibition
profiles, of the membrane-bound enzyme were strikingly similar to those of
the well-known enzymes from Paracoccus denitrificans or mammalian mitochon-
dria (EC 1.9.3.1). Recently we were able to isolate and purify a four-subunit
cytochrome c oxidase from plasma membrane preparations of Anacystis nidulans
showing immunological, spectroscopic and kinetic properties in clear confor-
mity with an aa-type cytochrome c¢ oxidase [9, 10]. This prompted us to
identify and characterize the genes encoding the enzyme in the well-known
transformable cyanobacterium Synechocystis PCC6803 [11] starting with the
ctaC or coxII or coxB gene coding for the subunit II (COII) polypeptide as to
be detailed in this communication.

MATERIALS AND METHODS

Synechocystis PCC 6803 cells were picked as single colonies from BG-11
agar plates {medium BG-11, Ref. 12 plus 1,5 % Bacto agar) and grown in 100 ml
Erlenmayer flasks containing 50 ml medium BG-11 in an illuminated New Bruns-
wick shaker at 30-32°C (2 x 15 W fluorescent lamps). Stock cultures on BG-11
agar plates were grown in a Heraeus HPS 500 chamber at 32°C and 80 % humidi-
ty. E. coli HB 101 was used for large-scale production of plasmids {13]. E.
coli JM 109 was used for the preparation of single stranded DNA [14]. Re-
striction endonucleases were obtained from Boehringer, Mannheim (FRG).
Chromosomal DNA from cyanobacteria was prepared according to standard techni-
ques [15]. The oligonucleotide probes were kindly donated to us by Dr. M.
Saraste, Helsinki (Finland) and radioactively labeled as described in [16].
Southern blotting was performed according to the Amersham booklet "Membrane
transfer and detection methods", Amersham, 1985. Rapid plasmid isolation from
E. coli was achieved according to [17]. Single-stranded DNA of derivatives of
pUC 118 or 119 was prepared from E. coli JM 109 using M13K07 as helper phage
[18]. DNA was sequenced with a Sanger dideoxy-mediated chain termintjon
method {19] using the Boehringer, Mannheim (FRG), sequencing kit with a-""S-
dATP (600 mCi/Mol; 10 mCi/ml) from Amersham as radioactive nucleotide and an
LKB Makrophor electrophoresis apparatus. Sequence analysis was performed on
an IBM 3090-400E computer using the BIO program (libraries: EMBL for DNA and
Swiss Prot for proteins). Other methods used for molecular cloning were based
on [20]. Hydropathy plots were constructed according to [21]. Hybridization
with probe? C and A was performed at 48°C and 52°C, respectively. Autoradio-
graphy of p-active blots on Whatman-MM filter paper covered by Saran Wrap
placed between two Cronex intensifying screens (DuPont) in a Cronex cassette
{DuPont) was by overni%?t exposure to a Kodak x-ray film (Kodak x-omat) at
room temperature. When °°S was used exposure was for 2-3 days.

RESULTS AND DISCUSSION

Southern blotting

Chromosomal DNA digests of Synechocystis 6803 prepared with a variety of
restriction endonucleases were sized on 0.4 % ultra-pure agarose gels and
blotted onto nylon membranes. Hybridization with oligonucleotide probe C
(radio-actively labeled with 32P) resulted in the identification of only one
band in each chromosomal digest while a similar hybridization with oligo-

nucleotide probe A gave up to three hybridizing bands per fragment each of
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which, when cloned and sequenced, did not show any aa similarity to a known
coxIl protein (results not shown). From this it is concluded that, while
probe C indeed recognizes one and only one gene locus on the Synechocystis
chromosome, viz. the CuB-binding site of coxI [22] which therefore must be
assumed to be very similar in P. denitrificans and Synechocystis 6803, this
does not seem to be the case for the usually invariant "aromatic" 7-aa
stretch of P. denitrificans according to which probe A had been specifically
designed [22] but which reads HQWYWSY in P. denitrificans but IQYAWIF in
Synechocystis (also cf. Fig. 3).
Cloning of the ctaC (= coxll = coxB)} gene

