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Extranuclear gene expression in yeast: evidence for a plasmidencoded RNA polymerase of
unique structure
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ABSTRACT
Strains of the yeast Kluyveroces lactis that produce killer-toxin have been
found to contain two linear dsDNA plamids, kl (8.9 Kb) and k2 (13.4 Kb). The
four transcribed en reading frame of plasmid kl contain no recognisable
yeast nuclear expression signals. Moreover, a toxin subunit ge fused with
the lacZ gene of Bscherichia coli is not detectably expressed when introduced
to K.lactis or Saccharomvc cerevisiae on a nuclear vector, even when native
kl and k2 are present in the cell. This and other evidence is consistent with
the hypothesis that kl and k2 reside in an extranuclear location, and do not
utilise the nuclear RNA polymerases I, II or III for transcription of their
genes. Sequencing of plasmid k2, which is thought to encode factors necessary
for the maintenance or expression of kl, reveals an open reading frame
predicted to encode a 974 amino acid polypeptide with homology to several
DNA-directed RNA polymerases. We suggest that this is a component of a novel
plasmid-specific extranuclear gene expression system.

INTRODUCTION

Many strains of the budding yeast Kluyverom ces lactis contain two linear
double-stranded A/T rich DNA plasmids, kl (8.9 Kb) and k2 (13.4 Kb)l that are
associated with secretion of a multi-subunit protein toxin2 which inhibits
the growth of certain sensitive yeast species. Structurally, the plasmids
belong to a class of extrachromosonal linear eleaments which includes
adenovirus3, bacteriophage phi 294 plasmids of StreDtomYces rochei5 and the
Sl/S2 sitochondrial plasmids associated with male sterility in maize6- All of
these molecules have inverted terminal repeat sequences (202bp and 184bp in
the case of kl and k27) and proteins covalently attached to the 5' end of
each DNA strand (for kl and k2 terminal proteins see reference 8). These may
function as primers in the initiation of terminal DNA replication. In support
of this hypothesis one of the four transcribed open reading fram of kl9slo
encds a product with homology to the DNA polymerases of ademovirus and phi
29, and to a protein encoded by an ORF of the mize plamid Slll.

Plamids kl and k2 can be transferred to pO (rho zero) strains of
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Sacharomyces cerevisiae (which lack mitochondrial DNA) where they are

maintained and express the killer phenotype12'13. However, they do not become

established in the presence of sitochondrial DNA14. These observations,

together with the high A/T content of the plasmid DNA, fluorescence staining
of S.cerevisiae p0 derivatives containing the plassids13 and fractionation of

yeast nuclei and cytoplasm by centrifugation techniques (reference 15, D.W.

Wilson and P.A. Meacock unpublished observations) are all consistent with a

cytoplamic location for the plasmids. Plamid curing experiments have shown

that plasmid k2 can be maintained in the absence of kl, but plasmid kl is

unable to exist inependently6 suggeting depdence upon k2-encoded
products. Such factors may be concerned with the replication or segregation
of kl, or for the expression of kl-encoded genes essential for kl maintenance.

A variety of data suggest that these plasmids may utilise a novel system
for gee transcription; viz. none of the ORFs of kl is preceded by
recognisable yeast nuclear promoter elemnts, although all four are preceded
by a motif identical with, or closely related to, the sequence

ACT(A/T)AATATATGA. Thiis has been termed the Upstream Conserved Sequence or

WCS9, and transcription is initiated approximately 14 bp downstrem of this

element (Romanos and Boyd, manuscript submitted). Toxin production cannot be

detected from Vp strainp of S.cerevisiae which have been transformed with the

coding region of plasmid kl cloned into yeast 2 gm (micron)-based vectors

(D.W. Wilson and P.A. Meacock, unpublished observations, reference 15).
Furtherore, Northern blotting reveals that when kl DNA is introduced into

K.lactis on nuclear vectors transcription of the kl gene ORF2 (which encodes

two toxin subunits) is initiated at a number of sites distinct from those

used by native linear kl, and the transcript is prematurely terminated

(Romanos and Boyd, mnuscript submitted). Thus it appears that the yeast
nuclear RNA polymerases I, II and III are unable to recognise and correctly
transcribe the genes of these plasmids.

Here we demonstrate that expression of an ORF2/lacZ fusion gene, cloned
into a yeast nuclear vector, cannot be detected in cells of R.lactis or

S.cerevisiae which contain plasmids kl and k2. This suggests that

transcription of ORF2, and probably all plasmid-borne genes, occurs in an

extranuclear cellular compartment. The provision of novel cytoplasmic
expression factors could be one of the maintenance functions of k2, and to

investigate this we have begun to determine the nucleotide sequence of this

plasmid. The predicted product of one of the ORFs encoded by k2 has homology

to two different subunits found within DNA-directed RNA polymrases, whilst
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another has homology to a vaccinia virus helicase necessary for specific
viral transcription.

