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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 S1 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 etal. 1990), including
adenoviruses (Friefeld et al. 1986) and bacteriophage
¢ 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 et al. 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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Fig. 1

AMAAGGTATAGATATAGATATATTTTTTATGGGTTTGGAAGOGGGAAGTGEAAGAATGTATOSTGTAAAAAAAGAGCAARAAAAAAATTAGATGAGAGAAGGGGARAAGAGGGGAGTGTA
TCATGTGAAAAAACCOGTCAAAATCAAGAGAAGGGAAAAA GRGGAGAGTG TATCG TGAGGAAAGTGAAT T TIGAAGAAGAGAAGGGEAAAAGAGGGGACTGTATCGTCTAAGAAGGGGGT
ATTATAAGAGAAGEGGATATTGGTAGAGTGTATTGAAAA TG TGGCTTAGCARAAATAGAAAAAGGGTARAAAATGGGGGATAARAAAARGAR AR AAACGGTATTAAGGGGAGRAGGGGAA
AAGGGTAGAE;’IGTATOGméAAAAAGmAéTmAAAAmAAGAGAAGGGéAAAAGGGrAéAGmTAmG&GGGGGAAAGiGAGTrrAAAi?GAAGAGAAGéGGAAAAGGG’I?AGAGﬂGTMﬁ

GTGAGTTTAAATGAAGAGAAGGGAAAAAGGGGGAGTGTATOSTATAAAAM?D3AATAT%JTTT%TTTGAEGGGATT%AGTAEE?AAAﬁTG%AAATGGATgAE%GGTTGTT
M D

TAGTGCATATAGTGGTGATT%E%AGACGTATTATH?H}R1HﬂEﬂ%AGTGGAGAGATGAGTGAAETGGAGGTB333DSTATTAAGAAﬂ33IKEHHHHQGAATATAAAGTTPDZTTTDSA
S AY § G DY § G Y I EMSELEVACII KNGCT FULNTIZE KT FSTFE

GAEETTGAAGAGGTTTﬂ3TCATAGTAGGCCAGATTH?R?RJR?T T31KﬂKHIH%AGTTT%ET%GTAAGAATTATATTAATGAET%HTT%ATTGAGAAATACAAGCCATTPEHB?H?HS
L KR PF H DLCGYA AV K S K I N I K Y v

GIATCCATCTTTTTGTTCTTA TCHK1RJ;TATTDSTATTTATTGGAGAATTPT GTTTTTGAAGT TANB3H333TAAGGCAAIT%TT%ECHTCKFJT%E%ATGAETT%T%ITTTTCGTA
Y P S FCZS& Y E L N F K F L Y NV G K A I Y Y

TGATPPRB¥RIIKB{%EGGAGTTATTTGT?B?KXETCAGTTTTT%ATAACAAGGAGGTGTATGAGGATCAATTGAGTAAGGCTAAAGAGATTGGATAITTTT%TAAGTATTTGGATAT
DFEPEMEHTL VSASVFNNK vV Y D QL S K KEIGY Y Y

TGATAGTGAGAGTAGTTTGGAGGTA TTGAAGGAGAATATAGAGACAGATTTTGGGTPHHWIKH%ATACAGT’T%EGGGGAGAATGAACETTGTGAAGAATATGAGAGGAAA
S E S § L vV P L ENTET F G F D T VY GENETLTCE E F F

TAGGTCTTBjSA AATAAGGGTA GGGGTGAAéGAGCﬂTGATGAAGTGGTTA GGATGGGAGGTATﬂﬂXV¥?PPB3TTTTRR?H3TTTTATTAJTTHKHX?KIHH?PTACEET
R K I EGVKETLDEVVRR
* T QKIDXITI KDTTUWVT

GACAAGTTTU(HHKHTA TTT(EAAAEGGTATRIHKHTTTEH%ICETTTTTGTGT%GTAAGTATTCGAACTQ?DCTATFGATAGCATGAAAGTGGGTACGCCTTTACAAEGTAGTTT
vV L K Iz F H A L KR DK L EFQDTIGSL T P VG XK CHULK

TGTTATT%E%ETATTTPBSPT ITTTTGTATRRB¥¥KKET TTPHRIKKIH(Eﬂ%TTAGCATATAGTGTRTTATR31?PTTTTB?TTTTATOGATﬁ?R?:B?FET AGTTCACCTAA
N N N K QF A Y M KP GG H I ANKTIXDTITSDULEGTL

GTTTTTTCOGCAAGTGT TP T TGAATAGTTCCCAGTCIATIGT AITT?TTCETA IﬂEGCBSTCAGI%EfEKﬂGTATATIATTD3TAATCCTP:AAATTTTTR??&HNJ?PDSEATHG
NKGCTUNI KV FULEWDTIT K R V F T I EL GEFKI KO CTLN L

T(ﬂGT%EEEGGAAGCGCTTAGTATGGAGACACCACACTGAGTAGAGTAT%ETGGGTCGICEE(HKHTTCE%IT TCATT&TGT(EH%GT(ﬂTCACCATCCAAGTTAAAAAATTTR}?TTT
R YR S A S L S V.G CQ S Y DDRETITIMEKUPDYTDE F F K P K

TTIGACTA' TB3PTTPKKH%TACATATPBZB]IHTTT(EITTTGGGATAAGTTTTfGCATH3HlZHRIHKX3KFﬂEﬂfHTTTGACTATGTATACPDZTTTAT:TRTBJSPPTTD?TAC
K v I R K I CI EGNENO QSTLNZETC CEGA AV VDRIZEKYV Yy VEEKDIPIEKOQYV

AAAETTTCO§TAGCCTCCAéO3TTTAATGCTATTTTN}IBKIEET(ET TGGGGCATGGTTGTTCTTTACATTTGCAGT TTGTGTGAAT AECHﬁTTﬂAﬂGTATATAGTTT%JCE%TAAA
FRKGYGGGNUNTULATI A MRIPCPQEIZ RKCEKCNTHTIDTI XKTL Y K I

