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Summary. A 5.3 kb DNA segment containing the str operon 
(ca. 4.5 kb) of the cyanobacterium Spirulina platensis has 
been sequenced. The str operon includes the structural 
genes rpsL (ribosomal protein S12), rpsG (ribosomal pro- 
tein $7), fus (translation elongation factor EF-G) and tuf 
(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 $12 > EF-Tu > EF-G > 
$7; 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), CO2 
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, pSpt8,  pSp3 (Tiboni and Di Pasquale 1987), The arrows indicate the direction and the extent of the D N A  
regions sequenced. The restriction sites are only those used for subcloning. The bars at the bot tom represent the length and the position 
of the structural genes encoding the indicated proteins 
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- 6 4 0  - 6 2 0  - 6 0 0  --580 - 5 6 0  --540 
GAATT~CTTAATCGTTATTTGGTGGTAGTTGTT~T~TGTAGTCGTATAATTACGCCTTGA~CCAAAATCCAGGGTGCTTATGGTCGATCCTCAGTTATCGGTTATCTC~TA~AT 

-520 -500 -480 -460 -440 -420 
TCATCTAACCCAATCTGCCACTAATGAAGTTTTACGCCAACAGT CTAGGAAGAATGACTCCAACCTAT TGTT T OGACTACGAGTTAAGTC ~TGTTGTGATTGGGTTTATACCTT 

-400 --380 --360 --340 -320 --300 
CAGTTTGGAACCATCAGCCACAGCCAACGATC-`CA2GTTT~TCAG'I~TC~TTCGATTAA~ATAGTGATTGATAGCCACA~TCCCTACC'~GAGGGATTG~C CCTAGACTATTCAGA~A 

--280 -260 -2,4-0 --220 -200 -180 
TC T~A~AGGCTT~CGGTTCGATAAT~TAATGCAGC~AAGA~CTGTAGTTGTGGT~ACT~TTTTGT~CGTAAGT~TGATATTAGGGA~TTCK~TC~ATT~TTC~TATTT 

--160 - 1 4 0  --120 - I 0 0  - 8 0  - 8 0  
CCAAAAAAAGTTTGCCAAAAGCAGTTAGATCGTTTAAAATAAAGTTTTC~GTATCAGAATCTAACTTATAGATAGAAAGGAAAATCCCATCCCCAAAT(~`~GA~ATTT~A 

I--> S12 
-'40 -20  0 20 40 60 

GATAC~GAACCCCTAAAATTGA~GAATTCATAGATTAT~T(~TAACTCATGCCCACTATACAGCAACTAATT~GTTCTCCA~GAGAAAAGACTGATAAAAAAACC~GTCTCCA~CC~ 
Me tProThr I i eGlnGlnLeul I eArgSerAl aArgGluLysThrAspLysLysThrLysSerProAlaLeu 

80 I00 120 140 160 180 
AAAAGTTGTCCGCAACGT CG~TTTGTACTCGTGTTTATACTACAACACCTAAAAAACCGAATTCACCACTTCGCAAAGTAGCAAGGG~C~ACT TCA~ATT~G~ACA 
LysSerCysPr oGlnArgArgGlyValCysThrArgValTyrThrThrThrProLysLysProAsnSerAl aLeuArgLysVa IAlaArgValArgLeuThrSerGlyPheGluValThr 

200 220 240 260 280 300 
GCATATATA~C~-~3TATTGGTCATAACTTACAAGAACACT~TGT~GTAATGATTAGAGC~F~TCGGGTGAAAGA~TTACCAGGCGT TCGATATCACATAATT~ACAT~ACACA 
AlaTyrI i eProGlyI i eGlyHi sAsnLeuGlnGluHi sSerValValMet I I eAr gG I yGlyAr gVa 1LysAspLeuPr oGlyVa iArgTyrHi s I I eII ear gGlyThrLeuAspThr 

320  340  360  380  4 0 0  420  
~ A G T C A A A G A T  CGT CGCAACGGCCGTTCTAAATACGGAGCCAAACGCCCGAAGGCTTAGGACCGGAGTA~TT~CCC~TTT ~ A ~ C T ~ T T T T A ~ T C ~ T  
A1 a G l y V a l L y s A s p A r g A r g A s n G l y A r g S e r L y s T y r G l y A l a L y s A r  g P r o L y s A l a  

] - - > f f 7  
440  460  4 8 0  500  520  540  

TGACATGGGT TAT TGTAGGT CTTCg2TC4ZCTCC~CAGGAATTTAAGATTGTGTTGAGGGAAAAATTTAGTATGT CTCGTCGTAGAGTTGTTCAAAAACGTC CGG~CCTCC~ATTCTA~ 
Me t S e r A r  gArgAr  g V a l V a l G l n L y s A r g P r o V a  I P r o P r  o A s p S e r A r g  

560  580  600  620  640  660  
TATAACAGTCGCCTGGTGAGCATGATGGTGCGTCGCATCATGAGGCA(~.~CAAAAAAT CTGTAGCTCACAACAT CGTTTATGATGCTT ~ T A C T A T ~ A ~ A ~ A T C ~ A T  
T y r A s n S e r A r g L e u V a l S e r M e t M e  tVa 1 A r g A r g I  l e M e t A r g H i s G l y L y s L y s S e r V a l A l a H i  s A s n I  l e V a l T y r A s p A l a L e u A l a T h r  1 l e G l u G l u A r g T h r G l y S e r A s p  

680  700  7 2 0  740  760  780  
C CTCTCGAATTGTTTGAAAAA~TCAGGAATCCGACTCCTTT~GTA~AAGTTAAGGCTCGCCGC~TG~GA~A~ACTTATC~GTTCCCA~G~T T C ~ ~ C C  
P r  o L e u G l u L e u P h e G l u L y s A l a V a  1At gAsnA1 a T h r P r  oLeuVa 1GluVa 1LysA l a A r  gAr  gVa IGlyG1 yA1 a T h r  T y r G l n V a l P r  oMe tG l u V a l A r  g S e r G l ~ A r g G l y ~ r  