MATERIALS AND METHODS
Strains and Media
Kluyveromycos lactis IF01267 (prototrophic (kl+k2+]) was obtained from the
National Collection of Yeast Cultures, Food Research Institute, Colney Lane,
Norwich, UK. K.lactis SDll (K.lactis lac4 trJl (kl+k2+]) was kindly provided
by Prof. C.Hollenberg, and K.lactis ABK802 (prototrophic, (kl0,k2+J) by Dr.
A.Boyd. Saccharomces cerevisiae SPKl03 (a his3-A tr 1-289 ura3-§ 1eu2-3

[kl+ k2+ L+] PO) was prepared by cytoduction of a p0 derivative of strain
S150-2B (obtained from J.Eicks, Cold Spring Harbor Laboratory, New York) with
JC25K (ac ade2-1 his4-15 karl-l [kl+,k2+1) obtained from Dr. M.A.Romanos.
Yeast were propagated at 30'C usiDg either YPD medium (1 % yeast extract, 2 $

peptone, 2 % glucose) or in minimal sedium (0.67 X yeast nitrogen base, 2 $

glucose) supplemented with nutrients as required. Plasmid constructions,
bacterial assays for P-galactosidase activity, and superinfection for
preparation of single stranded DNA made use of .coli N1522 A(lac roAB) thi-
suE hsdA5 [F' roAB lacdQ Z*M15]l7 (provided by Dr. A.Mileham), maintained
on M9 minimal medium18 supplemented with 0.001 X thiamine, in order to ensure
maintenance of the F' episome and susceptibility to M13 amd M13107 phage
infection. M13K07 helper phage was from Pharmacia, Uppsala, Sweden.
EDnZYM
The Klenow fragmet of DNA polymerase I, exonuclease III, exonuclease VII,
and all restriction endonucleases used in this study were purchased from
Bethesda Research Laboratories (BRL), Bethesda, Maryland, USA. T4 DNA ligase
was purchased from Pharmacia, and Proteinase K from Boehringer (BCL),
Mannheim, PRG. Zymolyase 100-T was from the Kirin brery, Tokyo, Japan. All
enzymes were used as recomended by the supplier.
Materials for Sequence Analysis
Deoxynucleotides and dideoxynucleotides were purchased from BCL. Acrylamide
and bisacrylmide were "Electran" grade, purchased from BDH chmicals, Poole,
UK. Ultrapure enzyme grade urea was from BDL. Sigmacote and
N,N,N',N'-Tetrmthylethylenedimine (TIMED) were obtained from Sigma, St

Louis, Missouri, USA. Sequencing primers were 17 bp "universal primer"
supplied by Pharmacia and custo-syntthesied 17 bp oligo uclootides
prepared by J.Keyte, Biochmistry department, Leicester University, using an

Applied Biosystems DNA synthesiser. [cc-35S]dATP, at 10 gCi ul-1 and 650 Ci

8099



Nucleic Acids Research

nMol-l were obtained from Amershm International, UK.

Preparation of Plamid k2 DNA

K.lactis ABK802 was grown in 1 litre of YPD broth to a density of 3x107 cells

.1-1, cells were pelleted and washed once in water, then resuspended in 50 ml

of SED buffer (1.2 M Sorbitol, 20 nM EDTA, 50 nM Dithiothreitol) and

incubated at 37'C for 20 sins. To the suspension was added 1 m1 of 10 mg m-1i
Zymolyase 100-T in SBD buffer and incubation continued until epheroplasting
was complete. Sphaeroplasts were pelleted and resuspended in 20 ml 10 mM

