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ABSTRACT
A detailed physical and functional map of the chloramphenicol (CM)

resistance plasmid pC223 from Staphylococcus aureus was compiled. The
plasmid's basic replicon and origin of replication were located and their
nucleotide sequences determined. Two small RNAs of 92 and 156 nt, demonstrated
by in vitro transcription with vegetative Bacillus subtilis RNA polymerase,
were depicted as copy nuber regulating (cop) and incompatibility (inc)
functions in Bacillus subtilis. pC223 and pUB112, another S.aureus Cm
resistance plasmid, which exhibits marked sequence homology with pC223 and
codes also for two small copRNAs, could be classified as mebers of the pT181-
plasmid family (1). Copy numbers and segregational instability of pC223,
pUB112 and deletion derivatives of both in B.subtilis showed great differences
despite of their homologous basic replicons.

INTRODUCTION
Since the discovery by Ehrlich (2) that staphylococcal antibiotic

resistance plasmids can be replicated and their genetic information be

expressed in Bacillus subtilis, great progress has been made in using then as

cloning vectors in the foreign host. However, important factors for their

maintenance like copy nDUber control, incompatibility functions and

segregational stability have been studied intensively in Staphylococcus

aureus, but hardly in B.subtilis, in which most of them are not stably

inherited indicating that critical elements in host-plamid interaction are

dysfunctional (1).
The tetracyclin (Tc) resistance plasmid pT181 is the well-studied proto-

type of a fmily of small S.aureus plasmids, which consists of different

incampatibility groups (1,3). These plasmids control their copy nvmber by
inhibitory countertranscripts (copRNAs) which interact with the untranslated

leader of the N of an essential replication initiation protein (Rep) thus

inhibiting rep m translation (1,4). pT181 possesses two rep mRNAs, starting

at different positions, and two different copRNAs, initiating at the a8e

point (4). Mebers of the pT181-fmily are the Cm resistance plamid pC221 (5)
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and the streptomycin (Su) resistance plasmid pS194 (6), which show great
homology in their rep genes (including the leaders) and in the structures of

the replication origin (ori) with pT181 (7). The Rep protein of the pTl8l-
like plamids initiates plasmid replication by nicking at a specific sequence
in the orn region, that is situated in the 5'-region of the Rep-coding
sequence (7,8). Different from the pTl8l-family are two groups of grampositive
plasmids, the pUBllO- and the pSN2- fmilies, each containing plasmids from
B.subtilis and S.aureus, that belong to a single incompatibility group (1).
They vary from the pTl8l-group in copy number control as well as in their rep
and ori sequences (9,10,11).

The S.aureus Cm resistance plamids pC223 (12) and pUB112 (13,14) have not
been studied yet in regard to copy nber regulation. In the present study,
the functional map and the nucleotide sequence of the basic replicon (the
smallest piece of a plasmid that is still able to replicate, 15) of pC223
have been determined and copy number control and segregational stability of

pC223 and pUB112 in B.subtilis have been studied. Copy numbers and segregation
rates of both wild-type plamids and of deletion derivatives and copy nber
mutants in B.subtilis have been caQared to those of five different S.aureus

plamids. The copy numers in B.subtilis varied rmrkably, even for plamids
of the same fmily, and an instable inheritance of most staphylococcal
plasmids in the foreign host was confirmed.

MATERIAL AND METBODS
Bacterial strains and plasmids

The S.aureus plasmids pC223 (12, obtained by R.Novick, New York, in
S.aureus strain RN154) and pUB112 (13,14), pC221 (5), pUB110 (13), (all
obtained by R. Bruckner, Heidelberg), pC194 and pElD94 (6, obtained by E.
Zyprian and J. Tennigkeit, Heidelberg), pRB311 (the circularized large BclI
fragment of pU8112 (14), obtained by R. Bruckner, Heidelberg) and the pC221
deletion plamid pCW41 (16, obtained by W.V. Shaw, Leicester, in S.aureus
strain 8325-4 recAl his7) were transformed and maintained in B.subtilis strain
BD 170 jMp2 thr5 (17). The construction of the pC223 deletion derivatives
pM 59, pMT9, pN8 and pMT is described in this work.
Fdia and rowth conditions

B.subtilis and S.aureus were grown in trypticase soy broth (TSB) medium
(BBL, Cockeysville) and plated on LB agar plates. Plasid-containing cells
were grown in TSB with 20 pag of the appropriate antibiotic / al.
Plamid DNA mnipulations and tranformation