GHT%ETGAATATGTAGCEETT%ETTGGGTATTCENHHXIIQEHGGCAAA AAETTfEAATCCTD3TP3TRTB333NPTAGTAAGTCATAAGTGTGGTAAGTACCE(HGTGTTCHTTGAA
N N Y G KNPVYEIGSHT CTITIETFGETU QTIHA-A L L DY T G R HEIKTF

G:AAGACCATATTAAITTUTTGTCT TT(ﬂTfﬂTGGGACGAAETCTAAAE%AIGATTTGGTTTTGAGTTTGAITT%EGT%EGAGGGIT%CGTCGTAT%ITEIEHGTTTCHTGAAGTTT
WS WIUL K DIRRPVFELYHNZPIEKSNSI KHTI I GH KNV FNDNI

AGAGAATACTQHHIH&RJ?TPTRX}}TAGGAGTGTTCE%GTAATTTE?ﬂﬂIKXRTTRRI?EATAAAGAGA(HHKJSTCAGCGTAAACT TT1CHTCGTTGTATGTACCATTTTTTCKHCKE%C
S H L K S L S Vv VD Y VI EEN T KA AV

TCPR]XKKEEATATAGAAETTEGGA TTGGTATTEET(HGAGGTRRIHKEH%I%AITCTAT?PPB:DS TCTAGGCTTGCTTCCATAATTTICATGCT TAGTIGGEATAGGGTGAR
I N RIVFOQYEZESZSTF?P N RDLSAEMTII KXMSLOQSLTTFEF

TGTTTTTICAGATATTGAGATTTGTAGGT ITTCTTTTACTAATTTTTTAAN TTTPH?IB¥HM3PH3PTD&ATB?CTA ACGTCTATGGAGCAGTATDSIRTH}ﬂHUTTCTATT TGGT
T K ES I SIQLNZEZ RKVLIEXIEKTFZEKXKOQWYVQZXKMATI S CYETIAZKETITIT

GGAGTT%ETﬁEﬂHﬂﬁR?PEA@SPHZPBCT TGTTGTATTTATTTTAAT%ETT%GTTTCHﬂ3¥H3{K}PPTAAAIT(H%JT%ITTTTEETTGA GITTTTATCCAATGAGGGTAAATTTTTTG
S NNT N DEETL K I N N H I I XKRQTZ XKTIWHPYTIZKSE Q

T%AATCTGGCCAATCTTTEATTAAAGAGTGTGGGAAAGAA&KIHT%ET%AIT%EGTT%AAEG[ﬂTT%GCAGCETT%HfI%AGCFF3PTAATATGAATAAGAAT}RﬁKﬂﬂHT%GTATAAT
L DPWDIZXTIULSHPTFSGZXK I V N DL S I F L IzI

TTTTGAA1GHTTGAAGTATAGTTCAGAGTAAGTT%TCATGTT%ETTTTAATT%TGT%TTT%ﬂEETTTRTACATTTUTT(ETGAAGTATJSTAGGACATGTTGGTAGTCATAACCAGAACC
K S8 HKPF N K I Y K K F Y P v Q G S G

AAACCAAGCATATAGTATT%(GTTTTT(ETTAAGTTTATTATAI@ETGTACAAAATCAITT%TGCAGTT&TTGCET TiCﬂ11T%IGTATAGAACCATPRHHHHTGACCAGCATATTAA
A Y L I N K K I1I Q F DNTIUCNZEKSGTI S G T K S WCTITEL

GTAN}IHHTTGGAA TTTTTFHIﬂH%GTAARBE&EKﬂFﬂIHCEAAGAA ATTTCTTCTGTA TTH?H?R3PH:UKH&CTAAT?PPPPEKHHTTTG ATTTTACCTATITTICTTIGT
Q F NXK ENT S E F F I EETNTDEVETLZRIEKIOQEKOQIZ KS GTIZ KT RT

TGGATCTAGTTTTGTT%TTACACCTAIEHXXXI3?PB3:ATTTTAGGAGTCTﬁ}3TATATTT1UHK3K?R3TAGACTATAT%ITTCETCATTGT%GTCAGTT%ET%AGTCETCCAIGGAATT
P D K TIVGIHGDNWIZXTILTILRATIN C S Y M 8 N

TACATATTGTATATCCATGAGAGCAGGTATATATGITAT TAT T TTCT TTTGGGGCAGCA TATCTTCTAATTTTTT%ITGTAGTTCCATTHKKXKXH%AETTTTEHA CACD?PPPTAA
VYQIDMILAPTIVYTTITIZ XKIZ KO QPTL D L K K NYNWZXGGULIKEUVCAQ L

ACAAﬂTTTCﬂHTﬁfH%IT%GAGGCTAAAAACAAAGTAAAGTCETT%AATTTTTTAAATPTR3PH?TB3TTTTAGGATACCAATTAT?TATGGATTTCCAT?PHRBHI¥KHT%ITCHT%T
C N ENZRNS L F L TFDIZEXTFI XKIEKPFERKRTTTZERKPYWNDTISIZ XKWTAQOQTTI I

TAATATTCTZ ”TACATACAAT?PPB;KEHHHHTH(HTCﬁT GTCTGGTRTDIEEKﬂﬂdH%EATCHTTiAAGGCTTTBiK3ﬂT(HTTEGTO3TAATCATEHPEKXﬂYﬂT(IﬂTGAAC
L IR C VINSEIZ KTETEYDTFP L A KTMURETD N P I G QV

GTTT%GT%ﬂTCEHTLﬂ1TCIHTGTGACACCACCAAATATQ?PHRHKXBXEEEGTGTT%AEGTTACGAAACAATAGTAATTATATPPRIWWIH%CATGTRB?KEHHT%A ATTGATTT
N I VXKSTVGG I T PGTLTULTYV Y Y N I S