800 820 840 860 880 900 
ACCTTAGCTT~TGGTTGATTCACTTTTCGAGGACTCGTTCAGGGCGAT CGATGC~TAGTAGAC TAGCATCAGAACTGATGGATGCAGCCAATGAAAC~AGTGCAGTT~G 
T h r L e u A l a L e u A r g T r p L e u I  i eHi  s P h e S e r A r  g T h r A r g S e r G 1 y A r g S e r M e t A l a S e r A r g L e u A l a S e r G 1 u L e u M e t A s p A l a A ~ a A s n G 1 u T h r G 1 y S e r A l a V a 1 A r  gLys  

920  940  960 980  1000  1020  
CGGGAAGAAACGCAC CGGATGGCAGAAGCCAACAAAGCCTTCGCCCATTATCGGTATTAAAATAT T G G A T T A ~ A G T C A G T T C C A G ~ T A T ~ T C T T ~ T ~ T T T ~ G  

1040 1060 1080 ii00 1120 1140 
GA~GTAGCTGTGGCACGTACCATCCCGCTTGAGAGAGTACGTAATATC~C~ATCCCAGCCCATATCGA~AAGACAACCACTACGGAGAGGATTCTATTCTATTCC~G~TT 

Me tAl aArgThr I leProLeuGluArgValArgAsnl leGlyl leAlaAlaHi s I i eAspAlaGlyLysThrThrThrThrGluArg I I eLeuPheTyrSerGlyValVal 

1160 1180 1200 1220 1240 1260 
CACAAAATG~G(~AGGTTCATGAAGGAACTGCTGTAACC~ACTGGATGGCTCAAGA~AGCGTGGTATTACCATCACGGC~CATTAGTACCAGT~TAGATCAT~ATT 
Hi sLysMe tGlyGluValHi sGluGlyThrAlaVa 1ThrAspTrpMe tAlaGlnGluAr gGluArgGlyI leThr I leThrAlaAlaAlaI leSerThrSerTrpLeuAspHi sArgI le 

1280  1300 1320 1340  1360 1380  
AACATCAT TGATACTCCTfiGT CACGTTGACT TCACCATTGAAGTAGAAO]GT CTA~_~GGTTCTTGATGGGGTGATTGCAGTTTTCTGTTC TGT (~G~TACAGCCTCAGTCAGAA 
A s n l  I e I I e A s p T h r P r o G l y H i  s V a l A s p P h e T h r  I i eGluVm I GluArgSerMe t A r  g V a l L e u A s p G l y V a l  I l e A l a V a l P h e C y s S e r V a  i G l y G l y V a  i G l n P r o G l r k ~ e r G l u  

1400 1420 1440 1460 1480 1500 
ACGGTT ~AGGCTGAAOGCTATCAGGTTC CCCGAATTGCATTCATTAATAAAATGGAT CGCAC~ACTTTTTTAAGGTCTATGGTCAAATCCGCGATCGCTTGCGA~T 
ThrVa 1 TrpArgGlnAlaGluArgTyrGlnValProArgI leaf aPhe I leAsnLysMetAspArgThrGlyAlaAspPhePheLysValTyrGlyGlnI I eArgAspArgLeuAr gala 

1520 1540 1560 1580 1600 1620 
AATGCAGTACCGAT CCAGGTTCC CGTAGGTCGTGAGAGTGACTTTCA~TTGGTAGATCTAGTCCXX~ATGAAGACTTATCTGTACACCAATGACCTGGGAACTGATATCCAAGTCAGT 
A snAl aVa IPro I 1 eGlnVa I Pr oVa i GlyArgGluSe r AspPheHi s GlyLeuVa I AspLeuVa I AI s.Me t LysThrTyrLeuTyr ThrAsnAspLeuG i yThrAsp I I eGlnVa I S er 

1640 1660 1680 1700 1720 1740 
GATGAGATTCCAGAGGAAGTCCAAGATTTGGTAGCAGAGTAT(rg?~AAAAACT CCTAGAAGCTGTAGCCGAAACF_g]ATGAGGCTTTGATCGAGAAATATCT CGAACAGCT~~ 
Asp(]lul ~ePr~G~uG~uva~G~nAspLeuva~A~aG~uTyrArgG~uLysLeuLeuG~uA~aV~1A~aG~uThrAspG1uA~aLeuMetG~uLysTyrLeuG~uG~nLeuG~uG~yG~y 

1760 1780 1800 1820 1840 1860 
GAAGCT CT CACAGAAGAAGAAATTCGTCATAGCTTACGTCAAGCg3ACAATTAAAGGCTTGATTGTTCCGGTAATTTGCF/~TTCT TCTTTCAAAAACCGAGGC~TT CAAAGGCTTC TGGAT 
GluAlaLeuThrGluGluGluI I eArgHisSerLeuArgGlnGlyThr I i eLysGlyLeuI i eValProVal I I eCysGlySerSerPheLysAsnArgGlyVa iGlnArgLeuLeuAsp 

1880 1900 1920 1940 1960 1980 
GCTGTGGTAGACTATCTT~CGC~TCC~ACAGAAGTGcCT~CCATTAAAGGGGTACTACCGGACUGAGAAGA~TTCGCTATG~GGATGATGATGCACCGCTATCAGC CTTGC4~TT C 
A1 aVa IVa iAspTyr LeuPr oAl aPt oThrGluVa IPr oPr o I I eLysGl yVa 1 LeuProAspG i yGluG luGl yVa iAr gTyrAl aAspAspAspAl aPr oLeuSerAl aLeuAl aPhe 

2000  2020  2040  2060  2080  2100 
AAAGTGA~TGATCCTTATGGACGT TTAACTTTTG~TCTATTCCGGTGTTC TCCAGAAAGGAAGTTACATCTACAA~CCACTAAGAACAAGAAAGAGCC~ATTTC TCGCTTG 
L y s V a l M e t A l a A s p P r o T y r G l y A r g L e u T h r P h e V a l A r g V a  1 T y r S e r G l y V a  1 L e u G l n L y s G l y S e r T y r  I l e T y r A s n A l a T h r L y s A s n L y s L y s G l u A r g I  l e S e r A r g L e u  