Large-scale plasmid preparations frm B.subtilis were done according to
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Birnboin and Doly (18) and from S. aureus by a combination of methods described
by Novick (12), Holmes and Quigley (19) and Schaberg et al. (20), including
the purification of plasmid DNA by CsCl density gradient centrifugation. Mini
plassid preparations were carried out by the same methods with slight
modifications. Restriction, Bal 31 digestion, ligation and phosphorylation of
DNA were done under conditions recommended by the suppliers and followed
standard procedures (21). Competent B.subtilis BD 170 cells were prepared
according to Contente and Dubnau (22). Analysis and isolation of DNA
restriction fragments were performed by agarose and polyacrylamide gel
electrophoresis (21).
Incompatibility assays

Unilateral incompatibility was scored by displacement tests (23). The
displacing plasmid was transformed into B.subtilis BD 170 containing the
plasmid, that was to be displaced, under selection for both plasmids. The
heteroplasmid strain was grown in successive overnight cultures under non-
selective conditions and mini plasmid preparations from each culture were
done. Incompatibility was scored by the disappearance of the displaced
plasmid.

Segregational incompatibility was examined by reciprocal intrapool
variation tests (24). The reciprocal variation of the copy numbers of two
different plasmids in the same B.subtilis strain, relative to the selective
conditions under which the culture was grown, was taken as evidence for
segregational incompatibility.
DNA sequencing

For DNA sequencing the dideoxy chain termination method (25) with
covalently closed plasmid DNA as template was used. Restriction fragments of
pC223 and pUB112 were cloned into Escherichia coli vector plasmids pBR322
(26), pRB273 (14), pUR250 (27) or pUC18 (28). As primers were used a 16-mer
primer, complementary to sequences adjacent to the Bco RI-site of pBR322 and
pRB273 (New England Biolabs) or the 16-mer pro 42 and 17-mer pro 43 primers,
complementary to sequences adjacent to the polylinker sequences of pUR250 and
pUC18 (Progen, Heidelberg).

Sequencing reactions were analyzed on 6X or 8X polyacrylmide/8 N urea

gels.
In vitro transcription

Transcription assays were carried out _ described (29).
Determination of plasmid pY numbers

To determine the intracellular plam id content of B.subtilis, 1.5 ml of an

exponentially growing culture (3 x 10P cells/ml; AMoo = 2) were centrifuged at
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8000 rpm in a microfuge, and the sediment was treated as described by Birnboim

and Doly (18), but without RNA digestion. The total amount of nucleic acids

recovered in the mini-plasmid preparation after the salt precipitation step

was determined by measuring A2so. One half of the sample was applied

untreated, the other one after treatment with a linearizing restriction enzyme

and RNAse to an 1X agarose gel, which was stained after electrophoresis in an

aqueous solution of 1 ig ethidium bromide/ml for 30 min and destained in

distilled water for 60 mmi (30). The gel was illuminated with u.v. light and

photographed. The amount of plassid DNA in the mini-plasmid preparation was

quantitated with respect to the concentration of total nucleic acids,
consisting of RNA, plasmid DNA and some residual chromosomal DNA, by

microdensitoametry of film negatives, taken of the gel, with a Joyce-Loebl 3 CS

densitometer, and integrating the corresponding peaks (31). All determinations

were carried out at least three times.
Segretational instability of plasmids

Freshly plasmid-transformed B.subtilis colonies were replica plated on

non-selective agar plates. The new colomies were tested for plasmid content by

replica plating on agar plates with 20 xg of the appropriate antibiotic/ml and

were again relpica plated on non-selective plates. The colonies from the non-

selective plates were replica plated just as described and so on. The segrega-

tion rate per cell and generation was calculated according to Iordanescu (32).

RESULTS

Physical and functional analysis of PC223
After having compiled a detailed restriction map of the 4.6 kb plasmid

pC223 (Fig.l) the location of the cat gene and the direction of its

transcription were determined by cloning restriction fragments in the E.coli
vector pBR322, by analysing pC223 deletion derivatives in B.subtilis and

finally by DNA sequencing (33). The following deletion plamids, still capable

of replicating in and confering Cm resistance to B.subtilis, were obtained

(Fig.l): 26 (3.2 kb), constructed by circularization of the ligated large

and small pC223-HaelI-fragment, pMET9 (2373 bp) by partial TacI digestion of

p315 and religation of four of six fragments, and p13R1 (2148 bp) by
circularization of the large pMET9-RsaI-fragment.
Localization of replication and incampatibility functions of pC223

