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Summary. We have determined the complete nucleotide 
sequence of the linear DNA plasmid, pSKL, isolated 
from Saccharomyces kluyveri. Sequence analysis showed 
that pSKL has a high (A+T)  content of 71.7%, and 
that there are 10 open reading frames (ORFs) larger 
than 250 nucleotides. All 10 ORFs were shown to be 
transcribed in S. kluyveri cells by $1 nuclease mapping 
analysis. The localization of ORFs, direction of tran- 
scription, and the predicted amino acid sequences of 
each ORF were quite similar to that of pGKL2, one 
of the killer plasmids found in Kluyveromyces lactis. The 
amino acid sequences of the largest two ORFs (ORF2 
and ORF6) have homology with several DNA polymer- 
ases and RNA polymerases, respectively. 
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Introduction 

A linear DNA plasmid, pSKL, was isolated from the 
yeast Saccharomyces kluyveri. The 14.2 kb pSKL was 
found to have a protein associated with its terminal re- 
gions (terminal protein, TP) and inverted terminal repeat 
(ITR) sequences of 483 bp (Kitada and Hishinuma 
1987). These structural characteristics are similar to 
those of extrachromosomal DNA molecules found in 
several organisms (Meinhardt et al. 1990), including 
adenoviruses (Friefeld et al. 1986) and bacteriophage 
~b 29 of Bacillus subtilis (Garcia et al. 1984), in which 
TPs and ITR sequences are believed to be required for 
replication of linear DNA molecules. 

A killer strain of the lactose-fermenting yeast Kluy- 
veromyces lactis was found to harbor two linear DNA 
plasmids, pGKL1 (8.9 kb) and pGKL2 (13.4 kb) (Gunge 
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et al. 1981). The pGKL1 codes for three subunits of 
the killer toxin (Stark and Boyd 1986), an immunity 
determinant against the toxin (Gunge 1986; Tokunaga 
et al. 1987), and a protein, the predicted amino acid se- 
quence of which is homologous to several DNA poly- 
merases (Jung etal. 1987b; Fukuhara 1987; Volkert 
etal. 1989; Stark etal. 1990). On the other hand, 
pGKL2 is essential for the maintenance of pGKL1 
(Gunge 1986) and for the expression of the immunity 
determinant (Tokunaga et al. 1987). The pGKL2 plas- 
mid contains 10 ORFs (Tommasino et al. 1988). Two 
of them (ORFs 2 and 6) have sequence homology to 
DNA and RNA polymerase, respectively (Tommasino 
et al. 1988; Wilson and Meacock 1988). These enzymes 
seem to be essential for replication and transcription 
of the linear DNAs in the cytoplasm (Romanos and 
Boyd 1988). 

The pSKL DNA does not hybridize to pGKL1 and 
pGKL2, but 15 out of 16 of the terminal nucleotides 
are identical to those of pGKL2, suggesting that the 
replication mechanisms of both plasmids are similar (Ki- 
tada and Hishinuma 1987). Since the S. kluyveri strain 
cured of the pSKL plasmid is normal in growth and 
morphology, the function of pSKL is unknown so far. 
To identify functions of the pSKL plasmid, we deter- 
mined the entire nucleotide sequence of pSKL DNA, 
and found that its gene organization and the amino acid 
sequences of the predicted proteins from each ORF 
showed similarity with that of pGKL2, and that two 
of the ten ORFs were homologous to DNA and RNA 
polymerases from various organisms. These results sug- 
gest that pSKL and pGKL2 originated from a common 
ancestor. 

Materials and methods 

Strains. The yeast S. kluyveri UVC40 which contains 
a high copy number of the pSKL plasmid was isolated 
from the strain IFO1685 (Kitada and Hishinuma 1987) 
by UV irradiation and used for the isolation of the pSKL 
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481 ORFI • M E M D D R L F 

601 TAGTGCATATAGTGGTGA~ITATAAGACGTAT.fA~TATATAAGTGGAGAGATGAGTGAA~~ATTAAGAATGGGT~±.±.±~±T~ATATAAA@±q.~.±~±.±TiGA 
S A Y S G D Y K T Y Y S G Y I S G E M S E L E V A C K N G C F L N I K F S F E 

721 GA•I'I'ICoAAGAGG'I'IT 
T L K R F S H S R P D L C G Y A V S K F I S K N Y I N D Y L I E K Y K P F Y V W 

841 GTATCCATU±T±T±b~fIL~ATGAGT(3GTATTI'GTATITATIGGAGA~'±T±'I~%AG'±TITI~ ~AGTATAATGTC~AAGGCAAT'gA%'TA~AT~ATA'i'i'±'±'IL~A 
Y P S F C S Y E S Y L Y L L E N F K F L K Y N V G K A I I M L H Y N D L Y F S Y 

961 TGkrr~.±GA~GATGGAGTTATITGTGTCI~<~TCAG`±.±.±.±.±~AATAACAAGGAGGTGTATGAGGATCAAq~IGAGTAAGGCT~~TA~.±.±.~T~GTA~TAT 
D F E P E M E L F V S A S V F N N K E V Y E D Q L S K A K E I G Y F Y K Y L D I 

1081 TGATAGTGAGAGTAGTITGGAGGTACCA~GGAGAATATAGAGACAGk~T±.±GG~±.±.~GATCCTAATACAGTITATGGGGAGAATGAAC~T±GTGAiGAATA TGAGAGGAAAT±'±'I'I' 
D S E S S L E V P L K E N I E T D F G F D P N T V Y G E N E L C E E Y E R K F F 

1201 TAGGTC±T±{ GA~±TrAATAAGGGTA~~GGA~TGAAGTGGTT~ GGAGGA~GGTATITAAGTIT~±'±T±'ATGTc±'±'±'±'ATTAT±T±iTIC_AG'ITGqTACGGT 
R S F E F N K G I E G V K E L D E V V R R M G G I * 

• T Q K I D K I I K D T T V T 

1 321 GACAAG~±~±.i~±~ATTA~TGGTATGCTA~T~.±CTATc~T±.~.iGTGTAGTAAGTAT~`CGAA~ATIGATAGCATGAAA~ACG~T±.ACAATGTA~ 
V L K R R I I E F H Y A L K R D K K H L L Y E F Q D I S L M F T P V G K C H L K 

1 441 TGTTAT~ATATTAT±T±.~GT~A~T~T~GTATTGGAAAGCGTACk~T~.~~AT.~AGCATATAGTGTATTATIc-43~T~±~±T±~±T±TA~A~~ 
T I I N N K N N K Y Q F A Y M K P G G L M Y H I I A N K T K D I T S D L E G L 

1 561 ~9fri.±TiCCGCAAGTG~Ti.±.±GAATA~GTCTATI~-TAT±T~T±CITACGAATA~GTA~ATATTATTTCTAATCCITC-~AA~±T±.±~±.±GCATAGGTIGTATAG 
N K G C T N K F L E W D I T N K R V F S D T D S Y ! I E L G E F K K C L N Y L 

1681 TCTGTATCI~-~AC4DC4~TTAGTATGGAGACACCACACTGAGTAGAGTATA~T~GTCATCI~i.~CTATTATCA~.~.~.±GTCGTAGTCTIV~A~G~T~±~ 
R Y R S A S L I S V G C Q T S Y I P D D D R E I I M K D Y D E G D L N F F K P K 

1801 ~CTATI~ITATICCTATACATATI'IL-'IL-~i'±'±'±CGTATIGGG ATAAu°I'ATlfF-<IA~CGACATCI~Ji'±'i'±GACTATGTATA~ATC~ATIVg~±Ti'I'iGTAC 
K V I R K G I C I E G N E N Q S L N E C E G A V V D R K V I Y V E K D I P K Q V 

1 921 AA~ITI'itX3GTA~~±'±'±'AATGCTA ~±~±T±~AGCGACCAT~h~ITA~TGGTIGTI~±~±.±~CATITGCA~±~±.±~=~GTGAATATc±~±~.±~ATGTATATAGTITATCTATAAA 
F K G Y G G G N L A I K A V M R I P C P Q E K C K C N T H I D K L T Y L K D I F 