2 1 2 0  2140  2160  2180 2 2 0 0  2220  
ATCGT T CTCAAGTCTGATGAACGCATTGACGTAGAAGAACTCCGACCCCCX~ACT T C C C A ~ T T T A G G T C  T C A A G G A T A C C C T G A C ~ A T A C ~ T C ~ A ~ C ~ C T ~  
11 e V a l L e u L y s S e r A s p G l u A r g I  l e G l u V a l G l u G l u L e u A r g A l a G l y A s p L e u G l y A l a A l a L e u G l y L e u L y s A s p T h r L e u T h r G l y A s p T h r  11 e C y s A s p G l u A l a A s n S e r  

2240 2260 2280 2300 2320 2340 
ATTATCCTGGAGT C CTTATATATCCCAGA~C~TGATTT(~C~TA~AACCCAAAACCAAACAGGATAT~GAGAAACTCTCCAACCCTTTGCAGTCCTTATCTGAGGAA~AT CCG 
I leI I e LeuGhzSerLeuTyr I leProGluProValI ~eSer¥a~A~aVa~G1uPr~LysThrLysG~nAspMetG~uLysLeuSerLysA1aLeuG~nSerLeuSerGluG~uAspPr~ 

2 3 6 0  2380  2400  2 4 2 0  2 4 4 0  2460  
ACTTTCOGCGTATCAAT TGACTC~AGACTAACCAAACGGTAATTGCT~GAAT~TGAACTACACCT~GAAATTCTGGTAGACC~GA~TTA~AGAGTTc~~T~CATT 
T h r P h e A r g V a l S e r  I 1 e A s p S e r G l u T h r A s n G l n T h r V a  111 e A l a G l y M e t G l y G l u L e u H i s L e u G l u I  1 eLeuVa lAspArgMet  L e u A r g G l u P h e L y s V a  1 G l u A l a A s n I  1 e 

2 4 8 0  2500  2620  2540  2 5 6 0  2580  
~ C C C C A G G T G G C T T A C  CGTGAGACTATCC~TAAGTCAATTCGCAC~GAA~GAAAGTTCATCCGTCAGAGT~GTCGTAACCGTCA~TAT~CCACGTTG~AT~T~C~ 
GlyA1 a P r o G l n V a l A l a T y r A r g G l u T h r  I 1 e A r g L y s S e r  I 1 e A r g T h r G l u G l y L y s P h e  I 1 e A r g G l n S e r G l y G l y L y s G l y G l n T y r G l y H i s V a l V a  111 e G l u L e u G l ~ r o  

2600  2 6 2 0  2640  2 6 6 0  2 6 8 0  2700  
GGTGACCCGGGAAGTCGATTTGAATTTGT CTC CAAGATTGT~TTCTGTTCCCAAGGAATATATTAAT C C G G C C ~ C A ~ ~ C ~ A G T C ~ A T ~ T  
G l y G l u P r o G l y S e r C l y P h e G l u P h e V a l S e r L y s  I 1 e V a l G l y G l y S e r V a  1 P r o L y s G l u T y r  I 1 e A s n P r o A l a G l u G l n G l y M e t  L y s G l u A l a C y s G l u S e r G l y V a l  I 1 eA1 a 

2 7 2 0  2 7 4 0  2760  2 7 8 0  2 8 0 0  2 8 2 0  
~TTATCCACTCATC~AT~TCAAAGCTACTCTGGTGGATC~TTCCTACCATGACGTTGACTCCTCGGAAATGGCCTTTAAGATTGCCGGTTCCA~ATT~~T CAC C ~ G  
G l y T y r P r o L e u I  l eAspVa  1 LysA1 a T h r L e u V a l A s p G l y S e r T y r H i s G l u V a l A s p S e r S e r G l u M e t A l a P h e L y s  I l e A l a G l y S e r M e t A l a I  1 eLysAsnGlyVa  1ThrLys  

2840  2 8 6 0  2880  2900 2920  2 9 4 0  
GCTTCACCTGTCCTGTTCGAGCCGATGATGAAAGTTGAAGTGGAAGTTCCCGAAGATTTCATTGGGAATGTCAT~ATCT~CTCC~ ~ T C A G A T  ~ A ~ T C A ~ C T  
A l aSe  r P r  oVa 1LeuLeuG 1 ~ oMe t Me t Lys  Va 1G 1 uVa l G I uVa 1Pr  oG 1 uA s pPhe  I 1 eG I yAsnVa 111 eG 1 yA spL euAsn~e  r Ar  gAr  gG 1 yG I n I  1 eG IuG 1 yG 1 nG 1 u T h r  

Fig. 2 
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2 9 6 0  2 9 8 0  3 0 0 0  3 0 2 0  3 0 4 0  3 0 6 0  
GATCAGAGTCAATCCATTGCCAAGGTAGTGC~TAAAGTTCCT~ACAATGTTTGC--CTATGCGACCGATATCCGCTCGAAAACTCAAGC~C~TCTTCT CGATGG~TT T A ~  
AspGlnSerGlr~er I i eAlaLysVa IValAlaLysValProLeuAlaThrMe tPheGlyTyrAl aThrAspl leArgSer LysThrGlnGlyAr gGlyValPheSerMetGluPheSer 

3080 3100 3120 3140 3160 3180 
CATTATGAAGAGGTGCC TC~GAGTGTGGCAGAAACTATCATTG~GAAGAGCAAAG~TAACTAGAGATTAC~ATGG~A~TGGTGGTGTAAACTGCTGCGAT~ACC~C 
Hi s TyrGluGl uVa 11='i" oArgSerVa iAl aGluThr I i e I i eAl aLysSe rLysQlyAsn V_T u l  -I~ 

3200 3220 3240 3260 3280 3300 
TATCg~GTCTCGAACTTGATCATTCATTACTAGAAGAACAAACC-AAACAATAATATC`C~A~AAAATTTGAACCG~C~C ~ C A ~ T T ~ C A T ~ T A C T A T ~ T C A ~ T ~ A C  

Me tAI aAr gAlaLysPheG luAr gAsnLysProHi sVa iAsnl I eGl yThr I IeG lyHisVa IAsp 

3320 3340 3360 3380 3400 3420 
CAOC, GTAAAACCA(~--"I~ACTGCTGCTATCACCATGACAT~CTC]W_.-GTGG~_4AAGCT ( ~ T A A G T A ~ A ~ A T A T ~ A ~ T C C  ~ G ~ A ~ T A T T A C C  
Hi  s G l y L y s T h r T h r  LeuThrAl  aA1 a I i eThrMet  Thr  L e u A l a A l a S e r G l y G l y A l  a L y s A 1 a A r g L y s T y r A s p A s p I  i e A s p A l a A l s - P r o G l u G 1 u L y s C l n A r g G 1 y I  l e T h r  

