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The nucleotide sequence of pC194, a small plasmid from Staphylococcus
aureus which is cdpable of replication in Bacillus subtilis, has been determined.
The genetic determinant of chloramphenicol (CAM) resistance, which includes
the chloramphenicol acetyl transferase (CAT) structural gene, the putative
promoter and controlling element of this determinant, have been mapped func-
tionally by subclomng a 1,035-nucleotide fragment which specifies the resistance
phenotype using plasnud pBR322 as vector. Expression of CAM resistance is
autogenously regulated since the 1,035-nucleotide fragment containing the CAT
gene sequence and its promoter cloned into pBR322 expresses resistance induci-
bly in the Escherichia coli host. A presumed controlling element of CAT
expression consists of a 37-nucleotide inverted complementary repeat sequence
that is located between the —10 and ribosome-loading sequences of the CAT
structural gene. Whereas the composite plasmid containing the minimal CAT
determinant cloned in pBR322 could not replicate in B. subtilis, ability to replicate
in B. subtilis was seen if the fragment cloned included an extension consisting of
an additional 300 nucleotides beyond the 5’ end of the single pC194 MspI site
associated with replication. This 5’ extension contained a 120-niucleotide inverted
complementary repeat sequence similar to that found in pE194 Taql fragment B
which contains replication sequences of that plasmid. pC194 was found to contain
four open reading frames theoretically capable of coding for proteins with
maximum molecular masses, as follows: A, 27,800 daltons; B, 26,200 daltons; C,
15,000 daltons; and D, 9,600 daltons. Interruption or deletion of either frame A or
D does not entail loss of ability to replicate or to express CAM resistance,
whereas frame B contains the CAT structural gene and frame C contains

sequences associated with plasmid replication.

Plasmid pC194 is one of several small R-
plasmids found in Staphylococcus aureus re-
ported by Iordanescu et al. (10, 11). pC194
belongs to incompatibility group 8 and specifies
chloramphenicol-induced resistance to chloram-
phenicol (CAM) mediated by the enzyme chlor-
amphenicol acetyl transferase (CAT), an en-
zyme shown by Shaw (18) to inactivate CAM by
converting it successively to the inactive 3-
acetyl and 1,3-diacetyl derivatives. This plasmid
is of special interest because (i) it can apparently
replicate in a wide range of bacterial hosts,
including Bacillus thuringiensis (14) and Esche-
richia coli (6), (ii) it has served as a useful vector
for analytical cloning of determinants of induc-
ible resistance and replication in conjunction
with studies of another small plasmid, pE194, as
described in the accompanying publication (9),
and (iii) it can serve as a useful system for
studies of gene expression control mechanisms
since the synthesis of CAT appears to be under
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autogenous control. By studying pC194 and
pE194 jointly, it has been possible to design
experiments which reveal details of the biologi-
cal properties of both plasmids, particularly of
requirements for plasmid replication common to
both systems.

Ehrlich (3, 4) introduced pC194 into. Bacillus
subtilis by transformation, making it possible to
use the large number of mutant strains of this
bacterial host in functional studies of the plas-
mid. Ehrlich (4), Lofdahl et al. (12, 13), and
Gryczan et al. (7, 8) have reported methods for
use of this plasmid as an effective cloning vehi-
cle in B. subtilis. We present here the DNA
sequence of this plasmid in its entirety, including
data pertinent to the mapping of biological func-
tions and determinants of their regulation.

MATERIALS AND METHODS

Bacterial strains and plasmids. Bacterial strains and
plasmids used are listed in Table 1 of the accompany-
ing paper (9). Preparation of plasmid DNA, use of
restriction endonucleases, and DNA sequence studies
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were likewise performed as described in the accompa-
nying paper (9).

RESULTS

A physical map of pC194 showing critical
restriction endonuclease cleavage sites and four
open reading frames deduced from computer
analysis of the sequence are shown in Fig. 1.
Pending identification of the polypeptides en-
coded by pC194 with their respective reading
frames, we adopted the convention of referring
to open reading frames (i.e., DNA sequences
which when translated in a particular reading
frame lack termination codons in that phase)
alphabetically, in order of decreasing size, and
assigning a polypeptide molecular mass as if the
entire open reading frame were used. Schematic
representations of recombinant plasmids that
were constructed to elucidate biological func-
tions of pC194 are shown in Fig. 2.