2041 G T T A T T G A A T A T G T A G C C ± T I ~ A A T I T C G  AATCCI'IL-TI~TA~T'fAGTAAGTCATAAGTGTGGTAAGTACCTCTGTGTIciq'IGAA 
N N F I Y G K N P Y E I G S H C I I E F G E Q I A I L L D Y T H Y T G R H E K F 

2161 CCAAGACCATATTAA.±T~.~T±GTCTA~CGAATTCTAAATAATGATITC/~±~±~±GA~.~.±GATTTATGTATGAGGGTrACGTCGTATA~TG~GTITAT 
W S W I L K K D I R R P V F E L Y H N P K S N S K H I L T V D Y I G H K N F N I 

2281 AGAGAATAc±~±~±.±GAGC4~±.~T~AGGAGTGTIL.TAGTAATTTCA~ATAAAGAGACTACGTCAG~GTAAACTA~ATGTACCA~T~T~.~AC 
S F V K S P K G Y S H E L L K M A S P Y L S V V D A Y V I E E N Y T G N K A A V 

2401 ~TATATACJLA~TGAA~A~GG~ACGTATAATTCTATGTITCiGTCTA~TAA'±'±'±'±CATGCITA~TAGGGTGAA 
R G G Y I S N R I F Q Y E E S T P V Y L E I N R D L S A E M I K M S L Q S L T F 

2521 T(~.~T±CAGATATTGAGATI~IGTAG<=`~±.±~i~±~±.±~CTAk±~T~T±.AAA~±.±~±.±.±GCCATACTI~T± 'I CATIV-~C~A~ITAC~rf CTATGGAGCAGTATTCTATIc-'CI~ I'1T±CTATTATGGT 
T K E S I S I Q L N E K V L K K F K Q W V Q K M A I V D I S C Y E I A K E I I T 

2641 GGAGTTAT'fAGT~ATGTTA~L-q~IL-'ITCTAATGY'BGTATITA'±'i'i'±'AATATITA~ 1"± 'i GT ~fATCATGTITAAA~ATTA'f f±TI~i'i'i'i'i~TCCAATGAGGGTAAA'±Ti'i'i'±G 
S N N T I N D E E L T T N I K I N L K N D H K F E I I K R Q T K I W H P Y I K Q 

2761 TAAA~Tc±~±~±.±~TTAAAGAGTGTC.GGAAAGAA~ATTAATTACGTTAAATG~.±.~AGCAC-~±.±.~TCTAAGC~q~TTAATATGAATAAGAA~AGTATAAT 
L D P W D K I L S H P F S G K N I V N F A K A A K D L S T L I F L F P D K L I I 

2881 T±'± 'i GAAT{=Ti'i GAAGTATAGTIC-AGAGTAAGTTATCATGT~A'I'±'±°± .~AATTATGTATITATC±T±~±~TACA~T~T±.~C~q~j~GTATGGTAGGACATGTIc.~GTAGTCATAACCAGAACC 
K S H K F Y L E S Y T I M N N K I I Y K D K I C K K K F Y P L V H Q Y D Y G S G 

3001 AAACCAAGCATATAGTATTAC~T~TITAA~.±~±.AT2ATATATIGTACAAAATCATITATGCAGT±~±T~GCCTATIL`ITITATGTATAGAACCATI~9~T~T~GACCAGCATATrAA 
F W A Y L I V N K K L N I I Y Q V F D N I C N K G I R K H S G N T K S W C I L 

3121 GTAAGGTATTIC-41AAG'i'±'i'±Tr ±C~=-'ITAGTAAATGATIL -TATGTCAAAG~TA~TATITGTGTCI~IL~TACTIL-TAATtT~±.±T±~.±.±.±~GTA.~.±.~.±.AccTA~±~±.±.±.±CqTGT 
Y P I Q F N K E N T F S E I D F F I E E T N T D E V E L R K Q K Q I K G I K R T 

3241 TGGATCTAG'±T±'±GTTAYTACACCTA TI,±.±'AGGA~ATA'I'±'±'±'±'ACAGTCTAGACTATATA~TIGTAGTCAGTTATTAAGTCTICCATGGAATT 
P D L K T I V G I H G N W K L L R A I N K C D L S Y I E E N Y D T I L D E M S N 

3361 TACATAYTGTATATCCATGAGAGCAGGTATATATGT~AT'fA'±'IT±<2±'±'i'±~ GCATATCITC~AA'±T±Ti'±~ATI~TAG~'±'±T±C~]GCL-TAA'±'IT±'±L'TACACACT~±'±'±'i~A 
V Y Q I D M L A P Y T I I K K Q P L M D E L K K N Y N W K G G L K E V C Q K L 

3481 ACAki'±TiCATIqL-TATTAGAGGCgAAAAACAAAGTAAAGTcI'±'I ~%AA'± '±'±'±'±'±'AAA'±'±'±'± CTTGTIVJI'i'i'I'ACglIATACCAATTATCTATGGA YTTC CA TGTIc-4Lq~GTTATIY=~I'TAT 
C N E N R N S A L F L T F D K F K K F K R T T K P Y W N D I S K W T A Q T I T 

3601 TAATATIL-TA3TACATACAA~±'I'IGATI~C±Ti'±'i~ AGTCIc`?~GTATIL-~q*IL.TATTATATCATITAAGC43iTi.iGTCATTci.±.iCGT~GTAATCAT~ATITC~GTAT~x3CI~IV~AC 
L I R T C V I N S E K E E Y D P I R E I I D N L A K T M R E D Y D N N P I G Q V 

3721 ~±.±'±~GTA~Ac±T± GCI~I~TGACACCACCAAATATGGTIc-`GACCAGTGAGTGTTAATGT.fACGAAAC-AATAGTAATTATA~.~T±CTATCTACA~A~`±.~T~`~ATA~ 
N L I P V K S T V G G F I T P G T L T L T V F C Y Y N Y K R D V H i H K L I S K 

3841 ~TTATTATGCITATATC±'±'±'A~-TGTAAA TCCATAT~ACATAAATi ~fAAATCTATIT ±~TA'iTI'±T ±GTGTATTATGAGTGTIqL-~ACATCGTGATC 
R T P I I I S I D K H T F T Q T E D M N C L N L D I K Y K K H I I L T E V D H D 

3961 AAA'~T±'±'AA'±'±'±'±'±'i~±'±'±~ITI'i'±C±'±'±'I'i'AGTGGTA~A '±'±'I'±'±G~AGTTGTATAA~±Ti'i'±'±~ATGCATTAA~A~AGTTCAATI'IE'GT~AGAAGATAA 
F K L K K K R K R K L P V R N K N R L Q I F K K H M L Q K A E E L E I Q N S S L 

4081 TITGGAGTATA~TA~TI~TAq~IV-AATTGTGGATCTAATGGA~.±.±.±C-AGTACTA~±.±.±~±.±.±CTAA~T±.~.±u.TATAGATCTAGTGTATGGATGAk~TAAATACITC 
K S Y I E Q G Y Q N Y E I T S R I S N E T S N K E L K E I S R T Y P H I K F V E 

• o o * 
4201 C-c±'±T±CAAAAAGTCTAAGTC ITCA[=`±T~CGGTATAAGATAcITCAT~C±.~.±~AGGAATTCTAATTc±~±.±~TTCA~.±T±.±.±GTITAc±.i.±~A~±T±.±~GATAGTGGTATGTATACATTC 

S K L F D L D E T E T Y S V E N K L F E L E K N M ~ORF2 * K I K ~ H Y T Y M 

4321 TAGATAC-CIL-~IkS±'I'± ~.-'Ti'GTATAGTACC~A TI'IL-~/~'±'±'±'± ~AA'i'I'±'I'I'ATI'IL-'I'I~GATGG~AcCAGOCATIY~TCTI'I~AGA'±T l T± CAATA'±'±'i'±'±'I'i(=~TAATi'I~(='~I'I'i'i'A'±'±'±'± L"TAT~fA 
R S L E R E Q I T G I E M K I K I E Q H Y W G N D K L N K L I K K Y N T K N E I 