T(HTGTTGGAATTATTATGCTTAT%ECﬂTT%EGTGTAAAT3TTD3D3TTTCATCCATATTACATAAATTTAAATCTRPPENWFHHHTTTGTGTATT ATGAGTCTTTCCACATCGTGATC
R TP II DKHTPFTOGQTE N CLNULDTIK I I L T EVDHD

AAAJTTT%AETTT11EHﬂﬂfﬂ1TTT(HTTTT%GTGGTACTCTATTTTTGTTTCHT%GTTGTATAAHTPTTTTATGCATTAATD?PTTAGCTDCTF?PA TTTGGTTAGAAGATAA
F XL K K XRUZEKRIEKILFP N Q F K K HM Q A EELEIQ S

TTTGGAGTAT%ETTCETGGCCATAEHGATTGTATTCAHTD?RIEWIH%AEGGAGTTTTEEGTACTATTTTTTHCE%AETTTTCTATAGATCTAGTGTATGGATGAAJTT?%AATACTTC
s I EQ G Y Q Y EI T S I E s Y P H
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SK L FDLDETE S N KLFETLZETZ KTUN M«a40RF2 * K Y H Y

TAGATAGCTCTCTTTKHIH?DNTAGT%CiﬂﬁﬁﬂTCCATTTT TTTTT%ﬂiﬂI3PD3AIGG&ACCAGCCATTGTCTTTGAGATTTTTCAA ATTTTTTF?TAATPH?TTTEATTTFSINPTA
R S L EREZQTI G EMZ XK I KTIZEQHYWGNDI KTILNEKTLTIZKI KTYNT K N E

CAAAATT?K¥U¥3TTTYIH?T@T(NXI?IATATTGAGTT(H3¥IPPTATCAGﬂKBK3PPTAKYHPTTAAAAGAGHYIR:ATICA AAETTT11YKQFPTA£5I3¥HJZAGKKI§NPT
VFNSTETHZPTI XK F S D EYNIZXUPNSGS MW I VvV VvV HK

gTTTTTST ?TA%GD3TAAAT%AATATCRHJI3KKKHASAAATAETATGGATASAGAGTTATAATCTATTAATTSGTATAT%JTTTSTASATAAIEHC%?%JTTCZ%CTASATTET?%C
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TﬁﬁiAAAGCGTACACAﬂT%TTﬂAAAAGTATIHPTBJSPTTPTPBZPPPT AJT(H(ﬂiCﬂT1T%ATATAGTCE@AKTT%GTTATHPPTTD?TAGTCATACATTAAGC
%E%AAH%AGE Y VN NF I I 8B KIKEIZXLYZERRIEKTIYD KT Y ML

GI(‘AAAA TA'I‘I‘I‘I'I‘I.‘I‘GTI‘ TGAGI‘ICAGCPTGATAAACATATCITGGAATTATATPATITTTI‘ICGIT%CCG’ICT ATGTCGOTTA 'IGAA'ICC‘AT’I‘A‘ICA’IGTATI‘A’ITA
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TT%iHCGAGGCCAA IGG@CTTPHKXﬂﬂTﬂTTtﬂATHTPPPFHIWKﬂHHTTf2ﬂ%GTT%ITTATATCAAATDZHMﬂHYH%AATTGAATﬂCATTAIT%TATTTTGTGATTTCAACTA
v P Y PS8 KWEZXLTIZIKEVEZEKE FEVELNDNTF N E V

TTGGATCTTCTTGTANTCTITIICIGTAT AET”3TEﬂTﬁH?ﬁT?K?KEHZ‘AET?KIH}?SAHPPT TTTCAGAATTExH%ﬂ3ﬁIH&IR3TTCAATAGATAAAGCAATAATAAAGTCATTAA
I PDEQLRIEKRYTIZXRTE S I L PFK N T Q E A I I

AHTT%ATTTTTBCTACTAACECtHTAGAGTTT%AHﬂtEGAAiTGTTCAATCTTCTAAATACAAIECiTGGATACAI%GTAGATCTAI%ATAN?TTHP??TTRTPREPBSATCAAAAATTA
K S N S N N L R vV I M Y Y I T 1 EQTDTF

o
TCAATN33PH3TTGAATTTTCATTCPRRIﬁKﬂ%ATTCTATATTAACAAGIGGAGATTCTA3PH}?HHKRIEGAAAAGCTAATTTTTTGAACRD?PTTACACAAAATAAAAAGATAG
%A I PQ QI XKMPRAETLE N V EL Q NALVFALIZ KIEKF M<€0RS3

CHTT%GATACAGAETTT%5TGTATCATAI%AEC3%AGCTGGGAAGAAGCGAAAAAAAGAi'T@QICﬂT%éIGAACO3AA%ATACAQAAN3KﬂFﬂHT%AGAT%TATAKT@SPAAAATAT@

GAATAAAGAAGGCGGAAA3GTT%IT%TATGATTATAATGAE%ACﬂ%AAAATGAAI%?%%FTACAGTATCAGAE?ﬂT%AAATAGAA8AA%N%%I%FT%TTEAT%CAETTAAGAATSAAﬁA

TTPTATAATAgCATAT%?3K3ﬂE}3PPTAAAECEHT%ﬂ%GGAGTTT%%TT%EATGTT%EGAAGTEGGTTT%GGT%AAACATATGCAS gCE%FﬁE?ﬂE%ﬂ%?NJETATACTTAéGTT%TGG

CI%CAAAGIﬂETEE%ETT%ECE%GTP2XPH3UﬂﬁKH%E%E(EAAﬂTiT%GAAAEGAA2ﬂTAATAAAGTT%E%ACEEAET(E%GATTAACATCA ACGAAARAAACATAGATGTTAAGTC
Y RV Y L § SL NS8ISNFR E Y vV I TS Y EKXKNTIDVZEKS

TTTTTEE%AATTTT%E%AIT(%GAAAAGAAAAATGAAAATAATGAAGAATA?3IIEXKH%AETGTTE%ﬂGAAGTACATAAETTGAGAGAACKTGCAATTAGATATAAAACAATAAAAAA
F s F YNSEIKIKNENN EYGL VIV B N L R A R N