A more detailed physical map of pC194 in-
cluding additional restriction sites and the extent
. to which sequencing was performed from each
of the labeled ends is presented in Fig. 3. All
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restriction sites shown were identified in over-
lapping sequence determinations except for the
Mbol site at residue 1, the Mbol B-A junction;
about 60% of the pC194 sequence was deter-
mined in both strands. The complete nucleotide
sequence, including potential polypeptides en-
coded by open reading frames as well as invert-
ed complementary repeat sequences, is present-
ed in Fig. 4.

Determinant of CAM resistance. Analysis of
the pC194 sequence revealed the presence of
four open reading frames potentially capable of
encoding proteins, labeled in order of decreasing
size, A, B, C, and D (Fig. 1, 3, and 4). First we
tentatively identified the CAT structural gene as
the polypeptide encoded by part of open reading
frame B, residues 1260 (Met) to 1907 (Leu). The
coding sequence is capable of specifying a poly-
peptide containing 216 amino acids, 83 residues
of which are identical to respective residues in
the Tn9-associated CAT of E. coli, which num-
ber 219 (1, 19; Fig. 5). The first three amino acid
residues of pC194 CAT, Met Asn Phe, are
identical to the CAT amino-terminal sequence

FIG. 1. Physical map of pC194 showing four open reading frames and restriction sites for Mbol, Mboll, and
Tagql, as well as for the enzymes Mspl, Haelll, HindIll, and Clal. Arrows indicate open reading frames and their
respective 5’ to 3’ orientations. The open reading frames are labeled alphabetically in order of decreasing size.

See text for details.
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FIG. 2. Schematic summary of plasmid constructions. These include: (A) pHW12, obtained by cloning the
two contiguous fragments Tagl A+B of pC194 into the unique Clal site of pBR322, resulting in a plasmid which
expresses CAM resistance and is capable of replication in B. subtilis; (B) pHW10, obtained by cloning pC194

Clal fragment A into the Clal site of pBR322, resulting

in a plasmid which expresses CAM resistance and is

capable of replication in B. subtilis; (C) pHW13, obtained by ligating full-length pC194 digested with HindIII with

full-length pBR322 digested with HindIII, resulting in a

plasmid capable of replication in either E. coli or B.

subtilis; (D) pHW11, obtained by cloning pC194 Mbol fragment A into the BamHI site of pBR322, resulting in a
plasmid which expresses CAM resistance and is capable of replication in B. subtilis; (E) pHW9, obtained by
insertion of the pC194 Mspl-Mbol fragment into pBR322 digested with Clal and Mbol, resulting in a plasmid
which expresses inducible CAM resistance but is incapable of replication in B. subtilis; and (F) pHW2, obtained
by insertion of pE194 Tagl fragment B into the unique Mspl site of pC194.

from Haemophilus parainfluenzae, but differ
from other amino terminal sequences, including
three from various S. aureus strains (24). Com-
parison with other amino acid residues at the
amino end shows identity to CATs from either
gram-positive or gram-negative organisms.
Shaw et al. (19) have reported that the sequence
His His Ala Val Cys (amino acid residues 192 to
196) represents part of the CAM binding site,
and indeed strong conservation is seen in the
comparison between the Tn9 and pC194 CAT
sequences in this region. The single Haelll site
in pC194 was found within the CAT structural
gene sequence (amino acid residues 210 and 211,
Arg Pro) six amino acids from the carboxy-
terminus.

If our assignment regarding frame B is cor-
rect, cloned fragments containing this DNA se-
quence should confer resistance to CAM. In-
deed, we found that the 1,035-nucleotide
fragment between nucleotide residues 973 and
2008 when subcloned into pBR322 (pHW9, Fig.

2E) conferred CAM resistance on E. coli trans-
formants. Moreover, the resistance phenotype
was found to be inducible (Fig. 6).