4441 CAAAAT~AGAA~±'±'I~ATA ~GAGTIL`.fAC±.±~±~ATCAGT~AC±~±.±'ACAT~TAAAAGAGTCE`CATICATAA~±~±~±.±~.±C.GGT2A~TCCATGCGAT~ACAA(3ST~T±~G 
V F N T E T H, P I N L E V K D T V K C K F S D C E Y N K P N S M W A I V V H K 

4561 ciTr ±'±GTATTACGTCTAAATAAATATCATCOCAOC ~GTACAAATAGTATGGATACAGAG~TATAATCTA "~/TAATIGGTATAT~±'±'±'±GTACATAATCIL-T~ATITCTACTACA'i'±'±'±'fAC 
A K Q I V D L Y I D D W P V F L I S V S N Y D I L Q Y I N Q V Y D R I E V V N K 

Fig. 1 
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4681 TATGTD~TC~TAAGTCTAATATAGGATC~ACAGCATATA'r±'±'±'±TI 'AAA%~ITGAGATGATACCATI~i~TGTATATCACC IY-~JIT ±'±OSTGAA~ATA~A~~'1%~l~i~A 
S H Q R L D L I P D V A Y I K K F K L H Y W K H I D G G K G S G I D L L T S K P 

4801 AAATATITA~CAATq~CA~I"['±'I'rkI'IT ± ~  TC~TAAAGT~G �ATACCAATACCAZ~ITA~AA'I'I'±'~T~A "~TCGTAA~TCTAT-A~TI~TGG 
L I N L L E T K I K N H H Y R L T P I G I G N I I K Y I P N D D Y P F R Y N A I 

4921 'i%'i'i ~ I ' ~ ' [ ' I ~ I T I ' [ ~ ~ ~ ~ T ~ T I ' I ' I ~ ~ ~ A G T i ~ I  'I'I'I~i~A~~'I'I~kI~A~A 
T K D K R E K I L N M E I D F E Y I K D E E F N Y T T D K P I R D S F K E N E L 

5041 ~ A ~ ~ T A ~ ~ A ~ ~ A ~ ~ ' I ' I ' I ' I ' ! ' I ~ r l T I ' I ~ T A T ~ T A ~ ~ I ' I ' I q ~ A ~ I ' I U  ~T 
L L Y G N V Y R L D V T N F K S K Y V L K K N K I N S I I Y G D T K Y Q A P K 

5161 AT~T~'i'i %'~ ~ T A ~ A ~ A ~ A ~  i'I'I'I'I'I'I~A~A~I'I'I'I~TITAG~A~A~A~TA~ 
Y L Y S K L A Y V N N F L I E K K E K L Y E R R K I Y D L K T I N K Y D Y M L 

5281 A~TiT~TkI'I'I'I'I'I'I~A~~~T~TA~ATA~A'I'r I ' I ' I ' I ' I ~ A ~ A ~ ~ A ~ A ~ A ~ A  
C D F Y L I K K N N M L E A E Y V Y R P I I N N K E N G D I D S I F G N D H I I 

540] ~ ~ i ~ T A T A ~ ~ A ~ T I ' r i ' r  i'I~A~'I'I'I~TA~TA~ 
I S S E D N I Y Q I I H E G D A K P S I C W Q D N H S L K K A L N S S S I E M P 

5521 ~A~~TA~i~i'I'i~~TATI'I'Iq'I~Acl'i'ITI~TA~A~ATA~A~~~A~ATA~~A 
K V P P W Y P S K W E K L K E V K E Y N N I D F E V E L N F E N N Y K T I E V 

5641 ~ ~ ~ r I ~ f  ~ T i ' 9 9 i T ~ A ~ A ~ A ~ A ~ ~ A ~ ~ T A ~ T ~ T ~ T ~ ~  
I P D E Q L R K R Y I K R T N S E I L P F K I E S N T Y S Q E I S L A I I F D N 

5761 A~ITI~}~A~~A~G"I'i~I ~ T A ~ T A ~ A T ~ } ~ A ~ A ~ ~ A  
F K I K E V L E K S N L E S N N L R R F V I S P Y M T S R Y Y T I T I E Q m F I 

" ~ " . • ~ ~ • 

588~ T A ~ T A ~ ' I ' I ' / I ~ ~ ~ A T A ~ G ~ A ~ ~ ~ ' / ' I ' i ' r r i ~ I ' I ' I ~ T ~ T A G  
I D I P Q Q I K M R A E L E I N V L P S E L Q N A L F A L K K F M ~0~3 

6001 crl'~TA~i'l'l'l 
. • • • ~ . m . . 

61 21 ~ T ~ ~ ~ A ~ A T A ~ T ~ T ~ ~ A ~ A ~ T A ~ T A ~ ~ I ' I ' I ~ T A ~ ~  
0~4~ M N L F T V S D I K E Q Y G F V N T F K N Q N 

6241 ' V I ' I ' r A T ~ T i ~ T A ~ A ~ ~ A T A ~ r ~ I ~ i T A ~ A ~ G T A ~ A ~ C A T A ~  " . - " ~ A T A ~ A ~  
F I ! S Y L H P L N P Y R S L V C Y E V G L G K T Y A S A C L A H V Y L S Y G 

6361 ~ A ~ A T A ~ A ~ A ~ . ~ A T i ~ T I T I ~ ~ A ~ A ~ T A ~ ~ T A ~ ~  
Y K V L Y L S S S L N S I S N F R N E Y N K V I T D S R L T S Y E K N I D V K S 

6481 ' I ' I ' I ' i ' I ~ T I ' I ' I ~ T ~ ~ ~ ~ ~ A T A ~ T ~ ~ A ~ T ~ ~ ~ A ~ T A T ~ T ~  
F S K F Y N S E K K N E N N E E Y G L V I V D E V H N L R E L A I R Y K T I K N 

6601 T ~ ~ ~ ~ T ~ ~ A ~ ~ T A ~ T ~ A ~ T A G T A ~ A T ~ ~ . ~ C ~ T A ~  
K L D S M I N S K I L i V T A T P M I D S H K E L D I I N L T N E K T K I I F 

6721 ~ T ~ A ~ ~ T ~ A ~  T A ~ G T ~ T A ~ ~ ~ A ~ ~ T ~ A ~  ~ A ~ A T ~  
S E N K I S K D V K I N Y V G S N I N G E T L F L S R M K G K Q L E D Y Y K S L 

6841 ~ T ~ T A ~ A T A ~ ~ ~ A T A ~ ~ ~ ~ % T A ~ A ~ ~ ~ T ~ A ~ A ~  
K N K N D T V Y T E T R Q A S I S W N D E F N P E I P L D E Q S S K I S R V I E 

6961 ~ ~ ~ A ~ A T A ~ I ' I T  I'I~~ATA~'I'I'I'I~A~G TABASCO r i . I ~ A T A ~ ~ ~ A T A T ~  
T L K D G E L T V I F C F Y V K R G I D F M A K V L E H F G Y R K W D P L Y N G 

7081 T ~ G ~ A ~ G ~ A T A ~ A ~ ~ T ~ ~ T A ~ I ' I ' I ' r I ~ T A ~ ~ T A ~ ~ T A ~ A ~ ~  
K S Y A V I D G R T S H K D V K E I L K V F N S I A N T N G K Q I Q V L I G S S 

7201 ~A~A~~A~ATATA~AT~A~TA'I'I'['I~A~cr [ . ~ - ~ ~ ~ ~ A T ~ A ~ ~ T A ~ ~  
V L S E S I T L Y R ! R H L H I L S P F W N Y G Q V K Q S I G R G V R I G S H D 