3440 3460 3480 3500 3520 3540 
ATCAATACCGCTCA~3TAGAGTATGAAACTC-AACAA~GCCACTATGCTCA~GTTGACTGTC~GC~ACACGCTGACTATGTGAAAAATATGATCACTC~CC~A~A 
I 1 eAsnThrAlaHi  sValGluTyrGluThrGluGlnArgHi  sTyrAlaHisValAspCysProGlyHisA1 aAspTyrVal  L y s A s ~ e t  I 1 e ~ l y A l ~ l  aGl~\~e t A s ~ l y A l a  

3560 3580 3600 3620 3640 3660 
ATTCTCGTGGTTTCAGCGGCTGATGGTC CTATGC CTCA~CCCGTGAACATATC~AAACAGGTAGGGGTTCCTAGTAT CGTGGTTTTCCTGAAC~ATA~TAGAT 
I I e LeuVa IValSerAl aAlaAspGlyProMetProGlnThrAr gGluHi s I i e LeuLeuAlaLysGlnValGlyValProSer I i eVa i ValPheLeuAsnLysAl aAspMe %Va iAsp 

3680 3700 3720 3740 3760 3780 
GATGAGGAACTACTGGAACTGGTGGAATTCGAAGTTCGCDAACTGCTAAGTTCATACGATTT CCC CCGTGATGATATTCCCAT~T ~C~TT~TT~AT~A~TTC~ 
AspGluGluLeuLeuGluLeuVa iGluLeuGluVa 1Ar gGluLeuLeuSerSerTyrAspPhePr oGlyAspAsp I I ePr o I I eVa 1SerGIySe rA i aLeuLysAl aLeuAsp~e Leu 

3800 3820 3840 3860 3880 3900 
ACAGAAAACCC CAAAACTACT~TGAGAATGATT~TTGACAAGATTCA~CTGATGGATGAAGTAGATGCTTATATC CCCACTCCTGA~ATATCGATAA~CTT CTT 
ThrG1uAsruPr oLysThr ThrArgGlyGluAsnAspTrpValAspLys I i eHi sAlaLeuMetAspGluV~iAspAl aTyr 11 eProThrPr oG1uAr gAspl I eAspLysGlyLeuLeu 

3920 3940 3960 3980 4000 4020 
GATC~`.~CTG~AAGATGTTTTCT~C-ATTACTGG~'~GTA~C~TGTCTACAGC~CC.~AT~GAA~C`~-C.~GGTAAAGTCAA~ACAC~T~C~AT~TT~ATACC 
AsI :~ lyLeuTrpGluAspValPheSer 11 eThrGlyAr gGlyThrVa. lSerThrAlaGly I  1 eG luArgG lyLysVa lLysVa lG1FAsp~Va  1 G l ~ e u I  1 ~ l y I  1 e L y s A s p ~ r  

4 0 4 0  4060 4080 4100 4120 4140 
CGCAC CACTAC TGTAAC~AAATGTTCCAGAA~ACTCTTGAGGAGGGGA~AGATAACGTCCGT CTACTGC~TATTCAGAAAAATGA~TTC~TA~ 
Ar gThr Thr ThrVa 1 ThrGlyAl aGl uMe tPheGlnLysThr LeuGluGluGlyMe tAl aGlyAspAsnVa IG I yLeuLeuLeuAr gGl y I i eGlnLysAsnAspVa IGlnAr gGl yMe t 

4160 4180 4200 4220 4240 4260 
GTAATTCCTAAACCCAAATCAATTACTCCCCACACTAAGTTTG~AAGTTTATATCCTCAAGAAAGAAG~AC~GCACACTCCTTTCTTTAAAGGTTAT~GTCCTCAGTTC 
Val I I eAlaLysProLysSer I i eThrProHi sThrLysPheGluAlaGluValTyr I I eLeuLysLysGluGluGlyGlyArgHi sThrProPhePheLysGlyTyrArgProGlnPhe 

4 2 8 0  4 9 0 0  4 3 2 0  4 3 4 0  4 3 6 0  4 3 8 0  
TATGTACGGACTACTGATCTAACCCCCACTATTGATGAGTT TACTGCTGATGATCCCACCACTCCCGAAATGGTTATCCCTCGTGAC~ATTAATATGACTGTACAACTCATCTGCCCG 
TyrVa iArgThrThrAspVa 1 ThrG i yThr I i eAspGIL~DheThrAl aAspAsl~l ySe r ThrPr oGluMe tVa i I I eProGlyAspArgl i eAsnMet ThrValGlnLeuI i eCysPro 

4400 4420 4440 4460 4480 4500 
ATOGCTATTGACC~ATG(~TTTCGCTATCCGTGAC~GTGGTOGTACTGTTGGTCCC~GTGTAGTTCCT~GATTC~T TAG~CTAG~TC~AT ~TAGAT TC~C~AT 
I I eAlaI leGluGlnGlyMetArgPheAlal i eAr gGluGlyGlyArgThrValGlyAlaGlyValVa iAlaLysl I eLeuAla 

4 5 2 0  4 5 4 0  4 5 6 0  4580  4 6 0 0  4 6 2 0  
CTGATCAATTAAGTGC~AGGAAAGTG CTCCGAGTTGAC~ACACTTTTCTGCTCTCTCTGACCTTGCTTATTTAATTCAACTGAACCAC./~AAAACT~C~T~AGACCA~ 

4 

Fig. 2. Nucleotide sequence of the S. platensis str operon and primary structure of the corresponding St 2, $7, EF-G and EF-Tu proteins 

the corresponding gene products (ribosomal proteins $7 
and $12 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 pSpl8) were sub- 
cloned; the DNA fragments __<1 kb were cloned in 
M13mpl8 and M13mpl9, while the fi'agments > ] kb were 
cloned in pTZ18 and pTZ]9 according to the strategy pre- 
sented in Fig. 1. The recombinant vectors so obtained were 
used to transform Escherichia coli JM103 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 
pSplS) 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 
BglII site of pKC7; (b)a 5.8 kb fragment containing fus 
and tuf genes in the same BglII site of pKC7; and (c)a 
2.7 kb fragment containing the distal part of rpsG, the fus 
gene and the proximal portion of tuf in the ClaI site of 
pBR322. 

