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Summary. A 5.3 kb DNA segment containing the s¢r operon
(ca. 4.5 kb) of the cyanobacterium Spirulina platensis has
been sequenced. The str operon inciudes the structural
genes rpsL (ribosomal protein S12), rpsG (ribosomal pro-
tein S7), fus (translation elongation factor EF-G) and fuf
(translation elongation factor EF-Tu). From the nucleotide
sequence of this operon, the primary structures of the four
gene products have been derived and compared with the
available corresponding structures from eubacteria, archae-
bacteria and chloroplasts. Extensive homologies were found
in almost all cases and in the order S12> EF-Tu>EF-G >
S7; the largest homologies were generally found between
the cyanobacterial proteins and the corresponding chloro-
plast gene products. Overall codon usage in S. platensis was
found to be rather unbiased.
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Introduction

Spirulina platensis is a multicellular, filamentous, helical
cyanobacterium. The high content of proteins, vitamins and
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carotenoids and the low content of nucleic acids as well
as other useful properties render the Spirulina biomass par-
ticularly suitable both as food and feed (Ciferri 1981 ; Ciferri
and Tiboni 1983). A deeper knowledge of the biology and
genetics of this organism is, however, a prerequisite for
its better biotechnological exploitation since a severe limita-
tion in its widespread utilization is represented by our pres-
ent ignorance concerning its basic biological, genetic and
physiological properties. In fact, so far, no natural or artifi-
cial genetic recombination system and no plasmids nor
phages are known in this organism. Thus, the only informa-
tion concerning the organization of the genetic material
in S. platensis derives from the identification, cloning and
expression of some genes involved in essential functions
such as nitrogen metabolism (Riccardi et al. 1985), CO,
fixation (Tiboni et al. 1984a) and protein biosynthesis (Ti-
boni et al. 1984b; Tiboni and Di Pasquale 1987).

Our long-term goal is to obtain a genetic map of S. pla-
tensis, to uncover, understand and make use of its natural
genetic recombination mechanism(s) and to develop tech-
niques which will allow the transfer and the manipulation
of genes in this organism.

In the present paper we report the elucidation of the
nucleotide sequence of the str operon of S. platensis and
the homology existing between the primary structures of
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Fig. 1. Partial restriction map and sequencing strategy of the Spirulina platensis str operon. The three bars on top represent the original
inserts cloned in pSp7, pSp18, pSp3 (Tiboni and Di Pasquale 1987). The arrows indicate the direction and the extent of the DNA
regions sequenced. The restriction sites are only those used for subcloning. The bars at the bottom represent the length and the position
of the structural genes encoding the indicated proteins
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GAATEgé%TAATCGTTATTTGGTGE%?&gTTGTTCTCCTGTAGTOE%?&%AATTACGCCTTGACCCX?ESTCCAGGGTGCTTA’ICG?SOSRTCCTCAGTTATCGGTTX’?é‘%C’ICAACTATGAT
TCATEESIE\CCCAATCTGCCACTAA_T&C\)%GTTTTACECCAACAGT@/.B&%GAAGAATGACTCCAACE‘T}fz%T(}TTTOGACTAGGAG’I‘#ACO?TCTGGGGGGTGT'IGTGX%%%GGTTTATACCTT
CAGTTTGGAACCATCAGCCACAGCC%ACGATGGCGTTTATCAG’ICZTEGTT(EATTAAGATAGTGAgggATAGCCACAGCX}CTCCCTASC’ICGAGGGAT’IGACCCT[}GACTATTCAGAGGA
TCTCA'IggGGGGAGGCTTCCGGTT(I}Z\EAATCCTAATGCAGCCAAG%SCTGTAGT’I'G'ICGTCACT&ITTTTGTC(X}TAAGTCC’ICAI%%’TAGGGAGTTGCGTC(I}AEESGCTTCGTATTT
CCAAAAAAAGTTTGCCAAAAGCAGTTAGAT(X;TTTAAAATAAAGTTT'!Y]?GGTATCAGAATCTAACTTATAGATAGAAAGGAAAATCCCATCCCCAAAT(EGGGAGGGCTATTTCGGTGGA

-40 0 20
GATACOGAACCCCTAAAATTGAOGAATTCATAGATTA’IY}T(X}TAACTCA’IGCCCACTATACAGCAACTAATTOGTTC’IGCAOGAGAAAAGACTGATAAAAAAACCAAGTCTCCAGCCCTG
MetProThrileGlnGlnLeulleArgSerAlaArgGlulysThrAspLysLysThrLysSerProAlaleu