TAAM3HXBKﬁKﬁ%EGATTAATB3TAAAATEFKEﬂ3ETT%C3GC%A£iCCAA"GATAGATTCECATAAAGAA3TRGAT%G?%ET%TAAA&ETGACAAPEGAAAAAACCAAAATAATATT
s I S I v T aA M K E S NEXTIZ XTIITF

T1EEGAAAAE%AAATTAGCAAAGAEEHT%AAAE%AAET%IGTAGGGAGTAATATTANHIRXHVUKKIHTTTCET TCAAGAATGAAAGGTAAACAGIT%GAAGATT%IT%TAAAECCCT
S EN N NGETTLTFULSRMEK Q Y 8

AAAAAAT%AAAATGATACAGTATACACAGAAACAAGACAGGCTBCTATATCATGGAATGA AAIEKEGAAAE%CIﬂET%GAIGAGCAAEEﬂqtﬂ%AAATAAGTAGAGTTAETGA
K N vV Y E Q S I S WNUDETF Q R V I

AACATTAAAAGATGGTGAACET%£ECET%TRPTTB?TPPT2Hﬁ3?TAAAAGAGGTATAGATTTT%TGGCGAAAGT%IT%GAACACTPRXE?EHT GAAAAKGGGAE(K%ET%E@T%ACGG
L E L I FCFY G HF G Y R L N G

TAAAAGTTAEGCAGTTATAGAHGGT%GAACAT(ECEI%AAGAIGTAAAAGAAATATTGAAAGITTT1%AE%GCATCGCAAATACTAATGGTAAACAAATACAAGTATT%AITGGATCATC
K S YAVIDGRTSHIKDVIKE K v N Q Q Vv I s

G?EM?PTAGéﬂAATCAATTé£HT3%E@EEéAATAAGACA%TTACATAET&K@E{HKKIPPPPDGEAA AHIXRBZAQSTAAAGCAATCIATAGGTAGAGGAGTAAGGATAGGTTi?&?&K;A
v L R I R L I LS P?PFWXNYGQ VX QS G v I G s

T3?PPB3TTAGATAAAACTATAAATGT%E%TTTﬂCEIGCAGCATAO3333AAGAAAATTTT%AAGGAAAGGAT%ETGATATATGGGAAACTGCAT TAGAAAAAAAGTAGAAAE%GATAA
G L L XK TIDNVY A A EENFPFK K D I W E A D

AAAATTAGATAAATTAAAAAETGAAAAE%AAGTAGAGAACATAGTAGAAAAAA Gﬂ3RKKIEAAGTAGAT%AT%AITT%GTAATAAAAAT%AAEGAATGGGTATGGGAI(E%AGAAA
K L K I I 8 V P E N v v D L N

CTIGTTTTGAACAAAAT AAAETf%AAA5TTCNB33ﬁ3PAGAGTCTACAAAGATAAGGCTATAGGCTATAATATAGAAAATAATACTAAAATTATAGGTAAI%&%&IHKHYPTATATAAAAAT
CFEQNZ KT FIEKTIZSWCR RV K G I E K I I K

AAAT%CTgG?ETAAAAAATGGAT%J%CCGTGTGGAGAECAEGT%TCGATAAT%AAIT%AGACTATCﬂT%IATTEATGAAAAGGTTAATﬂAA%ﬁTACAAAAAGAgGTAAA%?%ET%GCTAA
K

r—*——-—-b r——b
TGTGAAI%IT%ACAAAATAGCAAAAGATTP3ARPB?H33AGAAAGT%{EﬂtﬁEEﬂ%H%AE%AAE%CACKGAAAAAGGAAAAEAGAT@ETTCGATAAA TTGAA ATGA
v N I AXDLUNCGE S S D N TL XK X EN Q E 7 TrTRcaAC

¥ D Q

Sres s 1 oy U X
AgAIEGATA('JGGATCIGAITAGTITAGGC&AAGCCAAAAAATITACIGAAGAAGAAGAAAAATGGATTA&ICCAATITA&TMGAAGGA&AATCATTAGACHTACATTAAAAAACAAA%
IDTDLISLGEKAREKTPFTETETEEZ RKVWITZPTIYYEGETSTELDTPFTTILERDNZEK.SZY

AﬁGTTAAAAiCAATAAGAIEGAAGAAAA£EtET%CSGAAAAAAGiTQEHT%EEEET%AGTCTAAAGAATNPWJSAAAAE%AETGAA TTTCTCAARAACTTGGTACTGTTAGTCCAA
VXKIUNZ XKTIEENS SYGIX XTI KT FVT K E Y 8 §CTI S EX L GTV é P I

T%ECETEHGATGGTAGTTT&%GAGCATTTATTﬂACAATAAAACTAAAATAAACGAAAAGAATCTGGATGAOSPCDSTPPEAATGCPP?H?DSA AGTCPPHXﬂ?KH%H%E%E%AGG
L bDVSFNACVSTILUVTF

ATACCGAAAAAAAGACTTTGCAAATCT, CA’I‘I‘AAAGA’ITIGGI‘ GI’IGI‘I’GAAATTATAAAAGATGAACI‘AGAAATAGAA ‘AGAT GI"IGAG‘I‘CIGGCAA‘IGIGA’I‘I‘H
T EXKKTLGQTIZY L VVVET CT GA AA L A ¥ % ATARATTTA

AAAAAAEGGAGTATACTGAET%EGGACAAATTAAAATATATGAAACA1T%ITfEAAGACPRK3ﬂEH%AGTACCATTAAAAAE%CEE{%A&TGAGTGT ATTGAAATGAAA CﬂC%GTTA
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AGATTTAATGATAATTTGCTACATGTTTGAA TGI’I’GGITAGGAATAAAAAAAGAGTC’IGI‘ACA
AT AT CATA AT TTGC ACATGT TIGARGTIGGTTACGANTARAARAAG, . TSCI%GG%GAETAATAACACCIGGTGMTTAATATAG}ATATA%TCAATAAAGGAGA
AGAIGTA@riAAAmrm-rAGAACAAATAéATGGAAAGmAAATATATrAATAATGWAAmmmAGAAGACATGAAACAITATAATA ACCAGACATTGAATCAATAAGAA
DVVKCFRTNTWKVKYINNVNSVSEDMKHYNITA\%TGDC%ESITAﬁRG
AATARCAATACCAACCCAR AGAGAAAACACTAATATGGAG AN TAGA AT GG TAAAG T TAGAAGATAAATA TARAN . . A G A
ITIPTQRENTNMENRMVKLEDKYKIW%TA%WEA%QWAW%WA?