The str operon was sequenced by the dideoxy chain 
terminating method (Sanger et al. 1980) following the sub- 
cloning strategy illustrated 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 $7 regulates translation by bind- 
ing to the spacer between the genes encoding S12 and $7 
(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. - 8 0  and -6 0 )  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, $7 and EF-Tu, while 



100 

SPIa 
ECol 
BSte 
MLut 
EuChl 
ToChl  
L i C h l  
MaChl 

SPIa 
ECol 
BSte 
MLut 
EuChl 
ToChl 
LiChl 
MaChl 

20 

MPTIQQLIRS AREKTDKKTK 
.A+VN++V+K P+ARKVA+SN 
.+++N++V+K G+++KVF+S+ 
V++++++V+K G+SPKVVN+N 
+++LEH+T++ P+K+IKR+++ 
++++K++++N T+QPIRNV++ 
+++++++++N K+QPIENR++ 
+++++++++N K+QPIENRR+ 

I00 

PGIGHNLQEH SVVMIRGGRV 
G+E+++++++ ++IL++++++ 
++++++++++ +++L++++++ 
++E+++++++ +I+LV+++++ 
++++++++++ +++L++++++ 
++++++++++ +++LV+++++ 
++++++++++ +++LV+++++ 
++++++++++ +++LV+++++ 

40 

SPALK ............. SC 
V+++E ............. A+ 
++++NKGYNS FKKEQTNVAS 
G+++Q ............. GN 
+++++ ............. G+ 
++++R ............. G+ 
+++++ ............. G+ 
+++++ ............. G+ 

120 

KDLPGVRYHI IRGTLDTAGV 
+++++++++T V++A++CS++ 
++++++++++ +++A++++++ 
++++++++K+ V++A+++Q++ 
++++++K++V +++C++A+S+ 
++++++++++ V+++++AV++ 
++++++++++ ++++++AV++ 
++++++++R+ ++++++AVA+ 

60 

PQRRGVCTRV YTTTPKKPNS 
++K+++++++ ++++++++++ 
++K+++++++ G+M+++++++ 
+ M + + + + + + + +  + + + + + T + + + +  
+ + K + A I + M + +  ++++++++++ 
+++++T++++ ++I+++++++ 
++++++++++ ++++++++++ 

++++++++++ ++IN++++++ 

139 

KDRRNGRSKYGAKRPKA.. 
+++KQA++++ +V+++++.. 
AN+MQ+++++ +++K+++AK 
+N+GQA++R+ +++KE+K.. 
+N+K+A++++ +V+K++PK. 
+++QQ~++++ +V+K++... 
+++QQ+++++ +V+KS+... 
+N+QQ+++++ +++K++K.. 

80 

ALRKVARVRL TSGFEVTAYI  
+++++C++++ +N+++++S++ 
++++Y+++++ +N+I++++++ 
+V++++++++ NG+I++++++ 
+++++T++++ S++L++++++ 
++++++++++ +++++I++++ 
++++I+++++ +++++I++++ 
+ + + + + + + + + +  + + + + + I + + + +  

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, Escheriehia eoli; Bste, 
Bacillus stearothermophilus; MLut, Micrococcus luteus; EuChl, Euglena chloroplast; ToChl, tobacco chloroplast; LiChl, liverwort chloro- 
plast; MaChl, maize chloroplast 

EF-G begins with a G U G  initiation triplet. Furthermore, 
$12, EF-G and EF-Tu have UAG as the termination codon 
while $7 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, 
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, $7 (SD = GAGG,  spacer= 12 nucleotides) 
and EF-G ( S D = A A G G A G G T ,  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 

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- 
tides upstream from the initiation codon (Ruf and K6ssel 
1988). Finally, no obvious SD sequence can be found up- 
stream from the initiation codon of $12. 

A comparison of the primary sequences of ribosomal 
proteins $12 and $7 (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 $12 and EF-Tu with > 60% identical residues 
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MSRRRVVQKT VPVPPDSRYN 
.P++++IGQ RKIL++PKFG 
.P++GP+A+ RD+L++PI++ 
+P+KGPAP+ R+LVV+PV+G 
+++++RAK+ RIISQ+PI++ 
++++GTAE+ KTAKS+PI+R 
+++KSIAE+ QVAK++PI+R 
++++GTAE+ RTAKS+PIFR 

40 60 80 

SRLVSMMVRR IMRHGKKSVA 
+E+LAKF+NI L+VD++++T+ 
+K++TRLINK ++ID++++K+ 
+P++TQLINK VLVD++++T+ 
+T+A+KVINK +LLN+++TL+ 
N+++N+L+N+ +LK+++++L+ 
N+++N+L+N+ +LKN++++L+ 
N+++N+V+N+ ++KD++++L+ 

HNIVYDALAT IEERTGS.DP LELFEKAVRN ATPLVEVKR 
ES+++S++E+ LAQ+S+K.SE ++A++V+LE+ VR+T++++S+ 
QK+L+T+FDI +R++++K.++ MSV++Q+LK+ VM+VL++R++ 
ER+++G++EG ARAKN+ARSR GHPIK++MD+ IK+AL++RS+ 
QY+F+ETMKN +Q+IYKK.++ +DILR++IK+ +S+QM+TRK+ 
YQ+I+R+VKK +QQK+ET.N+ +SVLRQ+I+G V++DIT++++ 
YR+L+K+MKN +KQK+KK.N+ +FVLRQ+++K V++N+T++++ 
YQ+L+R+VKK +QQK+ET.N+ +LVLRQ+I+R V++NIG++T± 

i 00  120 140 159 

TLALRWLIHF SRTRSGRSMA 
A++M++IVEA A+K+GDK+++ 
S+G++++VQY A+L+GEKT+E 
A++++++VG+ +KA+REKT+T 
S+++KFI+EK A+E+K++GIS 
A++I+++LAA ++K+P++N++ 
A++I+++LGA ++K+++QN++ 

RVG.GATYQV PMEVRSERGT 
+++.+S++++ +V++.PV+RN 
+++.++N+++ +V+++PD+RV 
+++.++++++ +V++KPG+S+ 
+ I + . + T I + + +  +V++KED+++ 
+++.+S+H++ +I+IG+TQ+K 
+ID.+S++++ +L+IK+TQ+K 

SRLASELMDR ANETGSRVRK 
L+++N++S+A +ENK+TA+K+ 
E+++N+I++A ++N++RT+K+ 
E++MN+IL+A S+GL+GA+KR 
TK+KN+II+A S+N++EA+K+ 
FK+S+++V+A +KGS+DAI++ 
FK+SY++I+A +RDN+IAI++ 

REETHRMAEA NKAFAHNRY 
++DV++++++ ++++++Y+. 
++D++K++++ ++t+++Y+W 
++D++K++++ ++++++Y+W 
K++I+KT+++ ++++SNMKF 
K+++++++++ +R++++F+. 
K++++K++++ +R++++F+. 