80 100 120 140 160 180
AAAAGTTGTCCGCAACGTOGTGGGGTTTGTACTOGTGT TTATACTACAACACCTAAAAAACCGAATTCAGCACTTCGCAAAGTAGCAAGGGTGCGCCTGACTTCAGGATTTGAAGTGACA
LysSerCysProGlnArgArgGlyValCysThrArgValTyrThrThrThrProLysLysProAsnSerAlaLeuArglysValAlaArgValArgLeuThrSerGlyPheGluValThr

200 220 240 260 280 300
GCATATATACCGGGTATTGGTCATAACTTACAAGAACACTCTGTGGTAATGATTAGAGGCGGTCGGGTGAAAGACTTACCAGGCGT TCGATATCACATAATTCGTGGGACATTGGACACA
AlaTyrIleProGlylleGlyHisAsnleuGlnGluHisSerValValMetIl eArgGlyGlyArgValLysAspLeuProGlyVa l1ArgTyrHisIlelleArgGlyThrLeuAspThr

320 360 400
GOGGGAGTCAAAGATOGTOGCAAOGGCOGTTCTAAATAOGGAGCCAAAOGCCOGAAGGCTTAGGACCGGAGTATGAATTAACCCAAATTTTGGCAGCCTAATTTTATGGGCGGGTCTGGT
AlaGlyValLysAspArgArgAsnGlyArgSerLysTyrGlyAlaLysArgProLysAla I—> s7

440 480 500 520 540
TGACA'IGGGTTATTGTAGC—TCT’I‘GCTGGCTOGGCAGGAATTTAAGATTGTGTTGAGGGAAAAATTTAGTATGTCTOGTOGTAGAGTTGTTCAAAAAOGTCOGG’I‘TCCTCCTGATTCTAGG
MetSerArgArgArgValValGlnlLysArgProValProProAspSerArg

560 580 600 620 640 660
TATAACAGTCGCCTGGTGAGCATGATGGTGOGTCGCATCATGAGGCACGGCAAAAAATCTGTAGCTCACAACATCGTTTATGATGCTTTGGCTACTATTGAGGAACGGACGGGATCTGAT
TyrAsnSerArgleuValSerMetMetValArgArglleMetArgHi sGlyLysLysSerValAls.Hi sAsnlleValTyrAspAlaLeuAlaThrIleGluGluArgThrGlySerAsp

680 700 720 760 780
CCTCTGGAATTGTTTGAAAAAGCGGTGA( GGAATGCGACTCCTT'ICGTAGAAGTTAAGGCTa}CCGGGTGGGAGGAGG}ACTTATCAAGTTCCCA’ICGAAGTGCGTTCOGAAAGGGGAACC
ProLeuGluLeuPheGlulysAlaValArgAsnAlaThrProLeuValGluValLysAlaArgArgValGlyGlyAlaThrTyrGlnValProMetGluValArgSerGluArgGlyThr

820 840 860 880 900
ACCTTAGCTT’IGCGGTGGTTGATTCACTTTTOGAGGACTG}TTCAGGGCGATCGATGGCTAGTAGACTAGCATCAGAACTGATGGATGCAGCCAA’IGAAACCGGGAGTGCAGTTOGGAAG
ThrlLeuAlaleuArgTrpLeul 1eHisPheSerArgThrArgSerGlyArgSerMetAlaSerArgleuAlaSerGluLeuMetAspAlaAlaAsnGluThrGlySerAlaValArglys

920 940 960 1000 1021
CGGGAAGAAACGCACCGGATGGCAGAAGCCAACAAAGCCTTCGCCCATTATCGGTATTAAAATAT TGGATTAGCAGTCAGTTCCAGAAAOGTATAAAATCTTAATAAAGGTTTAAAAAAG
ArgGluGluThrHi E:Il;\:é}de tAlaGluAlaAsnLysAlaPheAlaHisTyrArgTyr
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1060 1080 1100 1120 1140
GAGGTAGCTGTGGCAOGTACCATCC(X}CT’I‘GAGAGAGTACGTAATATOGGCATOGCAGCCCATAT(I}A'ICCGGGCAAGACAACCACTAOGGAGAGGATTCTATTCTATTOGGG'IC’I‘GGTT
MetAlaArgThrlleProLeuGluArgValArgAsnIleGlyIleAlaAlaHisIleAspAlaGlyLysThrThrThrThrGluArglleLeuPheTyrSerGlyValval