Regulation of CAM resistance. pC194 was di-
gested with selected restriction endonucleases
to obtain a set of overlapping DNA fragments of
increasing size covering the Mspl site. Digests
of pC194 were ligated with pBR322 in suitable
combinations (as described in the legend to Fig.
2), followed by introduction into E. coli by
transformation, selection successively for ampi-
cillin and CAM resistance, and screening as
indicated. After checking the structure of each
of these plasmids by digestion with restriction
endonucleases, the plasmid DNA preparations
were further tested for expression of CAM
resistance in E. coli and ability to grow in B.
subtilis. The results are summarized in Fig. 7.

The smallest cloned pC194 fragment (pHW9),
Mspl-Mbol, between residues 973 and 2005,
specified CAM resistance in E. coli; pHW9
covalently closed circular DNA was readily re-
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FIG. 3. Sequencing strategy for pC194. The sites used for end labeling of DNA fragments obtained by
digestion with restriction endonucleases are indicated with the thinner arrows whose length and direction
indicate the extent of sequence determination from these sites. Other restriction sites deduced from the sequence
are also included. The thicker arrows representing open reading frames are labeled as in Fig. 1.

introduced into E. coli by transformation, but
attempts to transform B. subtilis with the same
DNA preparation were unsuccessful. In E. coli,
pHW9 specified resistance to at least 20 pg of
CAM per ml (Fig. 6), and expression of the
resistance phenotype required induction by
growth for 30 min in 0.5 pg of CAM per ml as
described by Winshell and Shaw (23). Similar
results have been obtained by W. V. Shaw and
his associates (personal communication), using
plasmid pC221, a small CAM resistance-deter-
minant plasmid from S. aureus belonging to
incompatibility group 4 (11).

Examination of the pC194 DNA sequence
between residues 973 and 2005, the MspI-Mbol
fragment, thus contains the entire CAT structur-
al gene, including identifiable —35 and —-10
sequences (15, 17), as well as a ribosome-loading
(20) sequence similar to those found in other
systems (16, 22). The results are summarized in
Fig. 8. The most noteworthy feature of this
region is the presence of an inverted comple-
mentary repeat sequence spanning a 37-nucleo-
tide sequence, residues 1216 through 1252, lo-
cated between the —10 and ribosome-loading
sequences, which is reminiscent of the organiza-
tion of the lac operator (5). The region which we
propose as the promoter does not appear to
contain any open reading frames or additional

inverted complementary repeat sequences that
might function as part of an attenuator.
Replication function of pC194 associated with
the Mspl site. The single pC194 Mspl site (at
residue 973) was located by Chang and Cohen
(2) in a region essential for plasmid replication
since insertion of a replicator fragment obtained
by digestion of pSC101 (from E. coli) with Hpall
into the pC194 Mspl (Hpall) site yielded plas-
mids capable of replication in E. coli but not B.
subtilis. The Mspl recognition sequence in
pC194 overlaps the single Bgll recognition se-
quence (residues 967 to 977) also present. To
map the DNA sequences involved in replication
function, we subcloned fragments of pE194 into
the Mspl site which permitted autonomous repli-
cation in B. subtilis and compared the DNA
sequence surrounding the Mspl site of pC194
with that of the cloned pE194 subfragment.
Positive results were obtained as shown in the
accompanying paper (9) by digestion of pE194
with Taql (which cuts at three sites), followed
by ligation of the pE194 Tagl digest with a
pC194 Mspl digest, transformation of B. subtilis,
and selection for resistance to CAM. Transfor-
mant clones obtained in this way were screened
for erythromycin sensitivity, followed by prepa-
ration of covalently closed circular DNA and
analysis of the DNA preparation with restriction
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GATCAATTTCTTTTMGTAATCTMATCCCCATTTTTTMI T ICTTTTTAGCCTCTTTAAATMTCCTGMTAMCTMTACCTGTTTACCTTTMGTGA 100
S S R
CTAGTTMAGAMATTCATTAGATTTAGGGGTAAAAMTTAMGAAMATCGGAGMATTTATTAGGACTTATTTGATTATGGACAMTGGAMTTCACT