MaChl +NKK+S+RK+ +++IG+KQ+R A++I+++LEA +QK+P++N++ FK+S+++V+A +KGS+GAI++ K+A+++++++ +R+L++F+. 

Fig. 4. Comparison of the primary structures of ribosomal protein $7 from S. platensis and thc corresponding protein from other 
prokaryotic sourccs. Residues identical to those in S. platensis are indicated by + .  For the abbreviations, see legend to Fig. 3 
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MARTIPLERV RNIGIAAHID 
++++T+IA+Y +++++S++++ 
..VLTD+HK+ +++++M++++ 

I00 

. H R I N I I D T P  GHVDFTIEVE 
p+++++++++ ++++++++++ 
.+Q+++++N+ ++++++V+++ 

180 

RLRANAVPIQ VPVGRESDFH 
++G++P++L+ LAI+A+EH+T 
++G+RPLVM+ L+I+A+N++V 

260 

YLEQLEGGEA LTEEEIRHSL 
++ .... +++E +++A++KGA+ 
+++ .... ++E ++V+++QAGV 

340 

DDAPLSALAF KVMADPY.GR 
++E+F+++++ +IAT++FV+N 
KE++F+++++ +IATH+FF+T 

4;20 

4O 

AGKTTTTERI LFYSGVVIIKM 
++++++++++ +++T++N++I 
+++++++++H +++T++N++L 

120 

RSMRVLDGVI AVFCSVGGVQ 
++++++++AV M+Y+A+++++ 
++L+++++AV +++DGKE++E 

200 

G LVDLVAMKT YLYTNDLGTD 
+V++++K++A INWNDADQGV 
+V+++IS++A FVWPG+ANGI 

280 

RQGTIKGLIV PVICGSSFKN 
++RVLNNE+I L+T+++A+++ 
++L+VNAEAY ++F+++A+++ 

360 

LTFVRVYSGV LQKGSYIYNA 
+++F++++++ VNS+DTVL+S 
+++I+++++R +ES+AQVL++ 

440 

60 80 

GEVHEGTAVT DWMAQERERG 
++++D+A+TM +++E++Q+++ 
++T+D+G+T+ +++E++K+++ 

ITITAAAIST SWLD . . . . . .  
++++S++TTA F+SGMAKQYE 
++++S++VTC F+N+ ...... 

140 160 

PQSETVWRQA ERYQVPRIAF 
++++++++++ NK+K++++++ 
++++++++++ DK+D++++C+ 

IN'KMDRTGAD FFKVYGQIRD 
V+++++M++N +L++VN++KT 
V++++KL+++ +YFTVDT+VK 

220 240 

IQVSDEIPEE VQDL .... VA 
TFEYED++AD MVE+ .... AN 
VTMGASYEI+ IRQ+QEKAEE 

EYREKLLEAV AETDEALMEK 
+WHQN+I+SA ++AS+E++++ 
+++NE+V+++ +++S+E++++ 

300 320 

RGVQRLLDAV VDYLPAPTEV 
K+++AM++++ I++++S+VD+ 
++++PM++++ +A+++N+LDA 

PPIKGVLPDG EE..GVRYAD 
+A+N+I+D++ KDTPAE+H+S 
G+V++HAVND ++VVLE+EVS 

380 400 

TKNKKERISR LIVLKSDERI 
V+AAR++FG+ IVQMHANK+E 
++G+++++GK +FQMHANKEN 

EVEELRAGDL GAALGLKDTL 
+IK+V++++I A++I++++VT 
p+D+VV++HI Y+VI+++++T 

460 480 
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TGDTICDEAN SIILESLYIP 
++++L++PDA P++++RMEF+ 
++++L++P++ P+++++MTF+ 

EPVISVAVEP KTKQDMEKLS 
+++++I++++ +++A+Q++MG 
+++++++I++ +++G+Q++++ 

KALQSLSEED PTFRVSIDSE 
L++GR+AK++ +S+++WT+E+ 
T+I+K+VA++ +++++NLNE+ 

TNQTVIAGMG ELHLEILVDR 
S+++I+++++ ++++D+I+++ 
+G++E+G+++ ++++DVF+++ 

500 520 540 560 
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MLREFKVEAN IGAPQVAYRE 
+K+++N++++ V+K+++++++ 
+K++++++++ V+K+++++++ 

TIRKSI.RTE GKFIRQSGGK 
+++QKVTDV+ ++HAK++++R 
++KRKVDKVD YTHKK+T++S 

GQYGHVVIEL EPGEPGS... GFEFVSKIVG GSVPKEYINP 
++++++++DM Y+L++++NPK +Y++IND+K+ +VI+G+++PA 
++FAK+QLSF ++LD.TPRGT VY++ENA+T+ +R++R+++PS 

580 600 620 640 
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AEQGMKEACE SGVIAGYPLI 
VDK+IQ+QLK A+PL++++VV 
VDA+IQD+MK F++L++++MV 