pNT3 was the smallest plaimid that could be isolated, together with

larger plasmids carrying the cat gene, from Cm resistant B.subtilis colonies,
obtained by tranformation with religated partially TagI-digested p3125-DNA.
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Fiure 1. Restriction and functional map of pC223 and the four deletion
derivatives pMEH25, pMET9, pMER8 and pMET3. The unique HindIII-site was chosen
as point of reference (4.6 kb/0 kb). Map units are given in kb. Plasmid pC223
has a size of 4.6 kb, pMEH25 of 3.2 kb, pMET9 of 2373 bp and pMET3 of 1620 bp.
Moreover, by DNA sequencing and restriction analysis (marked by *) one AvaII-
site (pos. 1336), one Bst E II-site (pos. 3419), four DdeI-sites (pos. 445,
1425*, 1610*, 1950*), five HinfI-sites (pos. 432, 493, 3572, 3694, 3843), two
HphI-sites (pos. 514, 4075) and two SphI-sites (pos. 1605*, 2130*) have been
determined. Enymes Alul, DraI and MboII cleave pC223, but the sites have not
been localized. Restriction endonucleases that do not cut pC223 include: AccI,
AvaI, BalI, Bam H I, BclI, BgLI, Bst N I, Eco R I, he III, Hind II, HpaI,
}PnI, PstI, PvuI, PvuII, SalI, SstI, XhoI and XorII. For explanation of the
indicated functions see results and discussion.

It consists of two TagI-fragments of 1274 bp and 346 bp (Fig.l). Thus, the

basic replicon of pC223 could be located between its gI-site at position

3817 and RsaI-site at position 723. Replicons lacking the 1274 bp TagI-
fragment could never be isolated and plamids, missing the 346 bp TagI-
fragment, could only be scored in co-existence with plasmids, which harboured
this fragmt, indicating that the large TagI-fragment carries a cis active

replication function, presuably the origin of replication, and that the mall
one is necessary for a complementable trans active replication function,

probably the pC223 replication initiation protein Rept.
The ori of a grapositive plassid integrated into a gramegative replicon
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should promote the replication of the latter in a grampositive host when the

appropriate Rep protein is provided in trans. This rationale was applied to

locate the pC223 ori. The FboI-TagI-fragment between positions 276 and 491 was

cloned by means of linkers into the single XbaI-site of pUR250cat, which had

been constructed by insertion of the 4boI-TagI-cat-fragment of pUB112 (14)
into the E.coli vector pUR250. In contrast to pUR250cat, the new plasmid,

pUR215cat, could transform B.subtilis BD 170 harbouring pMETllO, a construct

of pMET3 and the kanamycin (Ku) resistance determinant of pUBllO (34), to Cm

resistance. Apparently, the pC223 Rep protein, coded on pMETllO, initiates the

replication of pUR2l5cat in trans at the pC223 ori on the cloned fragment, as

mphasized by the behaviour of both plasmids as autonomous replicons (see

Fig.2). pI4KTllO and pUR216cat, that carry the same on, are segregational

incampatible in B.subtilis, as demonstrated by the reciprocal intrapool

variation test (24). Fig.2 shows that copy numbers of the two plasids varied

reciprocally relative to the selective conditions, the copy number of

pUR215cat never being higher than that of pMETllO because of the dependance of

its replication in B.subtilis on the presence of pMETllO.
By displacemnt testing an unilateral trans active incompatibility

function of pC223 was located on the TagI-fragment between positions 491 and

837. The fragmt was cloned into the AccI-site of the Km resistance vector

p1B103 (14), yielding plasid pMKT360. B.subtilis BD 170, harbouring pMR8,
was transformed by pR1103 or by pMHT360 to Cm and Km resistance. Both trans-

formsnts were then grown in successive overnight cultures under non-selective

conditions. Fig.3 show plasmid preparations after one, two, three and four

passages. It is apparent that pMKT360 displaced pI8, whereas pR1B103 did not.