Fig. 1 (continued)



100

9241
9361
9481
9601
9721
9841
9961
10081
10201
10321
10441
10561
10681
10801
10921
11041
11161
11281
11401
11521
11641

11761

11881

12001

12121
12241
12361
12481
12601
12721
12841
12961
13081
13201
13321
13441

13561

T P QO K VI EZKE G N

AAATAAACATAAAGATAAIGGTGATATCCATAAAATAAATGATATATACTATAITTTC%ATAGATATGGGAGAGICEIT%AAECGAATTCAATB?PDMRZUMEKHKKHT(EIT@ATACC
N K H N G I ¥YYIVFN G VIEKSNS STIVSY I P

AJﬂCAGAAAAAATARRﬂ1KIﬂEﬂT%GATCAAT3PPHMIHIKHKEAIGAEGAAACAGGCCATATCAGGAGAAAATATAT%TT(E%AAAACET%ITGAATACTAAATCATTAATATREQS
N NP P S MF SCSMMEZEKDZQ S GENTIZY K N L F G

AGGATHIKIKYKﬁ%E%TTGTAGTAGCAAﬁUwxKKﬂTGGTATGGATATAAT%T%GAAGATGCAAETGTAATAAATAAGAAAACTGCATCCAAATTT%GATCAAGAAAAEGTAGAATATA
L G HD v Vv G I v I K KTASXKFRSRIEKT CRTI

T%GAGAAAACAAITGCAAGATAATAGGTATTTRTGTAAAGAAAAATCAATATATAAT%AAAGGCCAAﬁﬂifﬂTTACAAAACET%E%ACCCTGAAIT%GTAAAAACTATAGAATTTATATA
N N C K I V K KN Q I X Q L L Y KT P EL VEKTTI Y

TTCTGATCAA( GATGGAACAATAGATGAACTAAAACAT%GTGAAAAATACATAAAAETﬂGTTATAATTAAAGAAAGAGATTﬂHKBﬂ¥IH¥33J3ATAAAAIGACAAGTAGAC?(XRR?:AAAA
S DQDG D E K K VITIU KETRTDL \ T S R HG QK

AGGAGTAGTATEﬂTT%ATACTCAACAATAATGAANH1IKﬂ%HT%ETﬂCGAAAAAAAI%IGAAAAAAGAAATTGAEEEEET%AI%AATCCACACGCETTCCCATCAAGAAEGACAATGGé
G V S I L NNN Y YEXKNMEKIEKETITVDTL I NPHAPFPSRMTMG

CCAAAT GAAAIGGGTAATAACGAAAAAGAAGTCTATGTAAACAATAAAAAACTAGATAATAAAAE?(ﬂHXIBJ33AAGAEEHﬂﬂHHH¥E¥KKRZPPTAA CACIEUK?FKEMﬂSATAA
Q K EMG vV Y N K K L N KILVGRTCTFY H Q K

AATACAATACAGAAAITtAGGAAATATAGATATAA1T%ACAAACAAC{EGTATCTGGTAAAAAGAATAHDQ?D&?ﬂ:T GAETTGGTCAAAJGGAAAGAGAE%T%ET%ATAGGCCTAGG
I0Q N I N Q PV G N GGLRVPFGQMER I GLG

CGCATGGAAI%CEIT%AAAGAATHIKIH(%AT GACAAAACAAACATATRR?EEKXIIE%AAEEKGGAAAAA TTAATOCCAAATGCTGCARAATAARRAGAGAATCACACCAATACTT
T L K EL WS IDK N Y CPKSGEKINP EKCCI KTII KR RES SHQYTF

TAAAATATGTTT%AGTTATKB33HKKEKHGGGTCACGATAITTT%AEE%AAAATAATAAATACECEATAATAGAATPKJNKIXﬂIﬂGAﬂTTGAAAAAéACANJUKHfECAAATRIRS
I M RALGHD L K I FDPSDLIEKI KTTTTLIZ XKTFG

T3Aﬂ3PD3ATCCATTGGATATCAGAATATACAGAAAAATAGT%GT%ﬂﬂ3KKE¥3H¥K?PPTAAGATCAACﬂ1%JfE%AATAAAIT%E%TACAAAACAITT%GATAACACTAAAGAAATAGA
DL DUPL I RIY VVLPLCLR RS L KLY L D T K EI

AAAAGAAATAAAAAAAITACTAAAAAGTAAAAAAGGTGCET%CCACAAATTAsTA%AAgGCCAT%GAGTGGATCACTGCAT%%GATCE3PIATA%TACCAGAT%CTACATTAGACATA%A

TTATCI‘A’I‘GTAAAGA’I‘I’CAAAAG’ITACI‘AATAC’I‘CCCCAAAAAG’IT ‘I'I(.;AAAAAGAAGAAGGAAATI‘Ai‘CACACATPI'iTAAATéCIGi‘ATATATAGG&AAAACTAGTATIGAATATAi‘
I

K EI KKULIL S G A Y

T@CAGTAAAAATHSGJ3PH3}JRI3Vﬂ%HTRGTACTB3TTATGGCATACTAAACAGACAACCATCECE@AACGTTGAC&CAA T33TAAAAIT%ATACAAGGAAAAAATAAAAC
\ I PLGATN I S S Y G I NRQPSLNVDSMEKTITVK I Q KN KT