DVKATLVDGS YHEVDSSEMA 
+MGIR+HF++ ++D+++++L+ 
R++++SL++A ++D+++++++ 

FKIAGSMAIK NGVTKASPVL 
++L+A+I+F+ E+FK++K+++ 
+R++++Q+F+ E++R++T+II 

LEPMMKVEVE VPEDFIGNVI 
+++I++++++ T++ENT+D++ 
+++L+A+++R T++E+M+D++ 

660 680 700 715 

S P I a  GDLNSRRGQI EGQETDQSQS I~klC/VAKVPL ATMFGYATDI RSKTQGRGVF SMEFSHYEEV PRSVAETIIA KSKGN 
ECol +++SR+++ML K+++SEVTG. .V+IH+E+++ SE++++++QL ++L+K++ASY T+++LK+D+A +SN++QAV+E ARGK. 
MLut ++++++++++ QI+SMEDATG VKV+N+L+++ SE++++IG+L +++++++A+Y ++T+HS+A++ +KA++DE+VQ ++Q+E 

Fig. 5. Comparison of the primary structures of translation elongation factor EF-G from S. platensis and the corresponding protein 
from other prokaryotic sources. Residues idcntical to those in S. platensis are indicatcd by +. For the abbreviations, see legend to 

Fig. 3 

suggesting that these proteins are subject to more strict 
structural constraints. Also, in the ci~se of EF-G and $7, 
however, the percentage of identical residues is high and, 
in general, > 50%. The homology of the Spirulina proteins, 
at least in the case of S 12 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). 

The comparison of the primary structures of the most 
conserved protein (S12; Fig. 3) and of the least conserved 
protein ($7; 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 $12, 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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MARAKFERNK PHVNIGTIGH 
.SKE++++T+ ++++V+++++ 
++KT . . . . .  + +IL+VAF+++ 
++K+++++T+ A+++++++++ 
++KGE+V+T+ ++++V+++++ 
+++Q++++T+ ++I+++++++ 

100 

AHVEYETEQRHYAHVDCPGH 
S++++D+PT+ ++++++++++ 
++KKFP+AKY EVTI++++++ 
S++++Q++K+ ++++++A+++ 
+++++++AK+ ++S+++++++ 
+++++++KN+ ++++++++++ 

180 

. .DEELLELV ELEVRELLSS 

. .++++++++ +M+++++++Q 
FSEADYN++K KMIGDQ++KM 
..++++++R+ +M+++Q++++ 
..+P+++D++ +M+++D++NQ 
. .+S++++++ +++I++T++N 

260 

IDKGLLDGLW EDVFSITGRG 
+++PF+LPI. ++++++S+++ 
TNLP+RLPI. Q++YT+++V+ 
K++PF+MPI. ++++T+++++ 
V++PF+MPV. ++++T+++++ 
TE+DF+MAI. +++L++++++ 

40 60 80 

VDHGK.TTLT AAITMTLAAS 
+++++.++++ ++++TV++KT 
++A++S++VG RLLLDGG+ID 
+++++.++++ +++SKV+YDK 
+++++.++++ ++L+YVA++E 
+++++.++++ +++++A+++T 

GGAKARK .............. YDDIDAAPE EKQRGITINT 
Y+GA++A .............. F+Q++N+++ ++A+++++++ 
PQLIV+LRKE AEEKGKAGFE FAYVM+GLK+ +RE++V++DV 
YPDLNEAR.D .......... FA.T++S+++ +R+++++++I 
NPNV.E.VKD ........... +G+++K+++ +RA+++++++ 
+NS++KR . . . . . . . . . . . . . .  +E+++S+++ ++A+++++++ 

120 140 160 

ADYVKNMITG AAQMDGAILV 
++++++++++ ++++++++++ 

R+FI++++++ +S+A+A+V++ 
+++I++++++ ++++++++++ 
+++I++++++ ++++++++++ 
++++++++++ ++++++++++ 

V S A A D . . . G P  MPQTREHILL AKQVGVPSIV VFLNKADMVD 
+ A + T + . . . + +  ++++++++++ GR+++++Y+I +++++C++++ 
+NVD+AKS+I Q++++++VF+ IRTL++RQLA +AV++M+T+N 
+ A + T + . . . + +  +A+++++V++ +R+++++ALL +A+++S+++E 
+ + + + + . . . + +  ++++++++++ +R+++++Y++ ++M++V++++ 
+ + + + + . . . + +  ++++K+++++ +++++++N++ +++++E+Q++ 

200 220 240 

YDFPGDDIPI  VSGSALKALD FL..TE.NPK TTRGENDWVD KIHALMDEV. DAYIPTPERD 
+++++++T++ +R+++++++E . . . . . . . . . . . . .  +DAE+EA ++LE+,AGFL +S+++E+++A 
IG+NPEQ+NF +PVAS+HGDN VFKKS+R++ . . . . . . . .  +YK G . ' . P T I A + + I  +GFQ+.++KP 
RS+DV+EA+V IRT++++++E . . . . . . . . . . . . .  +DPQ++K SVED+++A+. +E+++D+V++ 
+E++++EV+V IR++++L++E QM.H, .R+++ +R++++E+++ ++WE+L+AI. +E+++++V++ 
+E+++++++V IP++++LSVE A+TK, . . + + +  I+K+++K+++ ++LN+++Q+. +S+++++T++ 

280 300 320 

TVSTAGIERG KVKVGDTVEL 
++V+GRV+++ I I + + + E E + + I  
++PVGRV+T+ I I+P++K+VF 
++V+GRA+++ TL+INSE++I  
++A+GR++++ ++++++E++I  
++A+GRV+++ TI+++E++++ 

I G I . K D T R T T  TVTGAEMFQK TLEEGMAGDN VGLLLRGIQK 
V++.+E+QKS +C++V+++R+ L+D++R++E+ ++V+++++KR 
EPAGAIGEIK + + . . . + + H H E  Q+PSAEP+++ I+FNV++VG+ 
V++.R+VQK+ ++++I+++H+ Q+D+AW++E+ C+++V++LKR 
V+LAPE++R+ V++÷V++HR+ ++Q++I++++ ++V++++VSR 
V+L.++++S+ +I++L+++++ S+D+AL++++ ++V+++++++ 
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340 360 380 400 

NDVQRGMVIA .KPKSITPHT 
EEIE++Q+L+ .++GT+K+++ 
K+IK++D+LG HTTNPP+VA+ 
D++E++Q+LV .E+G++++++ 
EE+E++Q+L+ .++G++++++ 

+++E+++~L+ .++RT+N+++ 

420 

MTVQLICPIA IEQGMRFAIR 
+V+T++H+++ MDD+L+++++ 
LKAGDAAIVK LIPTKPMV+E 
+S+E++Q+++ M+E+LG++++ 
F++E++K+VG L+E+L+++++ 

KFEAEVYILK KEEGGRHTPF 
+++S+++++S +D++++++++ 
D+T+QIVV+Q ..... HPSVL 
N+++N++++S +D++++++++ 
++++S++V++ ++++++++G+ 
++DSQ++++T ++++++++++ 