The 19-kb oligonucleotide probe A, originally designed according to the
aromatic aa stretch in P. denitrificans COII [22], unexpectedly failed to
detect a homologous gene locus in chromosomal DNA digests of Synechocystis
6803 [11]. However, probe C (directed towards the highly conserved Cup-
binding region of the P. denitrificans COI protein [22] gave specific binding
to a 2.2 kb PstI-Kpnl DNA restriction fragment which, in addition to the
probe C-binding gene locus, also contained the entire coding region of ctaB
(Fig. 1). Thus it was possible, with the aid of an anti-ctaD (coxI) probe to
clone and sequence the ctaB (coxII) gene of Synechocystis 6803 which encodes
the COI1 protein, the most characteristic polypeptide subunit of all cyt c
oxidases as it contains the cyt c-binding site and the redox-active, EPR-
visilbe Cuyy [23-25].
DNA sequence and deduced aa sequence

Fig. 2 gives the complete nt and deduced aa sequence for the Synechocy-
stis ctaC gene and COII protein, respectively. Fig. 3 shows alignments of
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Fig. 1. Sequencing strategy of the cta (= cox) operon of Synechocystis
PCC6B03 encoding the cytochrome ¢ oxidase (cytochrome aa3). Starting from a
probe C-binding gene locus on various chromosomal DNA restriction fragments
subcloned into pUC 18, plasmid pDAUV 26 (line4 in the fiqure) which contain-
ed both probe C-binding site and the entire coding region of coxB (= ctaC
= coxII) the latter was cloned and sequenced. The organization of three cox
genes in an operon as shown in the fiqure is highly suggestive {(D. Alge and
G. A. Peschek, unpublished). Lines 2, 3, 5 and 6 denote plasmid constructs
not used for the present purposes. Line 7 illustrates the putative organiza-
tion of the cta (cox) operon.
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Fig. 2. Complete nt and deduced aa sequence of the ctaC (coxB) gene of Syn-
echocystis PCC6803. Putative leader sequence and major restriction sites (cf.
Fig. 1) are underlined, as are the putative start (GAG) and stop (TAA)
codons. Numbers 1, 2, 3 and 4 below the letters mark putative Cuy-binding aa.
(-) marks putative cyt c-binding carboxylic acid residues. Note that "E183"
(cf. Ref. 25) is replaced by a threonine (cf. Fig. 3).
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deduced aa sequences of COII proteins from various cytochrome aa,~containing

3

eukaryotic and prokaryotic organisms including the cyanobacteria Synechococ-

cus vulcanus [26]) and Synechocystis PCC6803 (this paper). Also from hydropat-

hy plots (Fig. 4) it is seen that not only the primary structure but also the

secondary structure (protein fold) of Synechocystis COII is that of a typical

cyt c oxidase subunit II protein. It has a leader sequence of 20 aa basically

similar to other cytochrome aa;-containing species. The calculated mol-%GC

ratio of the protein is 48.3 (47.5 for the whole cta operon; not shown here)

which is in good agreement with a value of 47.5 as published for the DNA from

Synechocystis 6803 [27] giving the genome size of this species as 1.8 x 109

daltons [28].

However, a few minor features of the cyanobacterial COII sequence at

variance with most other COII proteins (Fig. 3) may deserve closer attention:

The typical stretch of aromatic aa (IQYAWIF), believed to act as an electron-

conducting "wire" between ferrocytochrome c and the Cu, [29] is shorter and

more interrupted as compared to other COII proteins. Only three of the

usually four invariant carboxylic acid residues thought to form the cyt c-
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(1) Human MAHAAXQU GH*xkkxwss 8
{(2) P.den. MAIATKRR GVAAYMSLGY 18
(3) PS3 MNK GLCNWRLFSL 13
[4) B.sut. MVKHWRLILL 10
{5} Rh.sph. MRHS TTLTPCATGA 14
16) S.vulc. MEQ IPASIWTLTA 13
{7) 5.6803 VKIPGSYITL 10
(1) WA wkEI AR R I RN KA Kwkkxxxkx] ODATSPIMEE LITFHDHALM TIFLICFLVL YALFLTLTTK LTN***%*%x *TNISDAQEM 61
[2) ATMTAYPALA NDYLGDLPYVI GKPVNGGMNF QPASSPLAHD QQWLDHFYLY TITAVTIFVC LLLLICIVRF NRRANPV*** PARFTHNTPI 105
(3) FGMMALLLAG =********( GKPFLSTL*> QPAGEVADMG YSLMLLSTSI MVLVIVVVAL IFVYVVI*RF RRRKGEENKI PKQVEGSHKL 91
(4) LALVPLLLSG *********C GKPFLSTL** KPAGEVADKQ YDLTVLSTLI MVVVVAVVSV IFFYVIV*RF RRSRVGENTI PKQVEGNKFL 88
(5) RS_LAATARA ADTNOTLEIL GRPOPGGTG? HGSASPVATQ IHWLDGFILY IIGAITIFVT LLILYAVWRF HEKRNKV*** PARFTHHNSPL 100
(6) GUUUTLISFW **#vessssy GHEHGLLP** EQASEGAPLY DNFFDIMLTI GTALFLVVQG AIILFVI*RY RRRAGEEGDG LP*VEGNLPL 90
(7} LIGVVITYUS #=**=¥* ¥ GONHGLMP** VAASADAEKV DGIFNYMMTI ATGLFLLVEG VLVYCLI*RF RRRKDDQTDG PP*IEGNVPL 89
,"’/\ ET\.“HT[\_P‘QI J\ILVVTDEVN gpstk***tx Kohdchkkkhhkhkh hhkkkrk kA dkhk kkkkAkhrrk Kk dhkokkhodk ******LTIK 98
(2] E‘.“IWT,“.“‘DVL pl‘FD\S‘JEVD ‘QD;}D«*‘*** Wk w kR hh kR AR KAEHIK Ahhkkhkk Ak h Ak kkh Rk Ak *****QLV]K 143
13) EIIWTIPTL J LTTFLLADYK AMNDKKRDKN THHsakamks sakkaddhkd hhaakassns Kakkxkarxn kkrxs*YYyN 136
(4) EIT‘N‘T-“IP', i PMDKKGQK;{E D;\t*t*t*wk HhkkkkAHE KT KAk Ak kkhk Fhkkkohkkokk ***&**LVVN 134
“5\" E]-“‘-L’”I}‘P[/ ) 'E"P\D"',** ok kAR NI F KAk A kAR AT Ak hk Ak hkk Ahk kA kk ko k ******ETVK 137
6) CAFWTATPAL DIFORMGG_M PGOHAMSSMH APKSGMAVVA QAPSKTTSDA TALLAAAGPP EIGIGASPDV QGKAPDLVVD 180