_ _~~~~~~AL__3-7 _ _* _

Fisure 2. Reciprocal intrapool variation test. Gel elelectrophoresis of mini
plamid preparations from B.subtilis carrying plasmid pIUTllO (lane 1), from
!. carrying plamid pU25cat (lane 12) and frm B.subtilis heteroplasmid
strains, trasformd by both plamids (lanes 2-11). The selective conditions
for the heteroplamid strains varied as follows: lanes 2 and 3: 20 gg Ku/ml;
lawn 4 and 5: 50 pg im/ml and 5 gag Cm/al; lanes 6 and 7: 20 gg No/ml and 20
pag Cm/ml; lanes 8 and 9: 5 gg Ku/ml and 50 pg Cm/ml, lanes 10 and 11: 20 pg
Cm/ml.
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Nucleotide sequence and in vitro transcription analyses
After the essential replication and incompatibility functions of pC223 had

been located, the nucleotide sequence of its basic replicon and adjacent
regions was determined (Fig.4). In this sequence an open reading frame for a
polypeptide of 314 amino acids was detected that, in analogy to plasiids pT181
and pC221, represents the replication protein of pC223, RepM, the ori sequence
being included in the RepM-coding region. Upstream of this region a large
palindromic sequence, homologous to the palA-sequences of pT181, pC221 and
other S.aureus plasmids, which are necessary for proper replication in
S.aureus (35), could be identified. The sequence preceding the repL gene
contains two hypothetical promoter regions on the coding and one on the
opposite strand. The latter is followed by terminator-like sequences ti and t2
after about 100 and 150 bp. In analogy to pT181 and pC221 these signals were
assumed to regulate the synthesis of reM smRNA and copRNAs.

To verify the existence of these RNAs, in vitro transcription was per-
formed with E 6 43 RNA polymerase from B.subtilis using the 346 bp TaqI
fragment, which had been shown to carry a trans acting incompatibility
function, as template. As depicted in Fig.5, two transcripts of 155 and 92 nt
were obtained. They also appeared as prominent bands when the supercoiled
plasmid DNAs of pC223, of its deletion derivatives and of pMET360 which
contains this TagI fragment (see above) were transcribed (data not shown). To

_~~~~~~~~~.._

Figure 3. Displacesent test. Gel electrophoresis of mini plasmid preparations
from B.subtilis carrying plasmids pHEER (lanes 1 and 8), pRB103 (lane 2) and
pMET360 (lane 9) and from two different B.subtilis heteroplasmid strains. The
strain carrying pMER8 and pRB103 was grown in double selective medium (lane
3) or in successive overnight cultures under non-selective conditions (lanes
4-7) as well as the strain carrying pM4R8 and pHET360 (lane 10: double
selective medium; lanes 11-14: successive overnight cultures under non-
selective conditions).
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4139
TrCAATC AATCC
StcpLysTrpPheGluPheLysArg Gl3nTrpPheAsnIleG]nLysGJn TeuAsnG1uG1uAsAspThrLeu

4211
AGTAGATTATAAAGAA:ATAATAAGATTTCTTGTAT:7A MC2ZrrGAG
ThrSerIysMtleuApThrIeu AspIleSerSIleGluGr nle I1eG1nLysTyrLysArgArgSer

4283 Dra I
ATTTCATGMTTCTCCCCATTT : SCTI-IC_10A1!TAAATA:AACCTaaQM..Ej± aAMACT
AsnArgHisIeuGluGlyTrpLys SerGiuGluHisTeuLeuLeuTyr ValtAlaGlnGluLysIeuSer

4355
CAAT mCTCAGI:CAAATTrAIATAAAACAP:ATrPATTCCATACACT

GluleeuArAlaTrpAlaProLys LeuIleHisIeuApAsnPheCys AAsnTrpTyrAspVa1btAsp
4427

IA :TTC:A
ArgLysIeuGluIleGluValArg TrpteuHisGluAlaSerValAsp ValAspAlaAsnGluLysArgGlu

4499

lysLysIysAsnTyrIleArgIle PheAgAspSerAspArgSerGly PheTyrLyslhrGluProLysGly

4571 Dra I,Hind III,Alu I
AGrGTCCGAAAAATACAGrGCT AAGCTrGA TGC:ATAATAAATCATCIC
Th'ihrG1-yP12heVa1ThrArg LysteuAlaLysGluSerLeuAla TyrTyrAspSerleuAspAspGlu
43 Alu I
MAAA MCAAAGSCTAAA ,ATCT: TGTAAACATC TCAATA:ATAMTATTrILAC
P1eAspiheA.aL LeuArg TrPheG1yAspAspG1uMetTyr AspIleIleAsnHisLysLeuTrp
115
TAACTTATrrA AGTTTr:GTGGATAAI-AICCTGG :GITACITCCAAGAC
LeuMetGlupHisThrLeuLys AsnProAsnPheGluValArgMet AsnArgArgAspTJpThrAspA1a
187 Alu I,Dra I