FKGYRPQFYV RTTDVTGTID EFTADDGSTP EMVIPGDRIN 
+++++++P+F +++++++++E LPEG . . . . .  V +++M+++N+K 
TD++T+V+HT H+AQIAC+FA +IQKKLNPAT GE+LEENPDF 
YSN++A+++F +++++++V+T LPEG . . . . .  T +++M+++TTE 
+S+++++++F +++++++VVQ LPPG . . . . .  V +++M+++NVT 
+E++++++++ +++++++K+E S+RSDNDNPA Q++M+++++K 

440 453 

EGGRTVGAGV VAKILA . . . . . . . . . . . . . . . . . .  
++++++++++ +++V+S . . . . . . . . . . . . . . . . .  
SVKEIPQL+R F+IRDMGMTV AAGMAIQVTA KNK 
+++++++S+R +T++TK . . . . . . . . . . . . . . . . .  
++++++++++ +T+++E . . . . . . . . . . . . . . . . .  

EuChl  +K+E++Q+++ ++K+++++++ ++++++++++ +LS+IQ . . . . . . . . . . . . . . . . .  

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 thosc in S. platensis are indicated by + .  For the abbreviations, see legend to 
Fig. 3. Additional abbreviations: MeVa, Methanococcus vannielii; TThe, Thermus thermophilus 

of  $12 suggest ing less s t r ingent  s t ructura l  cons t ra in ts  on 
these regions o f  the molecule .  In  the case o f  $7, the presence  
o f  highly conserved  regions  wi th in  a p r imary  s t ructure  in 
which m a n y  a m i n o  acid rep lacements  have  occur red  in the 
course  o f  evolut ion ,  possibly identifies funct ional ly  impor -  
tan t  domains .  One  o f  these is the posi t ively charged  pept ide  
compr i s ing  app rox ima te ly  20 amino  acids at the C- te rmi-  
nus. O the r  highly conserved  regions inc lude  the Gly35-Lys-  
Lys-Ser  pep t ide  and  the  centra l  region o f  the molecule  
which  includes several  basic amino  acid residues and where  
m o s t  o f  the amino  acid  subs t i tu t ions  are  o f  the conserva t ive  
type. I t  is possible tha t  these posi t ively charged  regions  

m a y  cons t i tu te  the 16S r R N A  b ind ing  site o f  this protein .  
F u r t h e r m o r e ,  wi th  the except ion  o f  $7 o f  Euglena chloro-  
plasts,  all o the r  $7 molecules  have  conserved  the single t ryp-  
t o p h a n  found  in E. coli B (posi t ion 101) and  the me th ion ine  
(posi t ion 114) found  to be the po in t  o f  U V - i n d u c e d  cross- 
l inking be tween  E. coli $7 and  16S r R N A  (MSller  et al. 
1978). A pecul ia r  feature  o f  S. platensis $7 is the A r g / L y s  
ra t io  which is substant ia l ly  h igher  (3.6) t han  that  o f  S7 
f r o m  all the o ther  sources,  which  ranges  be tween  0.5 and  
1.3. Final ly ,  c o m p a r i s o n  o f  the sequences o f  the two e longa-  
t ion  factors  (Figs. 5, 6) reveals  the presence o f  several  re- 
gions o f  strict conse rva t ion  o f  the  p r imary  s t ructure  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 

$12 $7 EF-G EF-Tu 

Escheriehia coli 73.2 52.2 57.9 69.4 
Bacillus stearothermophilus 72.8 57.1 - - 
Micrococcus luteus 71.5 48.1 57.0 63.7 
Thermus thermophilus - - - 69.9 
Methanococcus vannielii - - 25.9 
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. luteus (Ohama 
et al. 1987), T. thermophilus (Kushiro et al. 1987), M. vannielii 
(Lechner and B6ck 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 (Glyls-His-Val-Asp-His- 
Gly-Lys-Thr-Thr;  Va179-AspCys-Pro-Gly-His; Asn135- 
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. p la tens i s  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 Spirul ina is rather unbiased. 
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Table 2. Codon usage within the coding region of the str operon of S. platensis 

Gly GGG 0.22 Arg AGG 0.08 Trp 
Gly GGA 0.18 Arg AGA 0.04 End 
Gly GGT 0.45 Ser AGT 0.20 Cys 
Gly GGC 0.15 Ser AGC 0.07 Cys 

Glu GAG 0.34 Lys AAG 0.40 End 
Glu GAA 0.66 Lys AAA 0.60 End 
Asp GAT 0.75 Asn AAT 0.47 Tyr 
Asp GAC 0.25 Asn AAC 0.53 Tyr 

Val GTG 0.27 Met ATG 1.00 Leu 
Vat GTA 0.25 Ile ATA 0.03 Leu 
Val GTT 0.37 Ile ATT 0.59 Phe 
Val GTC 0.11 Ile ATC 0.38 Phe 

Ala GCG 0.19 Thr ACG 0.12 Ser 
Ala GCA 0.18 Thr ACA 0.15 Ser 
Ala GCT 0.43 Thr ACT 0.49 Set 
Ala GCC 0.19 Thr ACC 0.24 Ser 

TGG 1.00 Arg CGG 0.27 
TGA 0.00 Arg CGA 0.08 
TGT 0.63 Arg CGT 0.29 
TGC 0.38 Arg CGC 0.24 

TAG 0.75 Gln CAG 0.52 
TAA 0.25 Gln CAA 0.48 
TAT 0.82 His CAT 0.33 
TAC 0.18 His CAC 0.67 

TTG 0.23 Leu CTG 0.32 
TTA 0.10 Leu CTA 0.14 
TTT 0.47 Leu CTT 0.09 
TTC 0.53 Leu CTC 0.13 

TCG 0.14 Pro CCG 0.32 
TCA 0.16 Pro CCA 0.08 
TCT 0.27 Pro CCT 0.34 
TCC 0.16 Pro CCC 0.26 
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