HDTA, 50 a4 Tris.WCl pH 8.0, then Sodium N-lauryl Sarcosinate added to a

final concentration of 2 %. To the lysate wa added 1 ml of 10 mg ul-I
Proteinase K, the mixture incubated at 37 C for 1 h, then the lysate chilled

on ice, mixed with 5 ml of 5 M NtCl and left on ice for 1 h. After

centrifugation at 18000 rpm for 30 mine at 4 C in a Sorvall SS34 rotor the

supernatant was extracted three time with an equal volume of phenol, then

twice with chloroform. Extracted supernatant was mixed with 2 ml 3 M sodium

acetate pH 5.5 and 50 ml absolute ethanol, placed at -80'C for 30 sins,
nucleic acid pelleted and the pellet rinsed with 10 ml of 70 % ethanol. The

pellet was briefly dried under vacuum, resuspended in 5 ml TB buffer (1 UN

RDTA, 10 u4 Tris.WCl pH 7.6) then nucleic acid fractionated according to size

in a 10 X-40 X sucrose gradient, containing 1 M NaCl, 5 iM EDTA, 20 uM

Tris.HCl pH 8.0, by centrifugation at 26000 rpm for 24 h at 26 C in a Sorvall

AH627 rotor. Fractions containing plassid k2 were identified by agarose gel
electrophoresis, pooled and diluted with 2 volumes of water. DNA of plasmid
k2 was precipitated for 1 h at -80'C after the addition of 1/10th volume of

3 M sodium acetate pR 5.5 and 2.5 volumes of absolute ethanol, then pelleted,
the pellet rinsed with 0.5 ml of 70 % ethanol, briefly vacuum dried and
resuspended in 200 «d TB buffer.
Quantitative Asy for P-4alactosidase Activity
Yeat trasformts were grown to between 1x107 and 5x107 cells alm1 in 25 ml

minimal medim, imposing selection for presence of plamid-borne markers.
Optical denity of the caltures at 600 i was determined, and cultures placed
on ice for 20 mine. An aliquot was removed and plated onto complete media in

order to determine, by subsequent replica plating onto coplete and selective
media, the percentage of cells within the population which contained
plasmids. Chilled cells were pelleted aDd resuspended in 1 ml 50 o4 KH2PO4.
To 0.4 ml of the suspenion was added an equal volume of
60 NM NaWPO4, 40 AN NE2PO4, 10 N KC1, 1 NM MgSO4, 50 U mercaptoethanol
pH 7.0, then 10 Id 1 % 8DS and Phenylmethylsulphonyl fluoride (PSF) to a
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final concentration of 0.5 mM. The mixture was vortexed for 5 secs, incubated

at 28'C for 10 sins then 30 £d chloroform added, the mixture vortexed again

and incubation continued at 28 C for 10 ins. A 200 £4 aliquot of 4 mg ml-1
ONPO (freshly dissolved in 100 nM KH2PO4) was warmed to 28 C then mixed with

the treated cells, a timer started and incubation continued at 28 C. At the

first appearance of a yellow colour within the mixture the reaction was

stopped, by addition of 0.5 ml 1 M Na2CO8, and time of incubation recorded.

Cells were removed from the mixture and optical density of the supernatant

recorded at a wavelength of 420 -. Units of P-galactosidase activity were

expressed as OD420 min-1 OD800-1, then multiplied by a factor of 1000. When

the percentage of plasmid-containing yeast cells was known, assay values were

corrected to that expected if 100 $ of cells had contained plassid at the

time of assay. Bacterial transformants were assayed in exactly the same

manner, but using 10 ml cell cultures. Since bacterial transformants were

grown under antibiotic selection, all cells contained plasmids.
Generation of Nested Overlapping Deletions From Cloned ks2 DNA
DNA (5 mg) of a plasmid containing the 7.7 lb Bm HI-Xho I fragment of k2
cloned within pEMBLl9+ was linearised by digestion with the restriction

endonucleases B HI and Kgn I. The mixture was extracted with equal volume

of phenol and chloroform, and ethanol precipitated. The fragmet was

resuspended in TR buffer to a concentration of 1 mg DNA ul-l1
For deletion of the 3'recessed strand, 5 £1 of linearised plamid fragmet
were mixed with 27 £4 water, 4 £d lOxRxoIII buffer (10 EN MgCl2, 660 rM

Tris.Cl pH 8.0) and brought to reaction temerature by incubating at 37.C
for 5 mins. Then 4 ul of 10 units «d-1 exonuclease III were added. A 2 £4

sample was imediately reoved and mixed with 2 ml lOxExoVII buffer (300 NM

KC1, 100 o.1DTA, 100 as Tris.lW1 pH 7.5) on ice. Samples were similarly

taken at 30 seoond intervals for 5 mine, at which time 20 £4 of prewarmed
lxExoIII buffer containing 40 units Exonuclease III were added to the

incubation. Ten subsequent samples of 4 £d each were removed at 30 s

intervals into 2 £4 of ice-cold lOxExoVII buffer. The twenty saWples were

each diluted to 19 £4 with water and mixed with 1 ud exonuclease VII diluted
to 1.5 units ml-1 in lxEcoVII buffer. The reactions were incubated at 37 C

for 2 h to remove single-stranded regions of DNA. Samples were phenol
extracted, chloroform extracted and ethanol-precipitated, resulting pellets
were drained, vacuum dried and ruspded in 16 £l of 10 nN W12, 10 ON