(7 CILWTAIRTY ECHNL*SGLD PTISRONAGD SV ****AHN HMGHMGSMGN MVAMAGDGDY ALGIGLOSEE QGYNP*LMYD 172
o D 0
(1) Human STGHOWYWTY E¥TDYGOY** LIFNSYML** #xmsxxxnxx «*pP|FLEPG DLR*LDVDNR VVLPIEAPIR MMITSQDVLH SWAVPTLGLK 171
(2) P.den. AYGHGWYWSY EYPNDGVAFD ALMLECEA®* wxwxxwakks % ADAGYSE DETLLATONP YVVPVGKKYL VQVTATDVIH AWTIPAFAVK 220
(3) PS3 VRANGYWNEF EYPDYGH**% waxswwkaus sakawanidn skkakskhns «xk1[TSOD LVYPTNEKVY FNLIASDVKH SFWIPAVGGK 188
(4) B.sub. YRANLYWWEF EYPOYGH#¥% sakwaskada mxkwxamkkn skkakdrdkxx xxx«{ITSQE | [VPTOQRVY FNLKASOVKH SFWIPSVGGK 186
(5) Rh.sph.  VTGYQWYWGY EYPDEEISFE SYMIGSPATG GDNRMSPEVE CQLIEAGYTR DEFLLATOTA MVVPVNKTVV VQUTGADVIH SWTVP*FGVR 226
(6) S.vulc.,  VAGMQYAWIF TYPDSGH**» whwxawkwdw sakwkxknxx skwxawks xxxk[y*SGE | HIPYGKDVG LNLSARDVIH SFWVPQFRLK 231
(7) $.6803 VKGIQYAWIF TYPETGH*#x wxrwwsdwdn wudkuaknxw &akakrxxxs *k*xx[[*SGE [HAPIDRPVQ LNMEAGDVIH AFWIPQLRLK 223
o) @0 0 00 O (4
(1) TDAIPGRLNG TTFTAT*Hwx wrmswssxid GuyyGRUSED COANHSFMPL VLELIPLKIF EMGPVFTL 227
(2) DD*****AYP GRIAGLWFSY SO®*****EG Y*YFGOCSEL CGINHAYMPL VVYKAVSQEKY AEWLAGAKEE FAADASDYLP ASPVKLASAE 298
(3) MOx xR TNT DHKNOFWLYF DOXATOKAGG W*FYSKCAEL CGPSHALMIDF KWRPLPROGF DAWVKKMQNA KKPVVTDPVA KEGEAIF*NK 271
(4) LO*****TNT SNENKFFLTF DSKRSKEAZD M*FFGKCAEL CGPSHALMOF KVKTMSAKEF QGWTKEMKNY KSTAESH*LA KQGEELFKEK 269
(5) QOD**** AP GRLACLWFRA ER***®**EG [*FFGQCSEL CGISHAYMPI TYKVVSEEAY AAWLEQARGG *TYELSS*VL PATPAGVSVE 303
(8) GO**=**AIP G*****=xyP TTRFKATKVG T*YPUVCAEL CGGYHGAMRT QVIVHTPEDF ETWRRQNQAI ATAPVIP*SL RDRHIHEMGY 307
(7) QOD*****y [P GRGST*¥LVF ****LARHPW A*¥PUICAEL CGAYHGGMKS CFYAHTPEEY DDWVAANAPA PTESMAM*TL PKATTAMTPN 300
o 00 00 O O
{3) PS3 SEIGEQAVTRVLQKRPAQRRT APNLADFGOR ERIAGILEHN EENLKKWLRD PNSVKPGNKM AGTYGHLTEE QIDALTKYLM SLKVE 356
(4) B.sub. NCLSCHAVEP NDKRAEAART APNLATFGER TKVAGVYKEAN KENVKAWLKD PDSIKPGNKM TGTYPKLSDS ETNALYEYLK GLKAESK 356
(6) S.vulc.  TAELVAQVEA [AHDPSAEKL 327
(7) 5.6803 EYLAPYAKEM GUQTEALAN 319