7321 ~Ti'I ~ A ~ T ~ A T ~ A T A ~ A ~ T A ~ ~ k I , [ , I ~ ~ T A ~ T A T A ~ ~ T A T A ~ ~ A ~ T A ~ T ~  
G L L D K T ! N V Y L H A A Y A E E N F K G K D I D W E T A Y R K K V E I D K 

7441 ~ A ~ T ~ ~ ~ T ~ A ~ T A ~ ~ T ~ ~ ~ A ~ T ~ T ~ A ~ A A T ~ T ~ ~ A ~ ~  
K L D K L K I E N K V E N I V E K I S V P E V D N N L V I K I N E W V W D L R N 

7561 ~ ' I ' I ' I ~ T ~ ~ ~ ~ A ~ A ~ ~ A ~ A ~ A T ~ T A T A ~ ~ ~ A T A ~ T A T ~ T A T ~  
C F E Q N K F K I S W C R V Y K D K A I G Y N I E N N T K i I G N I P D Y I K I 

7681 ~ T A ~ ~ ~ T A T A ~ ~ A ~ T ~ T ~ ~ A ~ A T A ~ ~ ~ T ~ A ~ ~ T ~ A ~ A ~  
N T P L K N G Y T V W R S C I D N K L R L S Y I D E K' V N K F T K R G K L L A ~ 

7801 " " " ~ 
E N R Y F D K Q I E Y D L Q Q 

O~5 m M I Y N N 

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
y * 

I D T D L I S L G K A K K F T E E E E K W I T P I Y Y E G E S L D F T L K N K Y 

8041 . . . .  
V K I N K I E E N S Y G K K F V T I K S K E Y S K I I E S I S E K L G T V S P I 

8161 T A ~ ~ A ~  ~'~ ' i ' I ' A ~ A ~ T ~ ~ T ~ ~ ~  C%'f I"~ ~ ~ A G ~ I  'I'I ~ A ~ A T A T A T ~  
S S D G S F R A F I N N K T K I N E K N L D D V S F N A C V S L V F P T I Y K D 

828] ~ A ~ ~ c  l'i'l ~ A ~ ~ A ~ ~ A T ~ A ~ A ~ T A ~ A ~ T ~ ~ ~ . ~ - I . I . I ~ i  
T E K K T L Q i Y I K D L V V V E I I K D E L E I E L D K L S L A M' ~ 

~,- ~ . . . 

840] ~ ~ A T A ~ ~ ~ T A T A ~ A ~ ~ ~ A ~ ~ T A ~ ~ A ~ ~ ~ i  
O~6m M E Y T D Y G Q I K I Y E T L E E D L D V S T I K N T p i E C i E M K L S y 

8521 ~ T A T A ~ T ~ T A ~ ~ A ~ A ~ G  ~ A ~ T ~ T A T i ~ T ~ A % . i , I  ~ i ~ A ~ A ~ ~  
C G I Y N N R E L P I M V G S K F D L H D N I L G I K G Y F I I D G I C K S V N 

864] " " 
N I K M T E R I S F S K D R A Y L T D N S K I E I K D M E N Y V I K K D N K S R 

8767 ~ G ~ ~ ~ ~ T A T ~ T ~ T A T A ~ ~ ~ ~ [  m i ~ [ ~ i ~ T A T A T A ~ ~ T ~ A T ~ ~  
K W S L P I N W R D I I K Y S S N K K E L E D H L S L i Y T K S D K V I K N E I 

. . . 

8881 A ~ T ~ A ~ . ~ , I ' I ~ A ~ A ~ T ~ ~ A ~ % ~ ~ T ~ ~ ~ T A T A ~ T A T ~ T ~ A ~  
D L M I I C Y M F E C W L G I K K E S V H P W R L I T P G E L I Y D I I N K G E 

. . . 

900] A ~ T A ~ v I ' I ' I ~ A ~ T A ~ G ~ . ~ T A ~ T ~ ~ ~ ~ A T ~ T A T A ~ A ~ ~ T ~  
D V V K C F R T N T W K V K Y I N N V N S V S E D M K H Y N I V G D I E I R R 

9121 ~ T ~ T A ~ ~ ~ ~ T A ~ T A ~ ~ A ~ T ~ T A T ~ ~ G T A ~ ~ I % . I ~ A ~ A T i  
I T I P T Q R E N T N M E N R M V K L E D K y K I C p V Q T S D G A L C G T V y 

Fig. 1 (continued) 
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9241 TrATCTATGTAAAGATTCAAAAG~ITACTAATAC~GTrA~GAAGAAGGAAA~ITATCA~I'± Ti'1 ~ A T A T A T A ~ A ~ A ~ T A T A T  
Y L C K D S K V T N T P Q K V I E K E E G N Y H T F L N S V Y I G K T S I E Y I 

9361 AAATAAAC-hTAAAGATAATGGTGATATCCATAAAATA AATGATATATACTATA'I'±'±'ICA~TAGATATGGGAGAGTCA[[TAAATCFjI~TI~CAATTGTTA~A~~TA~ 
N K H K D N G D I H K I N D I Y Y I F N R Y G R V I K S N S I V S Y T A S L I P 

9481 ATACAGA~AAATAATCL~L~LL~TA~TAGATC~ATGTITA~TGATGAAACA~TATCAGGAGAAAATATATATTCT~A~TA~~TA~ 
Y R K N N P P I R S M F S C S M M K Q A I S G E N I Y S K N L L N T K S L I F G 

9601 AGGAT~TCACGATATI~TAGTAGCAATAATC~ATGGATATAATATAGAAGATGCAATIGTA~TAAATAA~~~A~~A~TATA 
G L G H D I V V A I M P W Y G Y N I E D A I V I N K K T A S K F R S R K C R I Y 

9721 TAGAGAAAACAATIC~AAGATAATAGGTA~ITATGTAAAGAAAAATCAATATATAAT~AAA~CI~Ti.rACAAAACTTATAAC~TTAGTAAAAA~ATA~ATATA 
R E N N C K I I G I Y V K K N Q Y I I K G Q L L Y K T Y N P E L V K T I E F I Y 

9841 T~TCAAGATGGAACAATAGATGAACT3-~AACATAGT~TAC-ATAAAAT~AG~TATAATTAAA~~A~A~T~~A~~ 
S D Q D G T I D E L K H S E K Y I K L V I I K E R D L E V G D K M T S R H G Q K 

9961 AGGAGTAGTATc IT rAATA~CAATAATGAAA~A ~ITATrACGAAAAAAATATGAAAAAAGAAATIGATCTCTTAATAAATCCACACC4C±'i'I'CCCA~~~ 
G V V S L I L N N N E M P Y Y Y E K N M K K E I D L L I N P H A F P S R M T M G 

1 0081 CCAAATAAAAGAAATGGGTAATAACGAAAAAGAAGTCTATGTAAACAATAAAAAACTAGATAATAAAATA~GAT~.~T±.rACATGGc~AGACACCAAGT~GA~T~ 
Q I K E M G N N E K E V Y V N N K K L D N K I L V G R C F Y M A L R H Q V D D K 

10201 ~.ATAC-AATACAGAAATTCAGGAAATATAGATAT AATTAACAAACAACCAGTA~AAAAAGAATAA~AAGA~TGGAAAGAGATATA~ITAATA~AGG 
I Q Y R N S G N I D I I N K Q P V S G K K N N G G L R F G Q M E R D I L G L G 

1 0321 ~GCATGGAATACATrAAAAGAA~TAGACAAAACAAACATATA%~`~IV.~CL.L~TAAA~TTAATCCCAAATGCIGCAAAATAAAAAGAGAATCACACC~ATA~ 
A W N T L K E L W S I D K T N I Y V C P K S G K I N P K C C K I K R E S H Q Y F 

1 0441 TAA~TA~I~I.i~AG~TATATGCGTCK~C~CGATk~Tri~ATCAAAAATAATAAATA~TAATAGAATTI~GA~CAA~~~ 
K I C L S Y M R A L G H D I L I K N N K Y S I I E F D P S D L K K T T T L K F G 