TTTATAAAATGCATCAAAGACTTTTTGkTTTATTTATTMATAATCACTATCTTTACCAGAATACTTAGCCATT‘I’CATATAATTCTTTATTATTATTTTG 200
+ + +: -——t
AMTATTTTACGTAGTTTCTGAMMCTMATAAATAATTTATTAGTGATAGMATGGTCTTATGMTCGGTMAGTATATTAAGMATMTMTMMC
A ENDLeuSerLysSerLysAsnTTuLeuTyrAspSerAspLysGlySerTyrLysAlaMetGluTyrLeuGluLysAsnAsnAsnGIn

TCTTATTTTTTGMCTTGAACTTGTGTTATTTCTGAMTGCcCGTTACATCACGCCATAAATCTAACcATTCTTGTTGGCTAATATAATATCTTTTATCT 300
+ Fecccmccccteccccccncteccccccccteccccccnctecccccccctecccccccateccccaaaa

AGAATAAAAAACTTGAACTTGMCACMTAAAGACTTTACGGGCAATGTAGTGCGGTATTTAGATTGGTMGAACAACCGATTATATTATABAMATAGA

ArgIluLysG1nValG1nValGinThrIluGluSer11uGlyThrValAspArgTrpLeuAspLeuTrpGluGinGinSerI1uTyrTyrArglysAspT

GTGMATACGATTTATTTACTGCAATTMCACATGAAMTGAGGATTATMTCATCTCTTTTTTTATTATATGTAATCTCTMCTTACGMCATATCCCT 200
L +. + +

CACTTTATGCTMATMATGACGTTMTTGTGTACTTYTACTCCTMTATTAGTAGAGMAAAMTMTATACATTAGAGATTGMTGCTTGTATAGGGA

hrPheTyrSerLysAsnValAlalluLeuValHisPheHisProAsnTyrAspAspArglLysLysAsnTyrThrITuGluLeulLysArgValTyrGlyly

TTATAACACTACCTACTTTTTTTCTCTTTATAAGTTTTCTMMGMTTATTATMCGTTTTATTTCATTTTCTAATTCA‘I‘CACTCATTACATTAGGTGT

PO, + + + 500
MTATTGTGATGGATGAMMAAGAGAMTATTCAAMGATTTTCTTMTAATATTGCAAMTMAGTMAAGATTAAGTAGTGAGTAATGTMTCCACA
sIluValSerGlyVallysLysArgLysIluLeulysArgPheSerAsnAsnTyrArgLysI1uGluAsnGluLeuGluAspSerMetValAsnProThr

Alul
AGTCMAGTTAMMBATAMCTCCTTTTTCTCTTGCTGCTTMTATATTGCATCATCAAAGATMACCCMTGCATCTTTTCTAGCTTTTCTCCMGCA

TCAGTTTCMTTTTTCTATTTGAGGAMMGAGMCGACGMTTATATMCGTAGTAGTTTCTATTTGGGTTACGTAGAMAGATCGAMAGAGGTTCGT
ThrLeuThrLeuPheI1uPheGluLysLysG1uGInGInLysI1uTyrGInMetMetLeuSerLeuG1yLeuAlaAspLysArgAlaLysArgTrpAlaC

Clal(Taql) Alul Tul Mboll
CAGACAGGACMMTCGATTTTTACMGMTTABCTTI’ATATMTTTC TGTTTTTCTAMGTTTTATCAGCTACMAAGACAGAMTGTATTGCMTCTT

600

700
GTCTGTCCTGTTTTAGCTMAMTGTTCTTMTCGMATATATTAMGACAMAAGATTTCAAAATAGTCGMGTTTTCTGTCTTTACATMCGTTAGM
ysValProCysPheArgAsnLysCysSerAsnAlaLysTyrLeulysG1nLysGluLeuThrLysAspAlaValPheSerLeuPheThrAsnCysAspGl
STARTC IluHi sLeuI 1 uLeuSerAsnMetThrPheAsnLysPheLeuLysTereuI luSerLeuPhePheLeuSerIluLeuPheHisVallluThr

nfl Accl
CAACTAMTCCATTTGATTCTCTCCMTATGACGTTTAATAMTTTC‘I’GMATACTTGATTTCTTTGTTTTTTCTCAGTATACTTTTCCATGTTATMCA

GTTGATTTAGG‘I’AMCTMGAGAGGTTATACTGCAMTTATTTAAAGACTTTATGMCTAMGMACMAAMGAGTCATATGAMAGGTACMTATTG‘I’
uValLeuAspMetG1nAsnG1uG1yITuHisArgLysI1uPheLysG1nPheValG1nAsnArgGInLysLysG1uThrTyrLysGluMetAsnTyrCys