TArirlA XTCATTCAATATA:AACTTITTGTIGCTTAGC: MA TTIGAATATC
LysVa1LLysAspTyrG1uI1eTyr ValLysGluGlnLeuAlaLysAla LysPheLysThrGlnLeuIleAsp
259 Nbo I Hae II
CCAMGMTa.GACAM.LCAAA..GAAGTT2fAGGCGTTTATIAGGrI'ICC
TrpLeuArgI1eGnProAsIeu SerMetPheLysSeeuLysLys AlaSerAsnLysAsIeuAsnGly

331 Alu I Hpa II

Va ael Ile PheSer IeuLysProAsnerThrCysVal PheHisIeuArgSerAsn
I - on

403 Hpa II Hinf I Dde I

SexIyrGlyThrLysSerPheAs AspSerApHisAsnGlueuHis AsnSerHisAsnThrTyrAsnAsn
ori < - Rep M <-

475 Taq I,Hinf I Hph I - 35
T TTTTAAGA
LysSerMet S.D. anti-S.D.
547 1 - 10 Xba I I1 icop s a.
A:T v :airirl:~~~~GACAAAGAACCT
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619 t1
CGCTATCACACITTGGCGAGG:AGTAGCGrTMrACTT:TTAT ATAATATCAAAAG
GCGATAGTIGAcCG1CXCC TCACIGOIAGAAAAATGAAAC AATAATTATATIGTTAGTTTIC

pre-enptor - 10
rep mRnA I 4-I

691 Mbo I t2 Rsa I
AICrAG : ACCAA2AACA:TAA
TG G T CTAG AAAAACATGGT _

- 35 rep mRNA, II 4 I - 10 -35
763
ATAATITATATTGCTGGTAAGTAT:AATACTAAAPDTGACACA:CrACTrGA AAACAATGT

-35

835
CCGAAGATTCrCGrTTC:CArkTIA CCC AACCCI: CG MZAATMCCITA
Taq I I -> pal A

907 Rsa I
TICGC(GkCTACGGGCTA:-*3 !AT LTTr:TC C X :C

979 B
ACAACTCACAGTrAGCT:AA C AC: TAAC

1051 pal A t- 1 I
TTATAATA CTAT T:CATAAGGAGTTA=CMATTrG:CA AT IA

1123
T l 1 rm:ATATATAAATCT rAAAGA:TTAAATACICTAAA C

1195 Rsa I
ATGAAATGAAG:AATACATAG A:A

1267 Ava II
CATAAINCA:TTAATATATAA:AT

1339 Rsa I
( I :Tcc3A1TcTACAAA:AAATAATTA AAAAATATT: AACNTA

1411
TAGCGCT
Hae II

Figure 4. DNA sequence of pC223, pos. 4139-1418, HindIII taken as point of
reference and plasmid size supposed to be 4.6 kb. The upper strand is written
in 5' to 3' direction, and only the sequence coding for the cop RNAs is given
double-stranded. For explanation of the indicated functions "anti-S.D.", "pre-
emptor" and "RSB" see discussion.

locate promoters on the fragment it was cut by the restriction enzymes RsaI,

XbaI or MboI and used as template for run-off transcription. As can be seen in

Fig.5, strong signals were obtained using the RsaI- and MboI-fragments for the

copRNA run-off transcripts, and only weak signals with the XbaI-cut DNA for

the rep mRNA run-off transcripts. Based on the results, a transcriptional map

can be dran for the TaqI fragment analogous to pTl8l (4) (Fig.6) .
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3121/315...
267-

84-

3123/152

figure 5. In vitro transcription of the 346 bp pC223-TagI fragomet, uncleaved
(lane 2) -and-restricted by RsaI (lane 3), XbI (lane 4) or MbI (lane 5).
Aliquots of 3 pil were analysed by electrophoresis on an 8% polyacrylamide/a4
urea gel, the bands being visualized by autoradiography. Transcript sizes
(indicated in nt at the right) were determined by comparison with radioactive
JIaeIII- (lane 1) and TagI- (lane 6) fragomets of pBR322 (indicated in nt at
the left).