10561 TGATCITGATCCAT~`GGATATCAGAATATACAGAAAAATAGTAGTATrACCACTA~9±.~.~`AAGATCAAC~TATCTAAATAAAqTATATACAAAACATITAGATAACA~TA~ 
D L D P L D I R I Y R K I V V L P L C L R S T Y L N K L Y T K H L D N T K E I E 

1 0681 AAAAGAAATAAAAAAAYTACTAA~AGTAAAAAA~ACCACAAATTAGTAGAAGGCCATAGAGTGGATCACTC.C~TAAGA~ATAGTACCAGATCCTACAT~AGACATATA 
K E ! K K L L K S K K G A Y H K L V E G H R V D H C I R S V I V P D P T L D I Y 

10801 
T V K I P L G A N I S T S Y G I L N R Q P S L N V D S M K I V K L I Q G K N K T 

1 0921 AATAA~TCCATTAc±.~.±GTAAATCATITAACGC~GA~±.±.~.~GATGGTGACGA~A~GAATATATA~TAAAAAACGAAC~AGTATACAAGAATTAAAACAAAAA~TAATAGT 
I S F N P L L C K S F N A D F D G D E M N I Y G I K N E E S I Q E L K Q K L I V 

11041 TAAAGAAGATAAAA~GACTATATATrAGGAAAAGAAATAATAAATAAAGGA~~TAGACAAGGCATAAAAT~AATGATCGAAAAAGGATCTAAAGGCAAAGAATITAA 
K E D K T Q D Y I L G K E I I N K G L T A N R Q G I K L M I E K G S K G K E F N 

11161 T~ATACACATA~TAGGTCAAGTAACTATAAA~GAAAACATAAAAAC~ATATAGATCAACCITAC~A~TAA~GATGATGA~fGGTATATACTA~A~ 
y T H M F E K i G Q V T I N E N I K T Y I D Q P Y N S E I K D D D W Y I L S M A 

11 281 ~GCAAGACAAA~GC~TC~AT~GGTG~AACA~T2A~ACITAG~A~CC~AA~YATATT~*AAATAAA%.TACATGAAAAATATAAT~TCA~ 
A R Q S A A S I G V N T P I T G Y L E S V C N Q M * M F F I I E S P K 

11401 C~k±.±.±.±CITAT±.±.±.±~±~ATATGCTCAATACTAT~ACI~AA~CTAGATATAGGATTAATA~±.±.~.~GAGATAA~ATAAC-A~TCATA~±%.i.~T~TA 
E I K K N K I H E S N S L K L S S I P N I N Q S L A K E I V S F D Y K N E Y Y 

11521 ~ACITAAATCC~-TAAATCTAC TATATCACAACTATIGTCTGAAAAATATCTAATAAA~±~±.~CCA~~T~.±.AAc~i.±~AACTAATITATTAACCTTGCK~AnITAGT 
A P K S L D E L D V I D C S N D S F Y R I F K G D E R R K V K V L K N V K A N T 

11 641 AATAAAC~i~±T±.±.ATACTATTAATCTCATCAATrAAAGATGCATCACTACCAAATGTATGAA-~AGCACTAAGA~AA~GTAATTTAAAT~b-T~AAAATATC 
I F R K I S N I E D I L S A D S G F T H F A S L T R Q T V E S F Y N L N N L I D 

11761 ~TIV'ATICA~±.~.±.~CCA~ATAATCAACATCACAT~CAATAACAAATIL.TGCATAATA~CTATCTAACCATCTAA~TATATATGG~ ',~ATAAACTCATTA 
E N M ~ORF7 

• K E V Y D V D C V I V F E A Y Y E F S D L W R I P P L I Y P G E Q I F E N 
• . o . . , . • io ~ • 

11881 cc~Gc~mh~rr~'['~'~',~Ac~A~AcA~A~ccm~T~cmmm~m'~A~~<~<~~~A~ A 
G P K L T L K I K G K S N C K S G I L Y S S L I E K P I D N S X x K r, ~, u v ~ 

12001 ATAG~TACi}AATC~AAA~ATAGA~TA}AAAATAGATITCATATA~C~ACAAAATAAA~AATACS" ± ' C ~ m C A G A C A A ~ A ~ ~ T A ~ m ~  
I A Y M • ORF8 

ORF9 • M E I I E Y K I D F I Y D K I N E Y V W S D N F Q L S E E W E I L R L K 

12121 AAAA(~GAGAACATrACAAAAATCITACATC.GATAGATCL~-ATACACAGAACCAAATA~TATACAATIC.CCh-TATA~TAAATGGTAq~T~TACATAA~AAAGGA 
K T R T L Q K S Y M D R S P Y T E P N T Q Y T I A L Y S Q N K W Y C L H N G K G 

12241 AACGTAATATCACCACTAAGAAAAAA~TI~A~CTIV~AATAAqTAAATCAAC~±.i~rACC~±.rlT±~AAC-AATATACAAAATACAA~TI~CCAq~-TAATGATGACA 
N V I S P L R K N P E I P N L K I I K S T F T P F L T I Y K I Q F D F H V M M T 

12361 TTGCTAAATITAAA~GA~GAAATAAAAGTCCTAGAA~GA~CTAACAGAA~GAATAATAATATACAATAAAATGAAAAT~AATGTATATAACTCCCTA`~.~±.±L~A~ 
L L N L N D E I K V L E F K R P S L T E G I I Y N K M K I N V Y N S L F S Y K 

12481 GGCGAAAATCAAAAAGAAT.fC-AAAT~ATIL-~IV~CAT.fAATACTAAAAAAA~TATGAAAAAGATAGCCCAAA~ATAATAAAACTATACIc.AAAAATATCATIcIUAGATGA~T~ 
G E N Q K E F K L F C I N T K K M Y E K D S P K I I K L Y S K I S F S D D T H K 

12601 TCAA~C~.±~GAACATGGTATAAAGC9~AAAAGAGAAAATCAACAGC~~TATCAZAAATACAA~TAGTATAGAA~TAGTAACA~TAT 
S I D F R T W Y K A K R E N Q Q E W P K I S K Q L E N S I E F P K N S N I W Y 

12721 TATTATCCACAAAAATT~fAGGC~AGCAAGAAGAAATGATGATAACCC-~CTACAATTAATACCAAAAATATATAAAAAAGACCATIL-C/A~AACAAAAACACAAATCTATATCATTAC 
Y Y P Q K F V G L A R R N D D N P L Q L I P K Y K K D H S K N K N T N L Y H Y 

12841 CTACAAA~CC-AAA~AACGATGACACAATAAAAATACCL-C~CACACTAAGAAAAC.GTGA~TATGC-AAAAC-~AATAAAAAAATTAACAAACGAAAAATACATAGAAA~G 
L Q T G K P K N D D T I K P H T L R K G D L K Y A K Q I K K L T N E K Y I E M 

12961 TCTTACAATGC~GAAATAATAGAAAC~c9~CAAAAATCCGGAATATTACATGTACAGAAACATACTAATAAAAAAGACI~j~CATAAAAATAAATATAGA~Y/fAGATGcI~AA~A~C 
S Y N G E I I E T D K N P E Y Y M Y R N I L I K K T D I K I N I D L D A Q L L N 

1 3081 CAAAATAATGAAAGAATAATGATCITAAAAAACAATAAATGGATAAAATCACAA~GAATAAkAAACATCATAACAATACCATGGAACTATAAAC-AAATACTACA(3GA~A~T 
Q N N E R I M I L K N N K W I K S Q G P R I K N I I T I P W N Y K Q I L H D Y N 

1 3201 AAAT~AGGAAGA~GGTAAAATAATAGA~CATAGGAATAGTAGACGAAAACC.CAACAGACATAATAA~GAAA~CITATA~AAAACA 
K L G R L K K G K I I D L S N I G I V D E N A T D I I T W P E T E N L Y S S K T 