1160 1180 1200 1220 1240 1260
CACAAAATGGGCGAGGTTCATGAAGGAACTGCTGTAACGGACTGGATGGCTCAAGAGCGGGAGCGTGGTATTACCATCACGGCTGCCGCCATTAGTACCAGTTGGCTAGATCATCGCATT
HisLysMetGlyGluValHisGluGlyThrAlaValThrAspTrpMetAlaGInGluArgGluArgGlylleThrIleThrAlaAlaAlalleSerThrSerTrpLeuAspHisArglle

1280 1300 1320 1340 1360 1380
AACATCATTGATACTCCTGGTCACGTTGACTTCACCATTGAAGTAGAACGGTCTATGCGGGTTCT TGATGGGGTGATTGCAGT TTTCTGTTCTGTOGGTGGCGTACAGCCTCAGTCAGAA
AsnllelleAspThrProGlyHisValAspPheThrIleGluValGluArgSerMetArgValLeuAspGlyVallleAlaValPheCysSerValGlyGlyValGlnProGlnSerGlu

1400 1420 1440 1460 1480 1500
ACGGTTTGGCGGCAGGCTGAACGCTATCAGGTTCCCCGAATTGCATTCATTAATAAAATGGATCGCACCGGGGCGGACTTTTTTAAGGTCTATGGTCAAATCCGCGATCGCTTGCGAGCT
ThrValTrpArgGlnAlaGluArgTyrGlnValProArglleAlaPhelleAsnLysMetAspArgThrGlyAlaAspPhePhelysValTyrGlyGlnlleArgAspArgleuArgAla

1520 1540 1560 1580 1600 1620
AATGCAGTACCGATCCAGGTTCCCGTAGGTCGTGAGAGTGACT TTCACGGCTTGGTAGATCTAGTCGCGATGAAGACT TATCTGTACACCAATGACCTGGGAACTGATATCCAAGTCAGT
AsnAlaValProlleGlnValProValGlyArgGluSerAspPheHisGlyLeuValAspLeuValAlaMetLysThrTyrLeuTyrThrAsnAspLeuGlyThrAsplleGlnvValSer

1640 1660 1680 1700 1720
GATGAGATTCCAGAGGAAGTCCAAGATTTGGTAGCAGAGTATCGGGAAAAACTCCTAGAAGCTGTAGCCGAAACGGATGAGGCTTTGATGGAGAAATATCT! CGAACAGC'I‘OGAAGGTGGG
AspGlulleProGluGluvValGlnAspleuValAlaGluTyrArgGluLysLeuLeuGluAlaValAlaGluThrAspGluAlaLeuMetGluLysTyrLeuGluGlnLeuGluGlyGly

1760 1780 1800 1820 1840 1860
GAAGCTCTCACAGAAGAAGAAATTCGTCATAGCTTACGTCAAGGGACAATTAAAGGCTTGATTGTTCCGGTAATT TGCGGTTCTTCTTTCAAAAACCGAGGGGTTCAAAGGCTTCTGGAT
GluAlaLeuThrGluGluGlulleArgHisSerLeuArgGlnGlyThrilelysGlyLeulleValProvallleCysGlySerSerPheLysAsnArgGlyValGlnArgleuLeuAsp

1880 1900 1920 1940 1960 1980
GCTGTGGTAGACTATCTTCCGGCTCCCACAGAAGTGCCTCCCATTAAAGGGGTACTACCGGACGGAGAAGAGGGGGT TCGCTATGCGGATGATGATGCACCGCTATCAGCCTTGGCGTTC
AlaValValAspTyrLeuProAlaProThrGluValProProlleLysGlyValLeuProAspGlyGluGluGlyValArgTyrAlaAspAspAspAlaProLeuSerAlaleuAlaPhe

2000 2020 2040 2060 2080 2100
AAAGTGATGGCTGATCCTTATGGACGT TTAACTTTTGTGCGGGTCTATTCCGGTGTTCTCCAGAAAGGAAGTTACATCTACAATGCCACTAAGAACAAGAAAGAGCGGATTTCTCGCTTG
LysValMetAlaAspProTyrGlyArgLeuThrPheValArgValTyrSerGlyVallLeuGlnLysGlySerTyrIleTyrAsnAlaThrLysAsnLysLysGluArglleSerArgleu

2120 2140 2160 2180 2200 2220
ATCGTTCTCAAGTCTGATGAACGCATTGAGGTAGAAGAACTCCGAGCCGGGGACT TGEGAGCGGCTTTAGGTCTCAAGGATACCCTGACTGGGGATACAATCTGTGATGAAGCCAACTCG
I1leValLeuLysSerAspGluArglleGluValGluGluLeuArgAlaGlyAspLeuGlyAlaAlaleuGlyLeulysAspThrLeuThrGlyAspThrIleCysAspGluAlaAsnSer