Restriction maps of the basic replicons of pUB112, that has been

physically and functionally analysed before (14), and pC223 show great
homologies. Accordingly, in vitro transcription of pUB112, of its deletion

derivati've pRB3ll (stee above) and of a 260 bp pUB112-TaoI fragment, which is

homologous to the 346 bp pC223-TaaI fragment, yielded also two small RNAs, 150

and 87 nt long (34). The nucleotide sequence of the corresponding DNA was

determined as well as that of the or region of pUBll2 (see discussion).
Fur-thermore, dinucleotide-primed in vitro tanscription was performed using

pC223 and p13112 plasmid DNA as template to localize the copRNA initiation

a00 C 0 0
0 a.0 o-*- .0 #== 1-ax:zr

312 395414194,IS",6 M723 B? W8

563 ; 716 cop RNAs

166S_--1725 repmRNAs

Fiw 6. Transcriptional map of the 346 bp pC223-TagI fragment.
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Table 1. Copy numbers and segregation rates of several S.aureus plasmids in
B.subtilis.

Plasmid Size in kb Copy Number Segregation Rate
(per cell) (per cell and generation)

pC223 4.6 9 0.69 %
pMEH25 3.2 55 0.26 X
pMET9 2.4 80 0.5 X
pXBE10 2.4 230 1.43 %
pXBEll 2.4 160 0.88 %
pXBE18 2.4 300 0.91 X
pMER8 2.15 25 0.3 X
pUB112 4 65 0.36 %
pRB311 2.2 80 0.34 %
pC221 4.55 4 0.4 %
pCW41 1.8 18 0.88 X
pUBllO 4.55 50 0.00 %
pEl94 3.7 13 0.34 %
pCl94 2.9 35 0.04 %

sites. Counter-transcripts were only obtained with UpA and ApU, and the first
nucleotide could be determined as A by priming with increased ATP
concentrations for both plasmids.
Cpy numbers and segregational instability of several S.aureus plasmids in
B.subtilis

One possibility to construct copy number mutants is the alteration of the
copRNA promoter activity (36). Since the single XbaI-site is located near the
promoter region of the two small countertranscripts of pC223 (Fig.4), plasaid
pMET9 was cleaved by this enzyme, then mildly digested by Bal3l, connected
with EcoRI-linkers, religated and transformed into B.subtilis BD 170.
Transformants were screened for increased Cm resistance by replica plating.
Thus, three mutants (pXBE10, 2367 bp; pXBEll, 2371 bp; pXBE18, 2367 bp) could
be isolated. Their copy numbers were determined and compared with wild-type
plasmid pMET9 (Table 1). In vitro transcription studies yielded shortened
copRNAs of 147, 149 and 151 nt for pXBE10, pXBBll and pXBE18, resp. (Fig.7a).
Finally, the mutants were analysed by DNA sequencing of the regions affected
by the mutations (Fig.7b). The results show that deletion of a few bp and
insertion of the EcoRI-linker in the promoter- and the 5'-region of the two
small RNAs has a profound effect on copy number, proving their involvement in
copy number control, and indicate that the starting nucleotide of pC223
copRNAs is the A between two T's at position 572, not the one at 564.

Table 1 presents the copy numbers and segregation rates of pC223, of its
deletion derivatives and of pMET9 copy number mutants in comparison with
pUB112, pRB311 (see above) and some more S.aureus plasmids in B.subtilis.
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Interestingly, only pUB110 is stably maintained in the foreign host, whereas

all the other plasmids exhibit segregational instability to varying degree,
which does not appear to be correlated with copy number or plasmid size.
Surprisingly, the copy numbers of the pTl81-family members and their

derivatives show large differences despite of their nearly identical basic

replicons.

DISCUSSION

The comparison of pC223 and pUB112 at the nucleotide sequence and

functional levels with two other well studied antibiotic resistance plasmids
from S.aureus, pT181 and pC221, reveals their strong homology: The replication
origin is located in the amino terminal region of the coding sequence for the
replication initiation protein, and the copy number control system, similar to
that of the gramnegative Inc FII plasmid family (7), is encoded in the region
just 6' to the rep gene and utilizes two inhibitory countertranscripts.

The ori sequences of the pT181-group members all show a potential
secondary structure, able to form three palindromic segments each containing a
loop (1,7). For pT181 this palindromic region represents the binding site for
the replication protein, a site-specific topoisomerase, the binding being
centered on palindrome III (37). The heterology of the four palindrome III-
loop sequences (Fig.8) supports the assumption that there the recognition
specificity of the ori for the plasmid-specific Rep protein is located (7),
and the great homology of the palindrome II-loop sequences (Fig.8), where the
RepC nicking site of pTl8l is located (8), suggests that the nicking site of
Rep proteins is sequence - but not plasmid - specific. The pC223 oni was

mapped by cloning in an E.coli vector and shown to be a function of segrega-
tional incompatibility in B.subtilis like inc3B of pT181 in S.aureus (32),
what can be explained by competition for Rep molecules between plasmids
carrying the same ori. Comparison of the nucleotide and amino acid sequences