800

HisLysAsnAsnLeuValPheThrAsnTyrAspAsnLysLysSerCysPhePheProPhel euCysMetPhePheThrSerHisLeulysArgTyrI1uA
CATAMMCMCTTAGTTTTCACMACTATGACAATAMMMGTTGCTTTTTCCCCTTTCTATGTATGTTTTTTACTAGTCATTTMAACGATACATTA

+ 900
GTATTTTTGTTGAATCAMAGTGTTTGATACTGT‘FATTTTTTTCAACGAMMGGGGMAGATACATACMMMTGATCAGTMATTTTGCTATGTMT
MetPheValVval START A

snArgTyrGluLysAlaThrPhePheAlaLeul ysThrSerHisThrAsnAsnLeuArgValThrSerLeuAlaG } yAsnSerTyrProTyrTyrG1nAs
Hhal Ms
A‘I’AGGTACGAMMGCMCTTTTTTTGCGCTTMMCCAGTCATACCM‘I’AACTTAAGGGTAACTAGCCT(.::CCGGCMTAGTTACCCTTATTATCMBA .
------ 000
TATCCATGCTTTTTCGTTGAAAAAAACGCGAATTTTGGTCAGTATGGTTATTGAATTCCCATTGATCGGAGCGGCCGTTATCAATGGGAATAATAGTTCT

pLysLysGluLysAspPheSerLeuArgSerAsnProLeul ysLysHi sLysArgProHisPheLeuMetTrpSerLeuPhePh?AsnEND c
bol
TAAGMAGMMGGA‘I’TTTTCGCTACGCTCAMTCCTTTMMAAACACMAAGACCACATTTTTTMTGTGGTCTTTATTCTTCMCTMAGCACCCAT

1100
ATTCTTTCTTTTCCTMMAGCGATBCGAGTTTAGGAMTTTTTTTGTGI TT lCTGGTGTAMMATTACACCAGAMTMGAAGTTGATTTCGTGGGTA
Hinfl  Mboll
TAGTTCAMIMACGMMTTGGATMAGTGGGATATTTTTMMTATATATTTATGTTACAGTMTATTGACTTTTAMAMBGATTGATTCTMTGAAG
===+ 1200

ATCAAGTTGTI’TGCTTTTMCCTATTTCACCCTATAAMATTTTATATATAMTACMTGTCATTATAACTGAAMTTTTTTCCTAACTMGATTACTTC
START B MetAsnPheAsnLysIluAspLeuAspAsnTrplLysArglLy
Mboll

AMGCAGACAAGTMGCCTCCTAMTTCACTTTAGATMAMTTTAGGAGGCATATCAMTGAACTTTAATAMATTGATTTAGACMTTGGMGAGMA

o= T O S S, 1300
TTTCGTCTGTTCATTCGGAGGATTTMGTGAMTCTATTTTTAMTCCTCCGTATAGTTTACTTGAMTTATTTTMCTAMTCTGTTMCCTTCTCTTT

sGlulTuPheAsnHisTyrLeuAsnGInGInThrThrPheSer11uThrThrGlul TuAspIluSerVallLeuTyrArgAsn] TulysG1nGluGlyTyr
AGABATATTTMTCATTATTTGAACCAACMACGACTTTTAG‘I’ATAACCACAGAMTTGATATTAGTGTTTTATACCGAMCA‘I‘AAAACMBAAGGATAT
--------------------- + +oou +2 +eeceeea==+ 1400
TCTcTATAAATTAGTAATAAACTTGGTTGTTTGCTGMMTCATATTGGTGTCTTTAACTATMTCACAAAATATGGCTTTGTATTTTGTTCTTCCTATA