AAE%AGCET(%ATCCATTACTTTGTAAA TCATTTAACGCCGATTTTGATGETGA CGAAAIGAAE%E%E%IGGAAT%AAAAACGAAGAAAGTATACAAGAAET%AAACAAAAAET%AE%GT
P L S F NADTFDGTDE I G I KN S I QE K Q0 K IV

TﬂAAGAAGATAAAACTCAAGACTAT%E%ET%GGAAAAGAAATAATAAATAAAGGATTGACCGCAAAE%GACAAGGCATAAAAET%AIGA&CGAAAAA TCTAAAGGCAAAGAATTTAA
K E K T Q Y I L I N K G UL Q GI XLMTIEIZ KTGS SZ KSGHEK N

TTATACACATATGTTCGAAAAAAT: AGGTCAAGTAACTATAANO3AAAACATAAAAAEET%TATAGATCAACCTTACAN3}RI3@ATAAAAGATGATGAITGGTATATMZHUKH%EGGC
Y THMPFETZ KTIG GO QYV I N XK TYI Q P YNGETIK D D Y I S

G33UKFK3ﬂHKR1X3¥RﬂHK%Aﬂ%GGB3PHUK3¥1XXIB¥EHKKXIIEWKHH%GAAAGTGTCEGCAACCAAATGT%I%ETT%AAEﬂAATT%CAIGAAAAATATAHPERBKH(GGCTT
AR QS AASIGUV P T E SV CNGQM I E S P K

CHKHEJTTT(ET%ETTTTT%TAﬂRﬂI%ATACTATT%CECAACTTCAAACE%GAE%IAGGATT%AI%ITTTGAGAT ORIﬂHKECEATAACACTGAAATCAT TTEGPPEKFJ%ATA
E I K XK NK S S S I P Q S L A KE V S FDYXNE Y

GR:RRE:PTACTTAAATCCTCTAAATCTACTATATCACAACTATTCHfEGAAAAATATCTAATAAAITTT(IEECHTKH(H1IHTTT%A£ETT%ACTAATTT%ET%ACCPRRIFHT%GT
AP KSLDETILDVI S ND S F Y R F KGDETRT RIKYV v L K N T

AATAAACCTPPPTATACTATTAATCH(EEC%AIT%AAGATGCATCACTACCAAATGTATGAAAAGCACT GAGTTCE(EEHGTAACTBCBEAAAAGT AAAITGTTT%AAATATC
S DI L S A F S TRQTVESTFYN L I D

<—| 4———|
TTC%HTf%ITTTTCCACATAATCAACATCACATACAATAACAAATTEEGCATAATACTCAAAACE%E(H%ACCATCTAATH?QKKKEEE%EAT%EEKHIIIHKETGT%T%AACTCATTA

N <4 ORF7
* K EVvYDVDCVIVFEAYVYEFSDLWRTIPPLTIYPGESZQQ I F EN

CCAGGCTTTAAﬂ3TTAACTTEATTPHKIﬁET%GAATTACAITTAGAACCAAET%AATAAGAACTCAAAAECE(HTTTGGTA TTTGAATAATACTCAAGAAAATCAACATT%GTA
P L K I K G S C S G L Y S LIEKXKPIDNTSYYETLTF N

4_[4——-——1
ATAG%ATACAgAAT8%%éATTATAGAGTATAAAAE%GAITTCATATATGACAAAATAAATGAAI?{EHTTGGTCAGACAAITT(K2ACTATCAGAAGAATGGGAAAE%&E%AGACTCAAA
CORFO»M E I I EY K I DF I ¥YDEKINETYVWSDNFOQLSEEWETLRTEL K

ﬁAA%OSAGAACAETASAAAAAgCTTACATGGATAGATCCCCATACACAGAACCAAATACT8AAgATACAATF?3JZUH¥G?¥K%?A§ATK %GGTATTEHTTECATAAG]?TAAASGA

AACGTAATRH3KKFKﬂ%AGAAAAAAJfIEGAAAETEEAAACHTGAAAATAA TTAAATCAACTTTTA CCCCCPTTTTAACAAE%TACAAAATACAATR}ENHTCCRESTAAIGATGACA
v I 8 R KNPETIZPNTELIE KITIZKSTT FTTPTF X Q F F v M

TTGCTAAATPHVUKIﬂKIEAAE%AAAGTCCTAGAAﬂTCAAAAGACCTTCACTAACAGAAGGAAE%AI%AT%TACAATAAAATGAAAATTAAT3TATATAACRJKH?ETTT(HT%CAAA
L L NLNDETI v T I Y vV Y F S ¥ K

GGC%AAﬁAIgAA%AAgAATTC%AAIT%ETC%FCAIT%Aﬂ%FE%AAAAAATGTAIGAA%AAGATAGCCCAAAAATA%TA%AACTATACECAAAA%T gCAETCECAGATGACACTCATAAA
G

TCAATESACKTT%GAACATGGTATAAAGCAAAAAGAGAAAATCAACAGGAATGGCCCAAAA TATCAAAAATACAA CTCGAAAATAGTATAGAATTCCCAAAAAAT GTAACATCEGGTAT
S R Y K A KRENOQOQETWTPIZ KTISZ KTIOQTLE ) E KNS NI

TATTATCCACAAAAATTTGT: AGGCTTAGCAAGAAGAAATGATGATAACCCACE%CAATT%AI%CCAAAAATATATAAAAAAGA TTCCAAAAACAAAAACACAAATCTATATCATTAC
Y Y P QK F VG R N D N P Q I Y KX DHS KNI KN

CH%CAAACTGGAAAACCAAAAAACGATGACACAATAAAAATACCCCACACACTAAGAAAAGGTGACTTGAAATATGCAAAACAAA AAAAAAATT, CAAACGAAAAATACATAGAAATG
Q T G K P K ND K ¢ DLKYAZRK QTIZ KTZ KTLTHN