Figure 7. (a) In vitro transcription of supercoiled plasmid DNAs of pC223
(lane 3), pMET9 (lane 5), pXBElO (lane 6), pXBEll (lane 7) and pXBE18 (lane 8)
and of the 346 bp pC223-TagI fragmt (lane 4). As markers radioactive HinfI-
(lane 1) and HaeIII- (lane 2) fragments of pBR322 were used. Transcript and
sarker fragment sizes are indicated as in figure 5.
(b) DNA sequences of the copRNA promoter regions of pMKT9 and its copy number
mutants. The indicated potential copRNA transcription initiation sites of the
copy number mutants were estimated according to transcript sizes. As linker, a
lO-mer Eco RI linker COGATTCCG was used. Only the upper strand is shown in 5'
to 3' polarity.
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Mbo I
pT1 81 1 1 GCAG

palindrare III

pC221 1333__________
Alu I

pC223 343GTC GGTTAAAGCrWCG JCl CTITACACGCAG
pUB112 TGGTGA

Hpa II Hpa II
pr18 1 4

palindrome II

pC221 ATAGP Gf AA 1dC I TAA250
pC223 26

pUB1 12 ATlGOCGTAITAGGCAlTGITI

Figure 8. DNA sequences of the ori regions of plasmids pTl81, pC221 (according
to Projan et al., 7), pC223 and pUBll2. Only the lower strand is drawn in 3'
to 5' direction. The loops that are localized within the palindromic regions
II and III are underlined. The nicking site of pTl8l RepC (8) is also
indicated. No exact positions for pUBll2 can be given because this plasmid has
not yet been totally sequenced. Based on the restriction map (14) and assuming
that the second HpaII cut is located at position 1320 the presented sequence
reaches from the approximate positions 1390 to 1300.

of pC223 RepM with those of the replication proteins from pTl81 and pC221

exhibited an overall homology of approximately 80 percent. A region of great

heterology is located towards the 3'terminus of the rep gene (between position

4349 and 4366 for pC223), what supports the notion put forward by Projan et

al. (7) that here the ori recognition specificity of the plasmid-specific Rep

proteins is encoded.

Another region of considerable nucleotide sequence homology is located in

the _e leader sequence; it contains critical features of the model of

negative regulation of rep smRNA translation by interaction with copRNAs, as

proposed by Projan et al. (7). In Fig.9 a comparison of these features between

four plasmids of the pT181-family is presented. It is apparent that the

sequences called "SD", "anti-SD", "pre-emptor", the copRNA promoter and termi-

nators and one of the two rep promoters are highly conserved. Sequence

divergence mainly resides in the 5'terminal part of the copRNAs pointing out

the importance of this region for compatibility i.e. inhibitor target

specificity of the different plamids.
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158Taq I,IIinf I Hinf I Hph I - 35
pTl 81 : : ::::N::AAATATATATCITG'TGT

S.D. anti-S.D.

pC221 119 CGA TAA::C : C C C::TTA:::'.4 XGCICACC: AAATATATATAGA

pC223 90 TCGACrCCrTAA: :TITAATITAAGAAGTGTCACCC::::::GAATATATATCTGAAGA

pUB112 TCGACrCXTrAA::: :TIT: :TM

218 - 10 Dde I
pT181 21 8 A ATLXIr AATWA T AG:ATMA: :TAAAAACA: ANCAGTrIr

1141 Xb~~~Ta I
pC221 1141 a ITMA:::AT:AAAAACA:TAACTCTACATTAT
pC223

544
L A A T AATACAA: :AT AAM A::: G: : TT

pUBl 12 ATA MATCGrTP^TATlTACAAAAAA:CAA: :ATAACA:TAA:TCAGrAT:::