2240 2260 2280 2300 2320 2340
ATTATCCTGGAGTCCTTATATATCCCAGAGCCGGTGATTTCGGTGGOGGTAGAACCCAAAACCAAACAGGATATGGAGAAACTCTCCAAGGCTTTGCAGTCCTTATCTGAGGAAGATCCG
IlelleLeuGluSerLeuTyrIleProGluProvallleSerValAlaValGluProLysThrLysGlnAspMetGluLysLeuSerLysAlaLeuGlnSerLeuSerGluGluAspPro

2360 2380 2400 2420 2440 2460
ACTTTCCGGGTATCAATTGACTCGGAGACTAACCAAACGGTAATTGCTGGAATGGGTGAACTACACCTGGAAATTCTGGTAGACCGGATGTTACGAGAGT TCAAGGTGGAAGCTAACATT
ThrPheArgValSerIleAspSerGluThrAsnGlnThrValIleAlaGlyMetGlyGluLeulisLeuGlulleLeuValAspArgMetLeuArgGluPheLysValGluAlaAsnlle

2480 2500 2520 2540 2580 2580
GGCGCTCCCCAGGTGGCTTACCGTGAGACTATCCGTAAGTCAATTCGCACCGAAGGAAAGTTCATCCGTCAGAGTGGTGGTAAGGGTCAGTATGGCCACGT TGTGATTGAATTGGAACCG
GlyAlaProGlnValAlaTyrArgGluThrIleArglysSerlleArgThrGluGlylysPhelleArgGlnSerGlyGlyLysGlyGlnTyrGlyHisValValIleGluLeuGluPro

2600

2620 2640 2660 2680 2700
GGTGAGCCGGGAAGTGGATTTGAATTTGTCTCCAAGATTGTTGGGGGT TCTGTTCCCAAGGAATATATTAATCCGGCGGAACAGGGGATGAAGGAAGCCTGOGAGTCOGGTGTGATTGCT
GlyGluProGlySerGlyPheGluPheValSerLysIleValGlyGlySerValProLysGluTyrIleAsnProAlaGluGlnGlyMetLysGluAlaCysGluSerGlyVallleAla

2720 2740 2760 2780 2800 2820
GGTTATCCACTCATCGATGTCAAAGCTACTCTGGTGGATGGTTCCTACCATGAGGTTGACTCCTCGGAAATGGCCTTTAAGATTGCCGGTTCCATGGCGATTAAAAATGGTGTCACCAAG
GlyTyrProLeul 1eAspValLysAlaThrleuValAspGlySerTyrHisGluValAspSerSerGluMetAlaPheLysIleAlaGlySerMetAlalleLysAsnGlyValThrLys

2840 2860 2880 2900 2920 2940
GCTTCACCTGTGCTGTTGGAGCCGATGATGAAAGTTGAAGTGGAAGTTCCCGAAGATTTCATTGGGAATGTCATCGGGGATCTAAACTCCCGCCGTGGTCAGATTGAGGGTCAGGAAACT
AlaSerProValLeuleuGluProMetMetLysValGluValGluValProGluAspPhelleGlyAsnVallleGlyAspleuAsnSerArgArgGlyGlinlleGluGlyGlinGluThr

Fig. 2
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2960 2980 3000 3020 3040 3080
GATCAGAGTCAATCCAT’I‘GCCAAGGTAG’I‘GGCTAAAGT’I‘CCTC’l‘GGCTACAATGTT’l‘GGCTATGCGACGGATATC(I%CTCGAAAACTCAAGGCCGGGGGGTCTTCTCGATGGAGTTTAGC
AspGlinSerGlnSerIleAlaLysValValAlaLysValProLeuAlaThrMetPheGlyTyrAlaThrAsplleArgSerLysThrGlnGlyArgGlyValPheSerMetGluPheSer

3080 3100 3120 3140 3180
CATTATGAAGAGGTGCCTCGGAGTGTGGCAGAAAC TATCATTG(X}AAGAGCAAAGGTAACTAGAGATTAGGATGGTGGCGCGAG(I}(I}GTGGTGGTGTAAACTCCTGCGATCX}CACCAAC
HisTyrGluGluValProArgSerValAlaGluThrilelleAlaLysSerLys lyAsn