T(ET%CAAIGGCGAAATAATAGAAACTGACAAAAAICKEGAATATT?KY¥R?TACAGAAACATACTAATAAAAAAGACEGACATAAAAAE%AATATAGATEE%GATGCTCAACTACTAAAC
s Y G I T K N P E Y Y R L I KK D K I NI L o] L N

CAAAATAATGAAAGAATAATGATCTTAAAAAACAATAAAEGGATAAAA TCACAAGGCCCAAGAAT AAAAAACATCATAACAATACCATGGAACTATAAACAAATACTACACGACE%&%AE
0N I M K N NXKXW K S QGPRTIZK I 7T 1 Y K Q L Y N

AAATTAGGAAGACTCAAAAAAGGTAAAATAATAGACH1CHCEAACATAGGAATAGTAGA£GAAAACGCAACAGACATAATAMZPBRR]EKXU@(EGAAAA T%ﬁHEHTCT
K G RL KK G I DL I vDENAT I I P ETENLY S K T

l——b
TT%GAAA£HC%AAGACHT%HT?K}ZPD:AAA GAAAAA£EH%AAAATT%AAGTCATATATGAETﬂGTTtﬂKEﬂMKI7PPTCCAAAATGACTAAAAAGCAAATTAATAAAGCACTAAAT
Q I T P KF Q KNV XK TIK Y D ORFIOP M T K K Q A L N

TCACTAACAAACTCTATCATCAACGACATAATAGAAAAAA CGATT&GGAAATAAGO3ATGAIGAAAAAGAATCCATAAAAGAEGTAGTCAAAICET%CAACAAAHZTAAAACTAGA
S L T NOSTIIN T EKIDDTILTZETIT SDODTETZ KET STIZ KDVVEKSYNE KTHK T R

TCACCCCCI‘AAAATACCA‘ITAGAAAAA CANTGCAAAGAATTATGCAAAAACGGARACAAATGTA ACCETC CARAATGCTACAATGECATCTECTGGGCTCACATGTCAAAATCTGARRGA
s K T B K OCEKELCEKENGNTERKC CTVPEKCYNGTILICWAHRMNSTEKSER

Fig. 1 (continued)
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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-

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

DNA sequencing. The DNA fragments of pSKL pro-
duced with appropriate restriction endonucleases were
subcloned into pUC13, pUCI18, 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 [a->°S]dCTP (Amersham).

S1 mapping. Total mRNA was isolated from S. kluyveri
strain UVC40. S1 mapping analysis was performed as
previously described (Inokuchi et al. 1987).

Miscellaneous methods. Manipulations of DNA 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 GENETYX software (Software De-
velopment Co., Tokyo), and amino acid sequences were
compared with the NBRF 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—Smal (for terminal fragments)
sites of pUC13 (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 DNA 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 DNA was

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

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 of K. 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 pGKL2 (Fig. 2), although we could
detect no obvious homology between pSKL and pGKL2
by Southern hybridization under the conditions of 50%

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

Nucleotide Number of Similarity!

positions amino acids (%)
ORF1 578 1276 233 42.5
ORF2 4275- 1279 999 61.7
ORF3 5977- 4286 564 61.5
ORF4 6170- 7924 585 66.8
ORFS5 7908- 8384 159 62.9
ORF6 8408-11362 985 63.3
ORF7 11769-11374 132 52.3
ORF8 12011-11769 81 63.0
ORF9 1201313386 458 53.5
ORF10 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 ORFS in which a predicted protein
having 92 amino acid residues was originally found. However,
based on S1 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

! Percentages of identical amino acid residues with that of the cor-
responding protein from pGKL2 are shown. Gaps were inserted
for maximum matching
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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
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78 sites are shown to facilitate orienta-
lad tion of the plasmid DNAs

formamide and 4x SSC (1xSSC is 0.15M NaCl,
15mM 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 of pSKL by S1 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 S1 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 ORFS, 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 RN A 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. S1 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 pg of the RNA was used in the case of ORFs7, 8,
and 10. Poly(A)* mRNA (about 50 pg) was used in the case of
ORF2. The temperature during hybridization was 37°C for
ORFs 1-3 and 30° C for ORFs4-10. The following DNA frag-
ments were used as probes. ORF1, Hinfl(866)-left terminal(1);
ORF?2, Ball(4100)-AfNI(4689); ORF3, EcoRI(5610)-Nsil(6325);
ORF4, EcoRI(6395)-BgllI(5845); ORF 5, Asull(8114)-AccI(7605);

Region I Region II
Fk hk kkxdkdk Kkkk *hkk k Fkkk kk
pPSKL 638 VYADVVSLYPSAMKLLEHSYG 773 VAKIALMGGGYGKFVQK 876
pGKL2 633 VYADVVSLYPSAMKLLKHSYG 768 VAKIALNGGGYGKFVQK 874
PGKL1 638 LCLDVKSLYPASMAFYDQPYG 774 VILIIMSN-LWGKFAQK 860
$29 246 MVFDVNSLYPAQMYSRLLPYG 381 LAKLMINS-LYGKFASN 450
PRD1 217 KVYDVNSMYPHAMRNFRHPFS 338 FYRLILNS-SYGKFAQN 422
St 485 YYYDVNSLYPSSML-DDMPIG 615 IYRITMNS-LYGRFGIS 711
pClK1 667 YYYDVNSLYPFASI-NDIPGL 793 IAKLILNS-LIGRFGMN 910
Ad 2 536 YVYDICGMYASALT-HPMPWG 639 IAKLLSNA-LYGSFATK 864
HSV 714 VVFDFASLYPSIIQAHNLCFS 809 AIKVVCNS-VYGFTGVQ 880
EBRV 581 LVVDFASLYPSIIQAHNLCYS 679 ATIRCTCNA-VYGFTGVA 749
vacc 521 LIFDYNSLYPNVCIFGNLSPE 635 TYKIVANS-VYGLMGFR 720