Dithiothreitol, lM ATP, 100 mg ml-1 Bovine gerum Albumin, 50 u4
Tris.WCl pH 7.4, 50 gm dATP, 50 to dTP, 50 l dCTP, 50 gm dOTP, 3 units T4
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DNA Ligae, 0.5 unit Klenow frint. Ligation was allowed to proceed

overnight at 30 C. Twenty aliquots of competent N.coli N4522 were transformed
with 6 jil of each ligation diluted by addition of 100 ml of 0.1 N CaCl2.
Transformants were picked and plassid DNA prepared from 1.5 ml cultures by

standard methods. Degree of deletion within each plamid was determined by

agarose gel electrophoresis of restriction digestion products.
SuDerinfection of 2ML-oontaining H.coli
A 1 ml aliquot of M9 media, supplemented with 0.001 thiamine, 50 Mgl-

apicillin, 0.2 X glucose, was inoculated with 10 ml of stationary phase
culture of 8.coli 1N622 transfod with a deletion-derivative of a pEMBL/k2
cloDe. The culture wa grown at 37 C overnight, and a 20 ml aliquot used to

inoculate 2 ml of 2xYT broth, 0.001 X thiamine, 150 Ug 1l-1 mpicillin
preWd to 37'C. This culture was shaken at 37 C until reaching an optical
density of betwee 0.5 and 1.0 at a wavelength of 660 nm. A 1 ml aliquot of
this culture was infected with M13K07 helper-phage at a multiplicity of 10

M13K07 plaque forming units/bacterial cell. The cell/phage mixture was shaken

at 37 C for 1 h, then 400 Md added to 10 m1 preard 2xYT broth, containing
0.001 X thiamine, 150 mg m-1 aupicillin, 70 Mg .1-1 kanamycin. The culture

was grown overnight at 37'C, cells pelleted and cell-free supernatants stored

until required for template preparation.
DNA Seqwencing
Sequencing was by the dideoy method19 but using (o-36S]dATP. All reactions

wre carried out at SO C. Dideoxy-terminated fragmets were electrophoresed
upon a 6 X polyacrylmide/urea sequencing gel, in lxTB8 buffer (5.5 g 1-1

boric acid, 0.93 g 1-1 RDTA, 10.8 g 1-1 Tris base). Blectrophoresis was for

2.5 h or up to 7.5 h and gels dried under vacun (without prior fixing) at

60.C for 90 mins then exposed to Kodak XAR-5 film for at least 12 h.

RESULTS AND DISCUSSION
Killer Plasmid Genes Are Not Expressed Within The Yeast Nucleu

Previous studies (refer 15. Wilson and Maock, unpublished
observations) have shown that kl toxin genes, cloned in circular autonomously
replicating vectors, do not confer a killer phenotype upon their host.
However, none of these experimnts could be perford with yeat strains that
also contained both kl and k2 as native linear plasmids. Thus plasmid-encoded
factors necessary for kl toxin gene expression my have been abset. In order
to test, quantitatively, whether linear plasmid-encoded genes contained
within nuclear vectors can be ressed the dogous plmids kl and
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Asp Thr Asp Pro Va I Va I Lou
GAC ACT GAT CCC GTC GTT TTA

IL/ / 4 YRpORFZ2
12.2 Kb

Fig. 1. Structure of the plamid YRpORFZ2. Regions of the plasmid which are
derived from plasmids kl sad YRp7 are indicated. The fusion 'unction between
the amino-terminal coding region of ORF2 and lacZ is shown. Solid box: lacZ
coding region. Hatched box: Riainder of ORF2 coding region. Open box: kl
gene and ITl1 gee of YRp7. Curved arrows: Bacterial genes. Arrow heads
indicate direction of transcription of genes. A (delta): Partial gene.
Bacterial origin of replication, ori, is also shown.

k2 are also present in the cell, we assayed expression of a cloned kl gene
using a gene fusion.