3300

3220 3260 3280
ATTAS CAAA(EAAACAATAATATGGCA(X}OGCAAAATTTGAA(EGAACAAAC CTCACGTTAACATTGGTACTATCGGTCACGTTGAC
TAWTCT(BAACTEATCATTC CTAGAZGA MetAlaArgAlaLysPheGluArgAsnLysProHisValAsnTieClyThrileGlyHisValAsp

3320 3340 3380 3400 3420
CACGGTAAAACCACGCTGACTGCTGCTATCACCATGACATTGGCTGCCTCTGGTGGTGCTAAAGCTCGTAAGTATGATGATATTGATGCGGCTCCTGAAGAAAAGCAGCGGGGTATTACC
HisGlyLysThrThrLeuThrAlaAlalleThrMetThrLeuAlaAlaSerGlyGlyAlaLysAlaArglysTyrAspAsplleAspAlaAlaProGluGlulysGlnArgGlylieThr

3500 3520 3540

3440 3460 3480
ATCAATACCGCTCACGTAGAGTATGAAACTGAACAACGCCACTATGCTCACGTTGACTGTCCGGGACACGCTGACTATGTGAAAAATATGATCACTGGTGCTGCCCAAATGGATGGTGCA
IleAsnThrAlaHisValGluTyrGluThrGluGlnArgHisTyrAlaHisValAspCysProGlyHisAlaAspTyrVallysAsnMetI1eThrGlyAlaAlaGlnMetAspGlyAla

3580 600 3620 3640 3660
ATTCTGGTGGTTTCAGCGGCTGATGGTC CTATGC CTCAAACCG}TGAACATATCC’]‘GCTGGCGAAA CAGGTAGGGGTTCCTAGTAT! mTGGTTTTCC'ICAACAAAGCG}ATATGGTAGAT
TleLeuValValSerAlaAlaAspGlyProMetProGlnThrArgGlulisIleLeul.euAlaLysGlnValGlyValProSerIleValValPheLeuAsnLysAlaAspMetValAsp

3680 3700 3720 3740 3760 3780
GATGAGGAACTACTGGAACTGGTGGAATTGGAAGTTCGCGAACTGCTAAGTTCATACGATTTCCCCGGTGATGATATTCCCATTGT TTCTGGT TCTGCTTTGAAAGCATTGGACTTTCTG
AspGluGluleuleuGluleuValGluLeuGluValArgGluLeuLeuSerSerTyrAspPheProGlyAspAsplleProlleValSerGlySerAlaLeulysAlaleuAspPheleu

3800 3820 3860 3880 3900
ACAGAAAACCC CAAAACTACTOGOGG’IGAGAATGATTGGGT'IGACAAGATTCA’IGCTCTGA’ICGATGAAGTAGATGCTTATATC CCCACTCCTGAGCGCGATATCGATAAGGGCCTTCTT
ThrGluAsnProLysThrThrArgGlyGluAsnAspTrpValAsplysIleHisAlaLeuMetAspGluValAspAlaTyrlleProThrProGluArgAsplleAsplysGlyLeuleu

3920 3940 3960 3980 4000 4020
GATGGGCTGTGGGAAGATGTTTTCT OGATTACTGGTCGCGGTAOGGTGTCTACAGCCGGGATCnAAOGGGGTAAAGTCAAGGTGGGTGACAC’I‘GTTGAACTGATTGGAATTAAGGATACC
AspGlyLeuTrpGluAspValPheSerIleThrGlyArgGlyThrValSerThrAlaGlyIl eGluArgGlyLysValLysValGlyAspTIu'Va 1GluLeull eGlyI leLysAspThr

4040 4060 4080 4100
CGCACCACTACTGTAACTGGGGOGGAAATGTTCCAGAAAACTCTTGAGGAGGGG: 'IGGOGGGAGATAACGTOGGTCTAC'I'GCTC-&GGGTATTCAGAAAAATGATGTTCAA(I}GGGTATG
ArgThrThrThrValThrGlyAlaGluMetPheGlnLysThrLeuGluGluGlyMetAlaGlyAspAsnValGlyLeuLeuleuArgGlyIleGlnLysAsnAspValGlnArgGlyMet

4160 4180 4200 4220 4240 4260
GTAATTGCTAAACCCAAATCAATTACTCCCCACACTAAGTTTGAGGOGGAAGTTTATATCCTCAAGAAAGAAGAAGGCGGACGGCACACTCCTTTCTTTAAAGGTTATCGTCCTCAGTTC
VallleAlalysProLysSerIleThrProHisThrLysPheGluAlaGluValTyrIleLeulysLysGluGluGlyGlyArgHisThrProPhePheLysGlyTyrArgProGlnPhe