Fig. 5. Comparison of the potential polypeptide encoded by ORF 2
of pSKL and various DNA polymerases encoded by other plasmids
and viruses. The following sequences were compared: ORF2 of
the pGKL?2 plasmid (Tommasino et al. 1988); ORF1 of pGKL1
plasmid (Hishinuma et al. 1984; Stark et al. 1984), the bacterio-
phage ¢29 of Bacillus subtilis (Yoshikawa and Tto 1982); the small
lipid-containing bacteriophage PRD1 of Escherichia coli (Jung
et al. 1987a); the URF3 of the maize mitochondrial plasmid S1
(Paillard et al. 1985); ORF2 of the mitochondrial plasmid pCIK 1

ORF 6, Xbal(8760)-A4ar11{(8230); ORF 7, Sspl(11467)- Hinfl(12113);
ORFS8, Avall(11858)-Dral(12371); ORF9,  EcoRI(12398)-
Nsil(11680); and ORF 10, AI(13705)-HaellI(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 S1 nuclease are indicated by
the arrowheads. Lane M shows molecular weight markers in which
¢X174 DNA was digested with Haelll and labelled at the 5 ends.
The four lanes marked G, A, T, and C show samples obtained
from the sequencing reaction using [¢—33S]dCTP by the chain
termination method (Sanger et al. 1977). The sizes of molecular
weight markers are given in bp

Region IITI

* dkkkxkdkkkk
LEIIYSDTDSIFVRK

IDIIYSDTDSIFVKQ
AECIYSDTDSIFVHK
DRIIYCDTDSIHLTG
ERPLYCDTDSIICRD
DDCYYTDTDSVVVER
GTLYYTDTDSIVTDL
LKSVYGDTDSLFVTE
MRITYGDTDSIFVLC
LRVIYGDTDSLFIEC

FRSVYGDTDSVFTEL

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. 1986). 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 ORF2
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

kkk kkkkk ok ok k% kkkE k% kkkRkx k%
PSKL: 591 LRHQVDDKIQYRNSGNIDIINKQPVSGKKNNGGLRFGOME

pGKL2Z 595 LRHQVDDKVQFRNGGNIDIVTKQPVSGRRRSGGLRFGOME
Sc140 1096 LRHMVDDKIHARARGPMQVLTRQPVEGRSRDGGLRFGEME

EcB 1236 LNHLVDDRMHARSTGSYSLVTQOPLGGKAQFGGORFGEME

Region II

*k Kk k& FhEkk  kkkEk kkk kk%X % k% *dk
PSKL 765 LKSKKGAYHKLVEGHRVDHCIRSVIVPDPTLDIVTVKIPLGANISTSYGT

PGKL2 764 LRSKNGAYHTLVEGHRVIRCIRSVIVPDPTLDIDTIKIPFGANIGCEYGL
EcB' 331 IKGKQGRFRONLLGKRVDYSGRSVITVGPYLRLHQCGLPRKKMALELFKPEY
Sc220 329 LKGKEGRIRGNLMGKRVDFSARTVISGDPNLELDEVAVPDRVAKVLIYDE
Sc160 357 LKGKQGRFRGNLSGKRVDFSGRIVISPDPNLSIDOVGVPKSIARTLTYPE

Dm215 334 LRGKEGRIRGNLMGKRVDFSARTVITPDPNLRIDQVGVPRSTAQNLTFPE

Region IXX

dkEkkkk K
PSKL 814 ILNRQPSLNVDSM

kkF Kkh ok kEkREERAACR
839 KTISFNPLICKSFNADFDGDEMN

PGKL2 816 LLNRQPSLNVDSI 839 KTIAINPLLCQSFNADFDGDEMN

EcB' 442 LLNRAPTLHRLGI 445 KAIQLHPLVCAAYNADEDGDOMA

Sc220 443 LFNRQPSLHKMSM 466 STFRLNLSVTSPYNADFDGDEMN

Sctel 473 LFNRQPSLHRLST 496 PTFRLNECVCTPYNADFDGDEMN

Fig. 6. 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 S. cerevisiae (Sweetser
et al. 1987), the B subunit of E. coli RNA polymerase (Ovchinnikov
et al. 1981), the £’ subunit of E. coli RNA polymerase (Ovchinnik-
ov etal. 1982), the 220 kDa RNA polymerase II of S. cerevisiae
{Allison et al. 19835), the 160 kDa RNA polymerase I1I of S. ceren-
isiae {Allison et al. 1985), and the 215 kDa RNA polymerase I1
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
ORF?2 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 polymerases. 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 Il of S. cer-
evisiae and the § subunit of E. coli RNA polymerase.
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
polymorpha 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 111 of S. cerev-
isiae and the f’ 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 f’ subunit
of Marchantia polymorpha 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 (Gutiérrez 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 plasmid
is encoded by pSKL itself, similarly to adenovirus and
¢ 29. The amino acid sequences of the terminal proteins
in ¢ 29 (Salas et al. 1978; Salas 1988) and adenovirus
(Alestrom et al. 1982) have no similarities to any ORF
products in pSKL. Since the molecular weight of the
terminal protein of pGKL?2 is about 36 kDa (Stam 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



a DNA polymerase and an RNA polymerase, respective-
ly (see above).

The killer gene encoded by pGKL1 was not tran-
scribed accurately when the pGKI.1 DNA was intro-
duced on a circular replicating plasmid (Romanos and
Boyd 1988). The pGKL plasmids seem to have novel
promoters that arc inactive on circular plasmids which
replicate in the nucleus. The upstream consensus se-
quence (UCS) of ACTNAATATATGA (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 16-35 bp upstream from the transcrip-
tional initiation site of all the ORFs (Fig. 1). The UCS
of pSKL, which is similar to that of pGKIL1 and pGKL2
(Wilson and Meacock 1988), may function as a promot-
er in the linear DNAs of yeast. The UCS of ORF2 in
pGKL1 was shown in fact to direct cytoplasmic expres-
sion (Kdmper 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 DNA 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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