A translational fusion was made between the amino-terminal 36 codons of
ORF2 and the lacZ gene of Bscherichia coli. As the predicted lacZ-fusion
product retains the ORF2 signal sequence it may become mebrane associated.
However analogous gene fusions between lacZ and the GAL2 permase of
S.cerevisiae have bee successfully assayed in yeat20. The ORF2-lacZ gene
fusion retained 1.8 Kb of kl DNA normally upstrem of ORF2 and 1.5 Kb of kl
DNA normally downstrem of the ORF2 carboxy terminus. The fusion gene wa
transferred to the S.cerevisiae vector YRp721, to form plassid YRpORFZ2. See

Figure 1. During construction of plasmid YRpORFZ2, the AR1 sequence,

necessary for autonous replication of YRp7 in S.cerevisiae, was removed.
However the A/T rich kl-derived DNA fortuitously provides elements22 enabling
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Table 1. Expression of an ORF2-lacZ fusion gene in yeast and E.coli

B.coli S.cerevisiacti.
Plmid IM622 SP1103 SDll IF01267

puiKgl 2.57 --

pUOR2 3.14 - -

pL4669Z 11.4 776.88

pPA13 0.04 39.20 -

YRpORFZ2 0.43 0.71 0.58 -

YRp7 0.01 0.49

KRp2 - 0.52 -

-
_
- - 8.35

Units of A-galactosidase activity expressed by various plamids in strains of
yeast and j.coli. For calculation of activity values, and genotypes of
strains, see materials end methods. SDll carries an inactivating lesion
within the endogenous K.lctis -galactosidase, IF01267 does not, but was
grown under conditions w}hich would not induce expression of the enzym beyond
basal levels. Plasmid pUCORFZ2 carries the ORF2-lacZ fusion expressed from
the la promoter of pUCl9. YRpORFZ2 carries the ORF2-lacZ fusion cloned into
the yeast high copy number vector YRp7. pLG669Z expresses the lacZ gene from
the S.cerevisiae CYC1 nuclear promoter. pPA13 expresses lacZ from the
cauliflower mosaic virus 19S promoter. YRp7 & KRp2 are, respectively,
S.cerevisiae and K.lactis autonomously replicating plassids which carry no
lacZ gene.

autonomous replication of the plassid in both S.cerevisiae and K.lactis.
Plasmid YRpORFZ2 was transformed into strains of K.lactis and

S.cerevisiae which harboured linear plasmids kl and k2, using a whole-cell
transformtion procedure23. Transformed cells were permeabilised with

chloroform, nd P-galactosidase activity measured by spectrophotometric assay

of the rate of hydrolysis of o-nitrophenyl-P (beta)-D-galactoside (ONPG). No

enzym activity could be detected in either yeast (Table 1). Detection of

activity in S.coli strain N3522, when transformed with YRpORFZ2 or with
pUCORFZ2 (which expresse the gene fusion from the lac promoter) confirmed

that, when expressed, the fusion protein did retain normal P-galactosidase
activity. Also, other controls indicated that, under these conditions, it wa
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ucs

ORF 1 ACTATAATA-TATGA..............AAAATG

ORF 2 ACT-TAATA-TATGA.............. AAAATG

ORF 3 ACT-AAATA-TATGA.............. AAAATG

ORF 4 TAAAATAATCTGA...... AAAATG

ORF 974 TA-TATGA......... AAAATG

ORF 579 TA-TCTGA............ ATG

ORF 336 AAAATATGA .... ATAATG

ORF 158 ATATTTTGA......... AATATG

ORF 132 TA-TGTGA.. .. AAAATG

ORF 112 TA-TTTGA.... ATTATG

ORF 103 AAATA-TATGA.. .. AAAATG

Consensus TAATATGA
A T T
-c

c

Fig. 2. Carison of the upstrem conserved sequence (UCS) found before each
of the ORFs of plasaid kl with upstre regions of plasmid k2 ORFs identified
during this study. The predicted initiation codon (ATO) and three preceding
nucleotides are shown in each case. Each intervening nucleotide is
represented by a dot (.). Note the requirement for an adenine residue at the
-3 position, and preference for an AAAATG initiation context. A consensus UCS
is shown.

possible to detect P-galactosidase activity in yeast when expressed at high

(plamid pl669) or low (plassid pPA13 and non-induced IF01267) levels.

We suggest that expression of at loet ORF2, and probably all of the kl
genes, therefore requires factors unavailable within the nuclear comrtmnt,
even when native linear kl and k2 are also present in the cell.

Plamid k2 Encodes a Product With Homology to Two BHA Polyerase Subunits

In order to investigate the novel extranuclear expression system which

y be encodd by k2 we are determining the coplete nucleotide sequence of
this plamid. DNA of plamid k2 w prepal from K.lactis ABK802 [klO,k2+]
and digested to comletion with the restriction endonucleases am HI and

Xho I. This yielded two Bm HI-Xho I fragments, of 7.7 lb and 5.5 Kb, which
after modification of terminal restriction sites were cloned in both possible
orientations into the sequencing vector pDSLl9+. An overlapping series of

deletion-derivatives were prepared from the 7.7 Kb fragment, in both
directions, using the exonuclease III/exonuclesJe VII deletion method24.
Deletion-derived clone were sequenced, and sequence data assbled maually
using the University of Wisconsin genetics computer group (IMNW3)
protrm26.