• • . , .  • 

13321 TTAGAkACTCAAAGAC ITA~ITA~~GAAAAACGTkAAAAITAAAGTCATATATGATTAGTIL-'IV-AACCc± ± ±CCAAAATGACTAAAAAGCAkATTAATAAAGCACTAAAT 
L E T Q R L I T F K F Q K N V K I K V I Y D * ORFI0 ~ M T K K Q I N K A L N 

13441 TCACTAACAAACIL-TATCA~AACGACATAATAGAAAAAATTGACGA~TAAGCGATGATGAAAkAGAATCCATAAAAGATGTAGTCAAATCTTACAACAAAACTAAAACTA~ 
S L T N S I I N D I I E K I D D L E I S D D E K E S I K D V V K S Y N K T K T R 

• o • • 

1 3561 TCACLL-L-L-'gAAAATACC Aq~AGAAAAACA~TCCAAAGAAT~2ATGCAAAAACGGAAACAAATGTAOSGTCL-CAAAATGCTACAATGGCA~~~~ 
S P P K I P L E K Q C K E L C K N G N K C T V P K C Y N G I C W A H M S K S E R 

Fig. 1 (continued) 
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~a~TACi~Cr~aTT~CraahTACmaC~'~aTa~aTTa~aT~a~AT~J~AT~~T~TATA~~C~'~'m~ 
E E Y R L I K E A K I Q T K * I I 

j 

t 
TACA~I'±'I'I~TCTAA'IT f I'I'I'±T±'IGCI~±TI'X'I'I"i~CACGATACA~Cqq~ACCCATAAAAAATATATCTATA~TATACCITT] 

13801 

13921 

1 4041 

14161 

14281 

Fig. 1. Nucleotide sequence of the pSKL plasmid. The sequence 
of pSKL (14281 bp) is shown together with the predicted amino 
acid sequences of the 10 ORFs. The terminal 600 bp sequences 
have been reported previously (Kitada and Hishinuma 1987). The 
terminal 483 bp identified as inverted terminal repeat (ITR) se- 
quences are boxed. The initiation sites and the directions of tran- 

scription of the ORFs are shown by arrows; the sites of translation- 
al termination are indicated by asterisks. The upstream consensus 
sequences (UCS) are underlined. The accession number of the se- 
quence is X54850 in DNA Data Bank of Japan, EMBL, and Gen- 
Bank 

plasmid. Escherichia coli strain JM83 was used as a host 
for the subcloning of  pSKL DNA. 

DNA sequencing. The D N A  fragments of  pSKL pro- 
duced with appropriate restriction endonucleases were 
subcloned into pUC13, pUC18, or pUC19. The DNA 
sequence was determined by the chain termination meth- 
od (Sanger et al. 1977) with a sequencing kit from Tak- 
ara Shuzo Co. using M1, M4, and RV oligonucleotide 
primers and [c~-aSS]dCTP (Amersham). 

S1 mapping. Total m R N A  was isolated from S. kluyveri 
strain UVC40. $1 mapping analysis was performed as 
previously described (Inokuchi et al. 1987). 

Miscellaneous methods. Manipulations of  D N A  were 
carried out by the methods of  Maniatis et al. (1982). 
All enzymes were used according to the recommenda- 
tions of  the manufacturer.  The nucleotide sequence was 
analyzed using the G E N E T Y X  software (Software De- 
velopment Co., Tokyo), and amino acid sequences were 
compared with the N B R F  data base. 

Results 

Nucleotide sequence of pSKL is highly homologous with 
that of pGKL2 

We have previously established a restriction map of  
pSKL DNA using several restriction endonucleases, and 
subcloned all EcoRI fragments into EcoRI (for internal 
fragments) or EcoRI--SmaI (for terminal fragments) 
sites of  pUCI3  (Kitada and Hishinuma 1987). To ana- 
lyze the gene structure of  pSKL, the nucleotide sequence 
was determined directly using these nine EcoRI sub- 
clones or using plasmids containing shorter fragments 
after further subcloning. To determine the sequences of 
the junction regions and the order of  EcoRI fragments, 
we further constructed subclones of  pSKL D N A  by us- 
ing several restriction enzymes. Where there are no re- 
striction sites available within about 300 bp, a series of  
deletion plasmids was obtained according to Henikoff  
(1984). The sequences were determined at least once on 
both strands and showed that the pSKL D N A  was 

14281 bp long (Fig. 1) and had a high ( A + T )  content 
(A, 36.6%; T, 35.1%; G, 15.3%; C, 13.0%), which is 
almost coincident with the value derived from buoyant  
density measurements (Kitada and Hishinuma 1987). 

To determine potential protein coding regions, the 
nucleotide sequence of  pSKL was analyzed for the posi- 
tion of  stop codons in all possible reading frames. In 
this analysis, the pSKL sequence reveals 10 ORFs cover- 
ing about 90% of the genome (Table 1). Several ORFs 
overlap (ORFs 1-2, ORFs 4-5, ORFs 7-8, and ORFs 
8-9; see Fig. 1), as observed in pGKL1 and pGKL2,  
the killer plasmid ofK.  lactis (Stark et al. 1984; Hishinu- 
ma et al. 1984; Sor and Fukuhara 1985). Surprisingly, 
the orientations and locations of  all ORFs were quite 
similar to those of p G K L 2  (Fig. 2), although we could 
detect no obvious homology between pSKL and p G K L 2  
by Southern hybridization under the conditions of  50% 

Table 1. The ORFs of pSKL and characteristics of the predicted 
proteins 

Nucleotide Number of Similarity 1 
positions amino acids (%) 

ORFt 578 1276 233 42.5 
ORF2 4275- 1279 999 61.7 
ORF3 5977- 4286 564 61.5 
ORF4 6170- 7924 585 66.8 
ORF5 7908- 8384 159 62.9 
ORF6 8408-11362 985 63.3 
ORF7 It 76%11 374 132 52.3 
ORF8 12011-11769 81 63.0 
ORF9 12013-13386 458 53.5 
ORFt 0 13408-13722 105 42.8 

The analysis of the open reading frames revealed 10 predicted pro- 
tein coding regions (ORF1-ORF10) in pSKL. The number of ami- 
no acid residues and the molecular weight of each predicted protein 
were calculated by assuming that each ORF is translated from 
the first ATG codon, except for ORF8 in which a predicted protein 
having 92 amino acid residues was originally found. However, 
based on $1 mapping, transcription initiates between the first and 
the second ATG codons. Therefore, the protein from ORF8 could 
be translated from the second ATG codon and comprise 81 amino 
acid residues instead of 92 

1 Percentages of identical amino acid residues with that of the cor- 
responding protein from pGKL2 are shown. Gaps were inserted 
for maximum matching 



102 

pSKL ~'//.~ 

0 6 B 10 

1 

E g 
4 5 6 

I - - > E C > [  ..... ; 
E E 

12 l~(kb) 

r---L>8 
E,Eg 

IU/,.4 

I 
[ZZ> 

pGKL2 

3 
< K I 

E ~  E E, E E 

2 3 
< K I 

7 8  
CK1 

Fig. 2. Genome organization of 
pSKL and pGKL2. The location 
and the orientation of ORFs are rep- 
resented by arrows. The EcoRI (E) 
sites are shown to facilitate orienta- 
tion of the plasmid DNAs 
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Fig. 3. Harr  plot analysis of ORFs 3 and ORFs 4 from pSKL and 
pGKL2.  Each dot  was drawn when the minimum mean scores 
(Staden 1982) were more than 2.0 in 10 amino acid residues using 
the HARPLT program in the GENETYX software 

formamide and 4x  SSC ( l x S S C  is 0.15M NaC1, 
15 mM sodium citrate) at 30°C overnight (data not 
shown). Furthermore, the amino acid sequences of pre- 
dicted proteins from the corresponding ORFs showed 
high degrees of similarity between pSKL and pGKL2 
(about 42% 67%) (Table 1). Moreover, the homologies 
of the ORF products between pSKL and pGKL2 were 
found throughout the entire length of each protein. Two 
examples are shown in Fig. 3. These results strongly sug- 
gest that pSKL and pGKL2 are derived from a common 
ancestor. 