4280 4300 4320 4340 4360 4380
TATGTACGGACTACTGATGTAACCGGGACTATTGATGAGTT TACTGCTGATGATGGCAGCACTCOGCGAAATGCGTTATCCCTGGTGACCGGATTAATATGACTGTACAACTCATCTGCCOG
TyrValArgThrThrAspVal ThrGlyThrIleAspGluPheThrAlaAspAspGlySerThrProGluMetVallleProGlyAspArglleAsnMetThrValGlnLeulleCysPro

4400 4420 4440 4460 4480 4500
ATCGCTATTGAGCAAGGGATGCGT TTCGCTATCOGTGAGGGTGGTCGTACTGTTGGTCCGCGTGTAGT TGCTAAGATTCTGGCT TAGAACTAGAATCOGATCGCTAGATTCTGAACTGAT
IleAlalleGluGinGlyMetArgPheAlalleArgGluGlyGlyArgThrValGlyAlaGlyValValAlalysIleLeuAla

4520 4540 4560 4580 4600 4620
CTGATCAATTAAGTGGCAGGAAAGTGCTCCGAGTTGAGGACACTTTTCTGCTCTCTCTGACCTTGCTTATTTAATTCAACTGAACCAGCGAAAACTAAACAATTGAGACCATG
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Fig. 2. Nucleotide sequence of the S. platensis str operon and primary structure of the corresponding S12, S7, EF-G and EF-Tu proteins

the corresponding gene products (ribosomal proteins S7
and S12 and elongation factors EF-G and EF-Tu) of S. pla-
tensis and similar proteins from other prokaryotic sources.

Materials and methods

On the basis of the restriction map previously obtained
(Tiboni and Di Pasquale 1987), the inserts carried by the
three original plasmids (pSp3, pSp7 and pSp18) were sub-
cloned; the DNA fragments <1kb were cloned in
M13mp18 and M13mp19, while the fragments > 1 kb were
cloned in pTZ18 and pTZ19 according to the strategy pre-
sented in Fig. 1. The recombinant vectors so obtained were
used to transform Escherichia coli TM103 cells for the prep-
aration of both double-stranded and single-stranded recom-
binant DNA. DNA was sequenced by the dideoxy chain
termination method (Sanger et al. 1980) using 2’deoxy-7-
deazaguanosine triphosphate in place of dGTP, in order
to resolve band compression. The data obtained from the
sequencing gels were analyzed and processed with the
UWGCG 3.0 program on a VAX/VMS 4.5 computer.

Results and discussion

The DNA fragments used for subcloning (Fig. 1) were de-
rived from three recombinant plasmids (pSp3, pSp7 and
pSp18) previously constructed (Tiboni and Di Pasquale

1987) by cloning: (a) a 3.4 kb fragment containing the rpsL
and rpsG genes and the 5'-terminal region of fus in the
Bglll site of pKC7; (b) a 5.8 kb fragment containing fus
and ruf genes in the same Bglll site of pKC7; and (c)a
2.7 kb fragment containing the distal part of rpsG, the fus
gene and the proximal portion of fuf in the Clal site of
pBR322.

The str operon was sequenced by the dideoxy chain
terminating method (Sanger et al. 1980) following the sub-
cloning strategy iltustrated in Fig. 1. The complete nucleo-
tide sequence of the operon as well as the amino acid se-
quences derived from it are presented in Fig. 2. The struc-
tural genes within the operon are separated by intercistronic
regions of 129 (rpsL-rpsG), 72 (rpsG—fus) and 114 (fus—tuf)
nucleotides. The intercistronic regions could play important
regulatory functions; it is known, for instance, that in the
E. coli str operon, protein S7 regulates translation by bind-
ing to the spacer between the genes encoding S12 and S7
(Nomura et al. 1980). No significant homology was de-
tected, however, between the intercistronic sequences of
S. platensis and the corresponding ones of E. coli or chloro-
plast. Furthermore, a computer search revealed a putative
transcriptional termination signal upstream from the rpsL
gene (between approx. —80 and —60) but failed to detect
any other significant sequence with potential transcriptional
termination properties within the intercistronic regions.

Concerning the translational signals, the canonical initi-
ation triplet AUG is found in S12, S7 and EF-Tu, while
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Fig. 3. Comparison of the primary structures of ribosomal protein S12 from S. platensis and the corresponding protein from other
prokaryotic sources. Residues identical to those in S. platensis are indicated by +. SPla, S. platensis; ECol, Escherichia coli; Bste,
Bacillus stearothermophilus; MLut, Micrococcus luteus; EuChl, Euglena chloroplast; ToChl, tobacco chloroplast; LiChl, liverwort chloro-
plast; MaChl, maize chloroplast

EF-G begins with a GUG initiation triplet. Furthermore,
S12, EF-G and EF-Tu have UAG as the termination codon

while S7 terminates with UAA.