Analysis of 7688 bp of continuous sequence data obtained from plasmid k2
reveals seen ORFs, with potential to encode products of 974, 579, 336, 158,
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lySlnIlndlusr IldPhrrIWaAolesy4hrfey yrAwIld;ltuCyUMrLyLmfr

lTyer_loyt*lagUOMdlneyftrSer4e,pneILnluAwroiammyoyyrptAnIwwlyeIlAyInataLiAsle
100

LYLysItdyuT-LsPWzysAIldaTyrmrA4pAyrneIleMleeGsltnIWethrl{ lwwdsrMLd euALPrlo

Ad*tAp6rnllenAjwsAMsyLsuilmmuwslr@4saeIGlpeu*w&LysMauyProIlauIlMIlApmeS&rIynr

lletPheM GlpmMylm*guGluProArgialry7rArg oGalrpoySuLeuiuIesAnpiieLy d"GuLyms-aln AgosmhgnAsahIlp

fMcalLyllWVAMalPheqWalSerGluAspke%HrAwlel4uneryW4MIeagrnwIggne7rneproftfrrgemue&ra9atGLyuug

AgvailGmwAlus_rLysn-cysProneIrdbserAepy&rLAmymhrIlSy,rLmyoatysAwdesw7rLyneIl7hleLysvalGluL
300

AlmreGlyAwywVatevhryolm, VrLyWW usAeirAft IlergSt&Ph*VlCylltIlePheGAlyaI d;hlyAspf galyreIMAple

TO-i yAnrLFydS-rmeRwyAq;lryHLysrroProIetPkELYdYSPevanelAsplanIVldyftAmnIalftrLyesyeb,

VAdTrALdiuMLyVlLywGuIle $suIl ndUpVlllr V18r

v _fr=lmAAotr7tyryAnyu&aumannwrasifetf &rUuyMnel4sw___ y_

ValsernaLMuIl qAW_yrLydySlutygVwlGluIluIleIllyGlnIlySlu

900~~~~~0
GyVluGluyrAd&hrlrA%ArI:lulyulI VlGyLAg Gy yldpe

GlneryLOalThrleAliqsLysmnA£geGlsyLrlIeGlyLFyCylIleLAluIAsTpsrnIlUafrqeSrnIef

yhrP&IebMTrIleuVAlC4swlultTyrLeu-leyLSIllQ

Fig. 3. Sequence of the ORF 974 coding region aligned with that of its
predicted product, showing upstre DNA. The ORF was translated using the
universal genetic code.

132, 112 and 103 mino acids. All seven ORFs exhibit the sams codon usage as

the ORF. of plasmid kl, all are preceded by UCS-like elsents and the

initiation codon of all ORF? is in a similar context (figure 2). We suggest
that this indicates a common expression mechanim for the genes of plasmids
kl and k2. Aligzet of kl and k2 UCS elemets leads to definition of a no

minimal consenus UCS; (A/T)A(A/T/-)TNTGA, where - indicates the possible
absence of a base, and N my be any base.
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Table 2. Codon Usage of ORF 974 and kl ORFs

aa Xcodon k1 ORFs ORF 974 aa %codon k1 ORFs ORF 974
usage usage

AlaGOT 53 48 Leu TTA 64 57
aCC 8 0 TTO 9 9
GCA 37 48 CTT 13 12
000 2 4 CTC 1 0

CTA 9 17
Arg CGT 4 0 CTC 4 5

COC 1 0
CGA 5 0 Lys AM 85 91
COG 0 0 MG 15 9
AGA 88 88
AGO 2 12 Met ATG 100 100

Asn AAT 85 88 Phe TTT 83 73
MC 15 12 TTC 17 27

Asp GAT 87 89 Pro CCT 65 38
GAC 13 11 CCC 7 8

OCA 27 46
Cys TT 89 88 COO 1 8

TWO 11 13
Ser TCT 44 38

Oln CM 94 76 TOC 4 9
CAG 6 24 TCA 21 16

TOG 0 2
Olu GM 86 92 AOT 30 29

GAG 14 8 AOC 0 5

Cly GT 52 33 Thr ACT 48 45
OC 3 0 ACC 4 7
OGA 41 64 ACA 46 48
00 3 4 ACG 2 0

His CAT 90 81 Trp TOO 100 100
CAC 10 19

Tyr TAT 88 77
Ile ATT 40 14 TAC 12 23

ATC 3 1
ATA 57 85 Val OTT 48 39

aTn 6 2
CTA 38 57
anO 8 2

Percentage codon usage. Average codon usage of the four open reading frames
of plasmid kl are shown, compared with codon usage of ORF 974.
aa: Amino acid.