Determination of transcriptional initiation sites of pSKL 

In order to see whether these ORFs represent expressed 
genes, we examined the transcripts ofpSKL by SI nucle- 
ase mapping analysis• The probe DNA fragments were 
hybridized individually to total RNA from S. kluyveri 
UVC40 cells. Since the mRNAs from ORFs 2 and 9 
were hardly detected by the use of total RNA, poly(A) ÷ 
RNA was prepared to concentrate the mRNA, and was 
used for S1 mapping analysis. DNA fragments protected 
from digestion with nuclease $1 were detected in all 
ORFs, showing that the 10 ORF regions are transcribed 
in S. kluyveri cells (Fig. 4). Two or more bands were 
observed in the case of ORFs 1, 5, 7, and 8, suggesting 
that these genes are transcribed from multiple sites• The 
starting site of transcription deduced from the data of 
Fig. 4 is shown in Fig. 1. The 5' untranslated regions 
of mRNA from pSKL are relatively short (0-24 nucleo- 
tides) except for ORF5. There are no ATG codons in 
the 76 bp upstream of ORF5. We originally predicted 
that a protein of 92 amino acid residues was encoded 
by ORF8, but the 5' end of the transcript from ORF8 
region was found to localize between the first and second 
ATG codon. Therefore, we concluded that its transla- 
tion should start from the second ATG codon (positions 
12011 12009), and that a protein of 81 amino acid resi- 
dues is produced from ORF8 (Table 1). 

ORF2 and ORF6 probably encode a DNA polymerase 
and an RNA polymerase, respectively 

The amino acid sequences derived from the potential 
coding regions of pSKL were compared with those of 
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Fig. 4. $1 nuclease mapping of the transcripts of pSKL. The isola- 
tion of total cellular RNA from Saccharomyces kluyveri UVC40 
cells and S1 mapping were performed as described previously (Ki- 
tada and Hishinuma 1987). One hundred micrograms of total RNA 
was used for the detection of mRNAs from ORFs 3, 4, 5, 6, and 
9, and 200 gg of the RNA was used in the case of ORFs 7, 8, 
and 10. Poly(A) + mRNA (about 50 gg) was used in the case of 
ORF2. The temperature during hybridization was 37°C for 
ORFsl-3 and 30°C for ORFs4-10. The following DNA frag- 
ments were used as probes. ORF1, HinfI(866)-left terminal(I); 
ORF2, BalI(4100)-AflII(4689); ORF3, EcoRI(5610)-NsiI(6325); 
ORF4, EcoRI(6395)-BglII(5845); ORF5, AsuII(8114)-AccI(7605); 

150 

ORF6, XbaI(8760)-AatII(8230); ORF7, SspI(l1467)-HinfI(12113); 
ORF8, AvaII(l1858)-DraI(12371); ORF9, EcoRI(12398)- 
NsiI(11680); and ORF 10, AluI(13705)-HaeIII(13288). The restric- 
tion enzyme sites shown first in each probe DNA were labeled 
at the 5' ends. Transcripts hybridizing to the DNA fragments which 
were protected from digestion with $1 nuclease are indicated by 
the arrowheads. Lane M shows molecular weight markers in which 
qSX174 DNA was digested with HaeIII and labelled at the 5' ends. 
The four lanes marked G, A, T, and C show samples obtained 
from the sequencing reaction using [c~-3sS]dCTP by the chain 
termination method (Sanger et al. 1977). The sizes of molecular 
weight markers are given in bp 

Region I Region II 

pSKL 638 VYADWSLYPSAMA~.r.k'~SYG 773 VAKIAT24GGGYGKFVQK 

pGKL2 633 VYADWSLYPSAMKLLKHSYG 768 VAKIADNGGGYGKFVQK 

pGKLI 638 LCLDVKSLYPASMAFYDQPYG 774 VILIIMSN-LWGKFAQK 

¢29 246 MVFDVNSLYPAQMYSRLLPYG 381 LAKLMINS-LYGKFASN 

PRDI 217 KVYDVNSMYPHAMRNFRHPFS 338 FYKLILNS-SYGKFAQN 

$I 485 YYYDVNSI, YPSSML-DDMPIG 615 IYKITMNS-LYGRFGIS 

pCIKI 667 YI'YDVNSLYPFASI-NDIPGL 793 IAKLILNS-LIGRFGMN 

Ad 2 536 YVYDICGMYASALT-HPMPWG 639 IAKLLSNA-LYGSFATK 

HSV 714 VVFDFASLYPSIIQAHNLCFS 809 AIKVVCNS-VYGFTGVQ 

EBV 581 LVVDFASLYPSIIQAHNLCYS 679 AIKCTCNA-VYGFTGVA 

Vacc 521 LIFDYNSLYPNVCIFGNLSPE 635 TYKIVANS-VYGLMGFR 

Fig. 5. Comparison of the potential polypeptide encoded by ORF 2 
ofpSKL and various DNA polymerases encoded by other plasmids 
and viruses. The following sequences were compared: ORF2 of 
the pGKL2 plasmid (Tommasino et al. 1988); ORF1 of pGKL1 
plasmid (Hishinuma et al. 1984; Stark et al. 1984), the bacterio- 
phage q~29 of Bacillus subtilis (Yoshikawa and Ito 1982); the small 
lipid-containing bacteriophage PRD 1 of Escheriehia coli (Jung 
et al. 1987a); the URF3 of the maize mitochondrial plasmid $1 
(Paillard et al. 1985); ORF2 of the mitochondrial plasmid pC1K l 

Region III 

876 LEIIYSDTDSIFVRK 

874 IDIIYSDTDSIFVKQ 

860 AEC IYSDTDSIFg~{K 

450 DRIIYCD'fDSIHLTG 

422 ERPLYCDTDSIICRD 

711 DDCYYTDTDSVVVER 

910 GTLYYTDTDSIVTDL 

864 LKSVYGDTDSLFVTE 

880 MRIIYGDTDSIFVLC 

749 LRVIYGDTDSLFIEC 

720 FRSVYGD'fDSVFTEI 

of Claviceps purpurea (Oeser and Tudzynski 1989); the viral DNA 
polymerases of adenovirus 2 (Gingeras et al. 1982), herpes simplex 
virus (Quinn and McGeoch 1985), Epstein-Barr virus (Baer et al. 
1984), and vaccinia virus (Earl et al. /986). The three regions pre- 
sented here are identical to those reported by Tommasino et al. 
(1988). The residues identical or analogous to that of pSKL ORF 2 
at a given position are indicated in boldface. Asterisks indicate 
positions where residues are identical among three sequences or 
analogous among five sequences 
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Region I 

w,~ www#. . . w. .w.~ ww **w.ww w~ 
pSILL 591 LRIIQVDDKIQYRNS~ I D I INKQPVS 

pGKL2 595 LRIIQVDDKVQFRNGGNIDI~TKQPVSGR/~S GGLRFGQME 

Sc140 1096 LRHMVDDKIHARARGPMQVLTRQPVEGRSRDGGLRFGEME 

EcB 1236 LNHLVDDKMHARSTGSYSLVTQQPLGGKAQFGGQ~ 

Region II 

pSgL 

pGKL2 

Ec~ ' 

Sc220 

Sc160 

Dm215 

w~ . , w w,www ww.w .ww ww. w *w ww 
765 LKSKKGA]UHKLVEGHRVDHCIRSVIVPDPTLDI3CfVKIPLGANISTSYGI 