277 Hinfl I 1
prT 81 [TTCrrGAATG:ATG:TcGT: :CAC: :AACTIIGTC:A:: :GGGZGIAGCGATCCTTTr.T:

pre--elptor
1079pC221 Tr:MATT: :AGG:ATTGIX M:GA::C1_OACA1TcGFITTGG:GTGAACGACrTCrTrrTT

pC223 604 TrIcurr:AAGAA:arCGCTATC : :AAACITI'GG:CGA:: :GGGAGTGAGCGACIXLTITTIT:

pUB1 12 :AIT:: :GGTATGGTCGIT: :CAC: :AAPWTIIGGlIG: GGGAGTXGACGACTTICF :

t1 Mbo I t2
pTl181 333 IAl TrAT A

-10 -35
pC2 1 1019 S _ 3_I:A= AC

pC'23 ~661_pC22l3661TA____

pUBi 12 :A TrTAT T TAM A rr1T ¶ rM AAGCATrITTATNAA

Figure 9. DNA sequences of the rep leader regions of plamids pT181, pC221
(according to Projan et al., 7), pC223 and pUB112. Only the upper strand is
shown in 5' to 3' polarity. The sequence of pUB 112 reaches from the
approximate positions 1240 to 1000 (cf. legend to Fig. 8).

The role of copRNAs as a function of unilateral incompatibility by
inhibiting plasmid replication in trans was shown for pT181 (inc3A) in
S.aureus (23) and by us for pC223 in B.subtilis by displacement testing using
the 346 bp TaqI fragment (see above). By deletion and exchange of nucleotides
in this region the copy number of pMET9 in B.subtilis could be increased. In

vitro transcription of the copy number mutants pXBEll and pXBE18 yielded as

much copRNAs as of pMET9, demonstrating that alteration of the 5'terminal
copRNA region and not weakened copRNA promoter activity is responsible for
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their increased copy number in contrast to pXBE1O, in vitro transcription of

which yielded less copRNAs (Fig.7a).

Just upstream of the rep gene but outside of the basic replicon of pC223,

a 150 bp sequence, capable of forming a large imperfect palindrome, was

detected analogous to pTl81, pC221 and pS194, where it is called palA (35).

The DNA sequences at both bases of palA are highly conserved, one arm being

the common recombination site RSs(38), and the total palA sequences of pC223

and pT181 at one and pC221 and pS194 at the other side are nearly identical,

being classified as types I and II (1). PalA is required in S.aureus for

normal rolling circle replication of pT181, pC221 and pS194 because of its

function as lagging strand initiation site (35). Its rearrangement or deletion

causes reduced plasmid copy number and stability in S.aureus (35). The palA-
missing plasmids pMET9 and pMER8 replicate at higher copy numbers and are more

stable in B.subtilis than their parent plasmid pC223 (Table 1). This lack of

palA requirement in B.subtilis, also shown by Gruss et al. (35) for other

pTl81-family members, suggests the existence of another lagging strand

initiation mechanism in the foreign host.

The comparison of six natural S.aureus plasmids exhibited great copy

number differences in B.subtilis (Table 1), which can be explained for

pUBllO, pEl94, pC194 and the pT181-group plasmids by different basic replicons

and copy number regulation mechanisms (4,9,39,40). The differences within the

pT181-plasmid family are likely to be due to functions outside of the

homologous basic replicons, because deletions of those functions have a strong

copy number-increasing effect for pC221 and pC223 but not for pUB112 (Table

1). The relatively low copy number of pMER8 is presumably caused by the

deletion of one of two rep promoters, and the slightly higher copy number of

pRB311 than that of pUB112 can be explained by the decreased amount of plasmid

DNA. The functions outside of the basic replicon of pC221 that influence its

copy number in B.subtilis negatively might be two open reading frames, shown

to be necessary for the relaxation complex of this plasmid in S.aureus (7).
Since pC223, in contrast to pUB112, exists also as a relaxation complex in

S.aureus (12), the same is supposed for this plasmid.

The comparison of segregation rates exhibited pUBllO as the only stably
inherited plasmid in B.subtilis, whereas all the others are unstable, the

extent not being correlated to copy numbers. The stability of pUBllO in

B.subtilis may be caused by a very efficient lagging strand synthesis (1),
whereas unperfect lagging strand replication of the other plasaids in

B.subtilis, probably caused by nonfunctioning of pelA, seems to be the reason
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for their instability. This view is emphasized by the observation that pUBllO,
in contrast to the other plasmids, does not produce single stranded circular
plasmid DNA (41) as an intermediate of rolling circle replication (42), neither
in S.aureus nor in B.subtilis.

The very weak segregational instability of pC194 may be due to its
diffusible seg gene product, that is responsible for maintenance of this
plasmid in B.subtilis (43). The decreased stability of pMET9 copy number
mutants indicates that rearrangement of the copy control system raises plasmid
instability in B.subtilis. We can conclude, therefore, that the instability
of S.aureus plasmids in B.subtilis depends on the particular plasmid
replication, partitioning and copy number control mechanisms.
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