The coWplete sequence of this region of k2 has been deposited within the

EML database under accession number X07946. Analysis of the ORFs contained
within it will be reported elsewhere (D.W.W., PhD thesis, University of
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Homology resion A
Species
& subunit
E.coliP F ER P V T V G Y MY N H L V D D K M H A R I S Y S L 0 L G
NtclB F Q P V I IGKPY I L I H Q V D D K I H G RS S VTOOPL otneNt chli P IIPSIKPYIIIIIQDDIHIISOH YALYIQOPL R continued

Mp chl P F P I T I GK Y M L I H V D D I H A Ss P Y A L VTOOP L R below
OR974 L EN K I I V G C L Y A R H V D D R V O F N G N I D I K O S

_.coli AQG F G O F G ME V W AL A Y A Y T L 0M L T V K S D D[ N G 1300
Nt chl A A K 0 G OI RVGIME V W ALG F IIVA H I LH M L T Y K S D HI|R A 1015
Mp chl S R R V E vW A LE GFIGIV A Y I LQ M L T I K S D HIIR A 1010
ORF974 K R S L F Q R D I I L A W N T I K I W S I D R s K K I 552

Hosoloxy resion II

Du Pol SIL3G7E7RI R G N L M K R V D F S A R T V I T P D NTR I D O V G V R S I A Q 377
Sc Pol IIS ILKIG IKIOIGRF R G N L S|G|K|R V D|F S G|R T V IIS|P DPIN|L|S|I D|E V A V|P|D R V A K 400
Sc Pol II L KIGIKIIEIGR I R G N L M|G|K|R V DIF S AIR T V IIS G DPINILIEL DI0 V G VIP K S I A K 372
_.coli P' KIKG K 00GKR F R O N L L|G K R V D|Y S GOR S V I|T|V G PY L|RHL H|0 C G L|P K K M A L 374
Mp chl P' IIEIGIKIEOGHRF R E N L LIGIKR V DIY S GIR S VIIVIVV GPIFILIPIL HIOC G LIPIR E M A I 403
ORF974 t JSUKNJA Y H T L EJHR V DHRC I|R S V I|V|P DP TUDWIDIT I K I UJF G A N H802

Homology retion III
Sc Pol III V V|L F N RQ P S L|H R LIL S H Y A I R P W RTFR L N ECIV[T P YN A D F D G D E M NL H V PQ T E AH R A 530
Sc Pol II P V|L F N R Q P S L H KNIS MIN A H RVHK V I P Y SIT FIR LIN L SIVITISP YN A D F D G D E M N L H V PQ S EIEIT R AII 500
E.coli P' P V|L L N R A P T L|H R L|GII QA F EPIV|L I E G R|AII O L|H P LVICIAA Y|N A D F D G D Q M A V H V P L T L EOAQ LE| 479
Mp chIP' P I|L L N R A P TLH H RLIG IIQ A FQ PISIL V N G RIA IIH LIH P LIVICIGG FN A D F D G D O M A V H I P L S LEAO AIKE 508
ORF974 Y G|L L N RQ P S L|N V D IK L VK LjK0 G S N K|T I A I N P L L CJ S F|N A D F D G D E M N|I Y G I R N KES I E 965

* * 0 * * * 0

Fig. 4. Homologies between product of ORF 974 and several RNA polymerase
subunits. Origin of subunits abbreviated as follows: Nt chl, Nicotiana
tabacu chloroplast. Hp chl, tarchantia Polworpha chloroplast. Sc,
Saccharources cerevisee. Do, Drosophila elanoastter. Numbers refer to
location of final residue of homology region within corresponding
polypeptide. Boxes and asterisks, respectively, indicate where a residue of
the ORF 974 product is identical to, or conservatively different from,
corresponding amino acids within two or more aligned RNA polymerase subunits.
By this criterion, region A of ORF 974 product has 36.3 X identity with
region A of the other polypeptides. This rises to 53.8 % if conservative
substitutions are also taken into account. Region II shows 43.2 % identity
rising to 56.8 X. Region III shows 48.3 % identity rising to 58.3 %.