764 LKSKNGAYIITLVEGHRVDRCIRSVIVPDPTLDIDTIKIPFGANIGCEYGL 

331 I KGKQGRFRQNLLGKRVDYSGRSVITVG PYLRLHQCGL PKKMALELFKPF 

329 I~KGKEGR IRGNLMGKRVDFSARTVIS GDPNI~ELDEVA~DRV~VLTYDE 

357 LKGKQGRFRGNLSGKRVDFSGRTVISPDPNLS IDQVGVPKS IAKTLTYPE 

334 LKG KEGR IRGNLMGKRVI)FSARTVITPDPNLRIDQVGVPR S IAQNLTFPE 

Region III 

wweww*w w 
pSKL 814 ILNRQPSI2g/DSM 

pGKL2 816 LI~IRQPSIg~gDSI 

EC~ ' 442 LLNRAPTIglRLGI 

SC220 443 LFNRQPSIAIKMSM 

Sc~ 60 473 LFNRQPSIJIRLSI 

"k*~" "kW~ W W'k~*'kWW:~q¢~ 
839 KTI SFNPIJAZKSFNADFDG DEMN 

839 KTIAINPLLCQSFNADFDGDEMN 

445 KA I QL HPLVCAAYNADFDGDQMA 

466 STFRLNLSVTS P YNADFDGDEMN 

496 PTFRLNECVCFPYNADFDGDEMN 

Fig. g. The three regions of homology between the product of 
ORF6 of pSKL and several RNA polymerase subunits. The se- 
quences compared are the ORF6 of pGKL2 (Tommasino et al. 
1988), the 140 kDa RNA polymerase II of & cerevisiae (Sweetser 
et al, 1987), the ~ subunit of E. coli RNA polymerase (Ovchinnikov 
et al. 1981), the ~' subunit of E, coli RNA polymerase (Ovchinnik- 
ov et al. 1982), the 220 kDa RNA polymerase II of S. cerevisiae 
(Allison et al. 1985), the 160 kDa RNA polymerase III of S. cerev- 
isiae (Allison et al. 1985), and the 215 kDa RNA polymerase II 
of Drosophila melanogaster (Biggs et al. 1985). The residues identi- 
cal or analogous to that of pSKL ORF6 at a given position are 
indicated in boldface, and positions where residues are identical 
or analogous among three sequences are marked by asterisks 

known proteins. The deduced amino acid sequence from 
ORF2 shows homology to several DNA polymerases, 
especially those of bacteriophages, viruses, and plasmids. 
Some examples are listed in Fig. 5. ORF2 contains the 
three main conserved domains described for various 
DNA polymerases, which are thought to be involved 
in nucleotide binding (Jung et al. 1987b). The first eight 
sequences listed in Fig. 5 are postulated or have been 
shown to use a protein as a primer. In addition, the 
relative spatial orientation of different domains within 
the proposed polypeptide and the expected molecular 
weight of about 100 kDa correspond well to viral and 
other plasmid-encoded DNA pol~aerases. Thus it is lik- 
ely that ORF2 encodes DNA polymerase. 

A comparison of the ORF6-derived amino acid se- 
quence with that of known proteins showed homology 
in three regions with various RNA polymerases, as al- 
ready shown by Wilson and Meacock (1988) for the 
ORF6 product of pGKL2 (see Fig. 6). Sweetser et al. 

(1987) indicated that nine regions (A to I) are homolo- 
gous between the 140 kDa RNA polymerase II of S. cer- 
evisiae and the fl subunit of E. coli RNA pob~nerase. 
Indeed a sequence similarity between the region I and 
that of ORF6 of pSKL was observed. This region is 
also homologous with the ]~ subunit of the chloroplast 
RNA polymerases of Nicotiana tabacum and Marchantia 
potymorpha as shown by Wilson and Meacock (1988). 
Furthermore, among the six regions (I to VI) which are 
homologous in the 220 kDa RNA polymerase II of S. 
cerevisiae, the 160 kDa RNA polymerase III of S. cerev- 
isiae and the/~' subunit of E. coli RNA polymerase (All- 
ison et al. 1985), two of them (II and III) have similari- 
ties with the amino acid sequence of ORF6 of pSKL, 
and are also homologous to DNA polymerases of bacte- 
ria and bacteriophages (Allison et al. 1985), RNA poly- 
merase II of Drosophila melanogaster and the/~' subunit 
of Marchantia potymorpha RNA polymerase (Wilson 
and Meacock 1988). Thus, the predicted protein derived 
from ORF6 seems to be an RNA polymerase. It should 
be pointed out that the 22 carboxy-terminal residues 
of region II in RNA polymerases of S. cerevisiae was 
proposed to have a helix-turn-helix structure which is 
known as a DNA-binding domain (Allison et al. 1985; 
Ollis et al. 1985). The proline residue at the center of 
the " turn"  structures are conserved in all RNA poly- 
merases listed in Fig. 6. 

Discussion 

The complete nucleotide sequence of the linear DNA 
plasmid pSKL was determined. Analyses of the protein 
coding regions and the transcripts of pSKL showed that 
there are 10 ORFs and that all ORFs are transcribed 
in S. kluyveri cells. The genome organization and the 
structures of each protein derived from pSKL showed 
similarities with that of the killer plasmid pGKL2, sug- 
gesting that these plasmids evolved from a common an- 
cestor, even though S. kluyveri and K. lactis are classi- 
fied into different genera of yeast. 

Although the terminal inverted repeat sequences of 
pSKL and pGKL2 are quite different, the terminal se- 
quences are identical at 15 out of 16 positions. Since 
the terminal sequences seem to be important for the 
replication of the linear DNA molecules (Guti6rrez et al. 
1988; Tamanoi and Stillman 1982), this similarity may 
suggest that the terminal protein of pSKL shares homol- 
ogy with that of pGKL2 in its structure and function. 
We believe that the terminal protein of pSKL ptasmid 
is encoded by pSKL itself, similarly to adenovirus and 
~b 29. The amino acid sequences of the terminal proteins 
in ~b 29 (Salas et al. 1978; Salas 1988) and adenovirus 
(Atestr6m et al. 1982) have no similarities to any ORF 
products in pSKL. Since the molecular weight of the 
terminal protein of pGKL2 is about 36 kDa (Stare et al. 
1986), this size of protein can be encoded by ORFs 1, 
3, 4, or 9. Another possibility is that the terminal protein 
is produced by post-translational processing of the pro- 
tein from ORF2 or ORF6 which are assumed to for 
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a D N A  polymerase and an R N A  polymerase, respective- 
ly (see above). 

The killer gene encoded by pGKL1 was not tran- 
scribed accurately when the pGKL1 D N A  was intro- 
duced on a circular replicating plasmid (Romanos and 
Boyd 1988). The p G K L  plasmids seem to have novel 
promoters that are inactive on circular plasmids which 
replicate in the nucleus. The upstream consensus se- 
quence (UCS) of  A C T N A A T A T A T G A  (N; any base) 
in pGKL1 was found 13-18 bp upstream of the tran- 
scriptional initiation sites (Stark et al. 1984; Sor and 
Fukuhara 1985). In a search for the UCS sequence in 
the upstream regions of  each ORF  in pSKL, the above 
UCS was not found, but the shorter sequence, ATNT-  
GA, was found 1(~35 bp upstream from the transcrip- 
tional initiation site of  all the ORFs (Fig. 1). The UCS 
of pSKL, which is similar to that of  pGKL1 and pGKL2  
(Wilson and Meacock 1988), may function as a promot-  
er in the linear DNAs of  yeast. The UCS of ORF2 in 
p G K L I  was shown in fact to direct cytoplasmic expres- 
sion (K/imper et al. 1989). Stem-loop structures are lo- 
cated downstream of the UCS in pGKL1 (Stark et al. 
1984; Sor and Fukuhara 1985) but these structures were 
not found in pSKL. 

The finding that D N A  polymerase of  the linear plas- 
mids in yeast (pSKL, pGKL1,  and pGKL2)  are highly 
homologous with the viral enzymes (Fig. 5), suggests 
that these plasmids are viral in origin, although we have 
not found the virus-like particle in yeast cells. The plas- 
mid pGKL1 encodes the killer toxin whilst the immunity 
determinant genes are lost at low frequency during the 
maintenance of  K. lactis cells. This may imply that 
S. kluyveri cells previously had two plasmids but now 
retain only pSKL. It would be interesting to investigate 
whether pSKL can functionally replace pGKL2  in the 
maintenance of pGKL1 and the expression of the immu- 
nity determinant. 
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