The sequence of S. platensis 16S rRNA is not known.
With the assumption, however, that its 3 terminus is identi-
cal to that of E. coli and of other bacterial 16S rRNAs,

complementarity 18 bases upstream from the initiation co-
don. This situation is reminiscent of that of chloroplast

mRNAs, where SD sequences can be found up to 25 nucleo-

we searched for regions (Shine-Dalgarno sequences) of po-

tential complementarity between the mRNA translation ini-
tiation regions and 16S rRNA. The length of the Shine-
Dalgarno (SD) region and of the spacer separating this
sequence from the initiation triplet are very different for
each gene. Thus, S7 (SD =GAGG, spacer =12 nucleotides)
and EF-G (SD=AAGGAGGT, spacer=4 nucleotides)
seem to have signals similar to those normally found in
other bacteria. EF-Tu, on the other hand, does not have
any recognizable SD sequence aside from a weak AAG
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tides upstream from the initiation codon (Ruf and Kossel
1988). Finally, no obvious SD sequence can be found up-
stream from the initiation codon of S12.

A comparison of the primary sequences of ribosomal
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proteins S$12 and S7 (Figs. 3, 4), of elongation factors EF-G
(Fig. 5) and EF-Tu (Fig. 6) from S. platensis with those of
other prokaryotic sources known so far is presented so as
to highlight the sequence homologies. As seen from the
figures and from the quantitative data presented in Table 1,
the homology between the S. platensis proteins and the
equivalent ones from the other sources (with the exception
of the archaebacterium) are quite large. The most conserved
proteins are $S12 and EF-Tu with > 60% identical residues
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Fig. 4. Comparison of the primary structures of ribosomal protein S7 from S. platensis and the corresponding protein from other
prokaryotic sources. Residues identical to those in §. platensis are indicated by +. For the abbreviations, see legend to Fig. 3
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Fig. 5. Comparison of the primary structures of translation elongation
from other prokaryotic sources. Residues identical to those in S. platensis are indicated by +. For the abbreviations, see legend to

Fig. 3

suggesting that these proteins are subject to more strict

structural constraints. Also, in the case of EF-G and S7,
however, the percentage of identical residues is high and,
in general, > 50%. The homology of the Spirulina proteins,
at least in the case of S12 and EF-Tu, is significantly greater
with the chloroplast than with the bacterial counterparts.
This finding is in good agreement with the conclusion that
cyanobacteria and green chloroplasts form a coherent phy-
logenetic group and that the chloroplast lineage is contained
within the cyanobacteria radiation, rather than being a
sister group of these free-living organisms (Giovannoni

et al. 1988).
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and the corresponding protein

The comparison of the primary structures of the most

conserved protein (S12; Fig. 3) and of the least conserved
protein (87; Fig. 4) might be relevant for the identification
of the regions of these molecules potentially important for
function and/or structure. Thus, in the case of S12, there
is a remarkable degree of sequence identity in the central
region of the molecule where only very few amino acid
changes, mainly of the conservative type, occurred. This
region includes the amino acids found to influence transla-
tional fidelity and streptomycin sensitivity in E. coli (Fun-
atsu et al. 1977). In contrast, many amino acid substitutions

are seen in both the N-terminal and C-terminal domains
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Fig. 6. Comparison of the primary structures of translation elongation factor EF-Tu from S. platensis and the corresponding proteins
from other prokaryotic sources. Residues identical to those in S. platensis are indicated by +. For the abbreviations, see legend to
Fig. 3. Additional abbreviations: MeVa, Methanococcus vannielii; TThe, Thermus thermophilus

of S12 suggesting less stringent structural constraints on
these regions of the molecule. In the case of S7, the presence
of highly conserved regions within a primary structure in
which many amino acid replacements have occurred in the
course of evolution, possibly identifies functionally impor-
tant domains. One of these is the positively charged peptide
comprising approximately 20 amino acids at the C-termi-
nus. Other highly conserved regions include the Glyss-Lys-
Lys-Ser peptide and the central region of the molecule
which includes several basic amino acid residues and where
most of the amino acid substitutions are of the conservative
type. It is possible that these positively charged regions

may constitute the 16S rRNA binding site of this protein.
Furthermore, with the exception of S7 of Euglena chloro-
plasts, all other S7 molecules have conserved the single tryp-
tophan found in E. coli B (position 101) and the methionine
(position 114) found to be the point of UV-induced cross-
linking between E. coli S7 and 16S rRNA (Moller et al.
1978). A peculiar feature of S. platensis S7 is the Arg/Lys
ratio which is substantially higher (3.6) than that of S7
from all the other sources, which ranges between 0.5 and
1.3. Finally, comparison of the sequences of the two elonga-
tion factors (Figs. 5, 6) reveals the presence of several re-
gions of strict conservation of the primary structure which