Leicester). Using the algoritba of Lipman and Pearson26 to search the
National Biomedical Research Foundation (NBRF) protein sequence database, we

have found significant homologies between the predicted ORF 974 product and
the subunits of several DNA-directed RNA polyerases. The sequence of the
predicted ORF 974 product is shown in figure 3. The codon usage of ORF 974 is
shown in table 2.

Camuter-assisted comaison of the predicted protein sequences of
everal RNA polymerase subunits with the ORF 974 product reveals an 80 amino
acid region of homology (which we have termed region A) in conon with the P
subunits of RNA polymerases from L.coli2V, the chloroplasts of tobacco
Nicotiana t2 8 and the chloroplasts of the liverwort Marchantia
polymorpha29. This region is also homologous to one of nine conserved regions
shared between the P-subunit of 8.coli RNA polymerase and the 140 kD subunit
of S.cerevigiae RNA polymerase II30. Additionally there are two other
regions, of 43 mino acids and 59 mino acids, with homology to regions of
the R.coli RNA polymerase F' subunit31 the M.Ro1M chloroplast RNA
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Fig. 5. Structure of predicted ORF 974 product and several RNA polymerase
subunits. Abbreviations as in Figure 4 legend. Homology regions A and I to VI
are boxed. Dotted line; carboxy terminal repeat region of Sc Pol II32.

polymrase P' subunit29, the 215 kD subunits of S.cerevisiae32 and Drosophila

melanogaster33 RNA polymerase II and the 160 Kd subunit of S.cerevisiae RNA

polymrase III32. These latter two regions of homology correspond to the RNA

polymrase large subunit conserved regions II and III defined by Allison and

coworkers32. See Figure 4. However regions A, II and III are arranged

differently within the ORF 974 product, a is shown in Figure 5.

We have been unable to detect any homology between the ORF 974 product

and regions I,IV,V and VI comon to S.cerevisiae DNA Pol II, Pol III and

E.coli subunit W'. We have also failed to detect homology between the mnino
terminal 570 residues of the ODF 974 product and other DNA polymerase
subunits. The ORF 974 product bears no primary sequence homology with the

mitochondrial RNA polymerase of S.cerevisiae34. This enzyme resebles the RNA

polymerases of bacteriophage T3 and 17, and the predicted product of an ORF

within the mitochondrial linear plasmid S2 of Zea 35. That the ORF 974

product is unrelated to this class of polymerases is consistent with an

extramitochendrial location for the killer plasmide, as would be expected

from their maintenance and expression within p{o strains of S.cerevisiae, and

their capacity to encode proteins which enter the secretory pathway.

The apparent cytoplasmic location of kl and k2 and their lack of

recognisable expression signals implies that an RNA polymerase of novel

properties my be required to transcribe their genes. We suggest that the ORF

974 polypeptide has a role in this task, perhaps via recognition of the UCS

elements found 5' to all kl and k2 genes. There may of course be additional

plasmid-encoded or cellular proteins required for the process of

transcription. In this regard we have detected homology betwen the product
of a second k2 ORF, ORF 579 (which is able to encode a polypeptide of 579

amino acid residues), and proteins D-569 and C-637 of the poxvirus vaccinia.
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Vaccinia is a cytoplasmic DNA virus which carries its own gene expression
system, and product D-569 has been identified as the DNA-dependent ATPase36
which may unwind the vaccinia duplex during transcription37. Perhaps the

product of ORF 579 performs a similar function for the killer plasmids. Like
ORF 974, ORF 579 is preceded by a UWS-like sequence and its predicted
initiation codon lies in an AAAATG context (figure 2). We note that a

consequence of our interpretation of this data is that ORF 974 and ORF 579

products would be required for their own expression.
The roles performed by the various subunits of prokaryotic or eukaryotic

RNA polyerases are poorly understood, although there is some evidence to

suggest that the F' subunit of Lcoli RNA polymerase may have a role in DNA

binding38 whilst the P subumit may bind nucleotides39. Because the product of

ORF 974 shares homology with some of the regions found in both types of

subunit, its structure is unique. CoWarison of its biological activity with

known RNA polymrases of conventional structure will lead to an increased
understanding of the roles of each subunit and the conserved regions within

then.
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NOTE ADDED IN PWOF
Since submission of this manuscript Tommaasino et al. published the

complete nucleotide sequence of plasmid k2 (Nucl.Acids.Res. 16, 5863-5878).
Their predictions concerning the genetic organisation of k2 ORFs are in good
agreement with our omn, except that they have found ORFs 112 and 336 to be
joined into a single ORF of 453 amino acids.
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