Fig. 3. Alignment of the deduced aa sequences of COII proteins from human
mitochondrial cytochrome c oxidase [25], Paracoccus denitrificans {25], the
Gram positive bacillus PS3 [33], Bacillus subtilis [32], Rhodobacter sphae-
roides [40], Synechococcus vulcanus (26], and Synechocystis PCC6B03 (this
paper). Strictly conserved residues are marked with o below the letters.
Partly putative leader sequences and C-terminal extensions are underlined.
Note that these extensions are fused cyt c moieties in B. subtilis and PS3
(heme c-binding aa marked with * above letters) but cleaved off the P.
denitrificans protein before incorporation into the membrane [25]. Also the
putative Cy-binding aa and cyt c-binding carboxylic acid residues are marked
with an asterisk, while the E183 which, in the cyanobacterial COII protein is
replaced by threonine is marked with & (For the putative secondary structure

of COII cf. Fig. 4).
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Fig. 4. Hydropathy plots of COII proteins from Synechocystis PCC6803 and P.
denitrificans (inset). The amphipathic profiles were constructed according to
deduced aa sequences {cf. Figs. 2 and 3) following the procedure of Kyte and
Doolittle [21] and using a window length of 9 aa.

binding domain [30] are conserved in the Synechocystis COIl protein, viz.
D210, D225 and E250, while the position of the missing E183 is occupied by a
threonine (Fig. 3; cf. Ref. 25) and a very similar situation obtaines in
another cyanobacterium, Synechococcus vulcanus [26]. Contrary to this diver-
gence, the putative Cuy-binding histidines and cysteines are conserved also
in the cyanobacterial COII proteins (Fig. 3). A further peculiar feature of
cyanobacterial COII different from all other homologous proteins is the long
(>50 aa) distance between the (periplasmic = intrathylakoidal) membrane
surface and the cyt c-~binding and cyt c-oxidizing domain (Fig. 3) which,
together with the altered "aromatic" aa stretch (see above) might be respon-
sible for the peculiar affinity of cytochrome oxidases from (unicellular)
cyanobacteria towards acidic c-type cytochromes at elevated ionic strength
[31]. A further characteristic feature of cyanobacterial COI1 proteins is
that they lack the C-terminal aa extension (of about 100 residues) which, in
more or less thermophilic and Gram positive bacilli [32, 33], but also in the
Gram negative Thermus thermophilus [34] encodes a cytochrome c moiety. This
lack of covalently linked cyt ¢ is particularly interesting in case of the
thermophilic 8. vulcanus [26]. On the other hand, cyanobacterial COII does
have a short C-terminal aa extension, yet without heme c-binding cysteines
(Fig. 3), somehow similar to the (albeit even shorter) P. denitrificans
extension which is not present in the mature protein [25]. Table 1 shows the
identity matrix for COII proteins from eight different, eukaryotic and
prokaryotic species. In view of the rather different overall mol-% GC values

of Synechococcus spp. (48-71) and Synechocystis spp. (35-48) {cf. Ref. 27)
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Table 1 Identity matrix for COII proteins from different sources. Alignments
of the cytochrome c¢ portion in the C-terminal region were not included. In
some instances conservative amino acid exchanges [41] were added to the
number of identical residues (numbers in brackets). Deduced aa sequences of
COII proteins were taken from the literature as follows: Human, maize and
Paracoccus denitrificans [25], Rhodobacter sphaeroides [40], PS3 ([33],
Bacillus subtilis {32], and Synechococcus vulcanus [26].

Source Human Maize P.den. Rh.sph. PS3 B.sub. S.vulc. S$.6803

Human 227

Maize 202 259

(231)
p.den. 69 60 298
Rh.sph. 50 68 140 303

(93) (112) (189)
ps3 43 52 58 39 271"

(74)

B.sub. 36 38 57 132 166 269°
S.vulc. 47 45 59 54 72 71

(88)  (82)  (92)  (94) (123) (109)
S.6803 33 45 50 59 67 66 123 319

(73)  (85)  (91)  (94) (115) (109) (178)

1356 aa with C-terminal cyt ¢
2356 aa with C-terminal cyt c

the up to 55 % identical aa residues in COII proteins from the two organisms

are rather surprising.

CONCLUSIONS

As judged from the gene sequence presented in the previous section it is
almost certain that the cyanobacterium Synechocystis PCC6803 synthesizes a
typical COI1 protein which, in vivo, is part of an aa3-type cytochrome c
oxidase. Immunoblots of membrane proteins [1, 3] did show a specifically
cross-reacting cytochrome ¢ oxidase subunit II protein (CO0II), and from
spectrophotometric measurements the occurrence of aa;-type cytochrome oxidase
in cyanobacteria was inferred still earlier [4, 5]. But only now, from the
attempts to isolate and purify the cytochrome ¢ oxidase of cyanobacteria [1,
8-10], and from immunological identification of the enzyme in membrane
preparations from 25 different species of cyanobacteria [1, 2, 6, 7; G. A.
Peschek et al., unpublished] it is clear that this highly diversified,

ecologically most successful and evolutionarily most important group of
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oxygenic phototrophic prokaryotes contains aa,-type cytochrome c¢ oxidase as
their typical respiratory terminal oxidase. Due to the fact that around 3.2
billion years ago [35-37] the immediate ancestors of contemporary cyanobacte-
ria were the first to introduce 0, into a previously anaerobic biosphere and
atmosphere, and due to the fact that they themselves inevitably must have
been the first to "sense" that 02, it is tempting to suggest that the cyano-
bacterial cytochrome oxidase represents the primordial enzyme [38].
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