Table 1. Percentage of identical residues between the gene products
of the Spirulina platensis str operon and the corresponding proteins
from other prokaryotic sources

S12 S7 EF-G  EF-Tu
Escherichia coli 73.2 52.2 57.9 69.4
Bacillus stearothermophilus ~ 72.8 571 - -
Micrococcus luteus 71.5 48.1 57.0 63.7
Thermus thermophilus - - - 69.9
Methanococcus vannielii - - - 259
Euglena chloroplast 75.8 44.9 - 77.5
Tobacco chloroplast 81.3 51.3 - -
Liverwort chloroplast 79.7 52.3 - -
Maize chloroplast 81.3 48.7 - -

The sequence data of the following organisms were used: E. coli
(Post and Nomura 1980; Reinbolt et al. 1978; Yokota et al. 1980;
Zengel et al. 1984), B. stearothermophilus (Kimura and Kimura
1987; M. Kimura, personal communication), M. futeus (Ohama
et al. 1987), T. thermophilus (Kushiro et al. 1987), M. vannielii
(Lechner and Bock 1987), Euglena chloroplast (Montandon and
Stutz 1983; Montandon et al. 1987), tobacco chloroplast (Fromm
et al. 1986; Torazawa et al. 1986; EMBL Data Bank), liverwort
chloroplast (Ohyama et al. 1986), maize chloroplast (Giese et al.
1987)
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include, in particular, the peptides (Gly, s-His-Val-Asp-His-
Gly-Lys-Thr-Thr; Val,;o-AspCys-Pro-Gly-His; Asn,ss-
Lys-X-Asp) which have been found to constitute the GDP
binding domain of E. coli EF-Tu (Jurnak 1985; La Cour
et al. 1985).

The codon usage derived from the coding regions of
the str operon of S. platensis is presented in Table 2. It
has been noticed that in chloroplast genes there is a strong
preference for synonymous codons with A or T in the third
position (Markmann-Mulisch and Subramanian 1988). In
S. platensis, this tendency is confirmed only for codons end-
ing with T but not for those ending with A which are the
least abundant. Overall, however, the data of Table 2 show
that although a few codons are encountered rarely, codon
usage in Spirulina is rather unbiased.
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Table 2. Codon usage within the coding region of the str operon of S. platensis

Gly GGG 022 Arg AGG 008 Trp TGG  1.00 Arg CGG 027
Gly GGA 0.18 Arg AGA 0.04 End TGA 0.00 Arg CGA 0.08
Gly GGT 0.45 Ser AGT 0.20 Cys TGT 0.63 Arg CGT 0.29
Gly GGC 0.15 Ser AGC 0.07 Cys TGC 0.38 Arg CGC 0.24
Glu GAG 0.34 Lys AAG 0.40 End TAG 0.75 Gln CAG 0.52
Glu GAA 0.66 Lys AAA 0.60 End TAA 0.25 Gln CAA 0.48
Asp GAT 0.75 Asn AAT 0.47 Tyr TAT 0.82 His CAT 0.33
Asp GAC 0.25 Asn AAC 0.53 Tyr TAC 0.18 His CAC 0.67
Val GTG 0.27 Met ATG 1.00 Leu TTG 0.23 Leu CTG 0.32
Val GTA 0.25 Ile ATA 0.03 Leu TTA 0.10 Leu CTA 0.14
Val GTT 0.37 Ile ATT 0.59 Phe TTT 0.47 Leu CTT 0.09
Val GTC 0.11 Ile ATC 0.38 Phe TTC 0.53 Leu CTC 0.13
Ala GCG 0.19 Thr ACG 0.12 Ser TCG 0.14 Pro CCG 0.32
Ala GCA 0.18 Thr ACA 0.15 Ser TCA 0.16 Pro CCA 0.08
Ala GCT 0.43 Thr ACT 0.49 Ser TCT 0.27 Pro CCT 0.34
Ala GCC 0.19 Thr ACC 0.24 Ser TCC 0.16 Pro CCC 0.26
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