FIG. 4. The nucleotide sequence of pC194, numbered from the Mbol B-A junction as reference point, is
shown together with potential amino acid sequences specified by open reading frames A, B, C, and D,
respectively. Also shown are the major inverted complementary repeat sequences with their respective centers
of symmetry indicated by solid black circular markers.
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LysPheTyrProAlaPhel 1uPheLeuValThrArgvalll uAsnSerAsnThr?l aPheArgThrGlyTyrAsnSerAspGlyGluLeuGlyTyrTrpA
Alul

AAATTTTACCCTGCATTTATTTTCTTAGTGACAAGGGTGATAAACTCAAATACAGCTTTTAGAACTGGTTACAATABCGACGGAGAGTTAGG?TATTGGG

TAAAATGGGACGTAAATAAAAGAATCACTGTTCCCACTATTTGAGTTTATGTCGAAAATCTTGACCAATGTTATCGCTGCCTCTCAATCCAAYAACCC

spLysteuGluProLeuTyrThrIluPheAspGlyValSerLysThrPheSerGlyl1uTrpThrProVallysAsnAspPhelysGluPheTyrAspLe
Hinf

1
ATAAGTTAGAGCCACTTTATACAATTTTTGATGGTGTATCTAAAACATTCTCTGGTATTTGGACTCCTGTAAAGAATGACTTCAAAGAGTTTTATGATTT
.......................................... L ——

TATTCAATCTCGGTGAAATATGTTAAAAACTACCACATAGATTTTGTAAGAGACCATAAACCTGAGGACATTTCTTACTGAAGTTTCTCAAAATACTAAA

uTyrLeuSerAspValGluLysTyrAsnGlySerGlyLysLeuPheProLysThrProl 1uProGluAsnAlaPheSerLeuSerI1ul 1uProTrpThr
kTACCTTTCTGATGTAGABAAATATAATGGTTCGGGGAAATTGTTTCCCAAAACACCTATACCTGAAAATGCTTTTTCTCTTTCTATTATTCCATGGACT

TATGGAAAGACTACATCTCTTTATATTACCAAGCCCCTTTAACAAAGGGTTTTGTGGATATGGACTTTTACGAAAAAGAGAAAGATAATAAGGThCCTGA

SerPheThrG1yPheAsnLeuAsnI1uAsnAsnAsnSerAsnTyrLeuleuProl 1ul 1uThrAlaGlyLysPhel 1uAsnLysG1yAsnSerIluTyrL
TCATTTACTGGG‘ITTMCTTMATATCAATMTAATAGTAATTACCTTCTACCCATTATTACAGCAGGAMATTCATTMTMAGGTAATTCMTATATT
F O + -+ + PR PO PO +

AGTAMTGACCCMATTGMTTTATAGTTATTATTATCATTMTGGMGATGGGTAATMTGTCGTCCTTTTAAGTMTTATTTCCATTMGTTATATAA

euProleuSerLeuGInValHisHisSerValCysAspGlyTyrHisAlaG1ylLeuPheMetAsnSer11uGinG1 uLeuSerAspArgProAsnAspTr
ael Il

TACCGCTATCTTTACAGGTACATCATTCTGTTTGTGATGGTTATCATGCAGGA‘I‘TGTTTATGAACTCTATTCAGGAATTGTCAGATAGGCCTAATGACTG

+ +
ATGGCGATAGMATGTCCATGTAGTMGACAAACACTACCMTAGTACGTCCTAACAMTACTTGAGATMGTCCTTAACAGTCTATCCGGATTACTGAC

plLeulLeuEND B

boll Alul
GCTTTTATAATATGABATAATGCCGACTGTACTTTTTACAGTCGGTTTTCTAATGTCACTAACCTGCCCCGTTAGTTGAAGAAGGTTTTTATATTACAGC

. +---
CGAAAATATTATACTCTATTACGGCTGACATGAAAAATGTCAGCCAAAABATTACAGTGATTGGACGGGGCAATCAACTTCTTCCAAAAATATAATGTCG

Mbol
TCCAGATCCATATCCTTCTTTTTCTGAACCGACTTCTCCTTTTTCGCTTCTTTATTCCAATTGCTTTATTGACGTTGAGCCTCGGAACCCTTAACAATCC
'y +. -+ 4. +. +. +. +. 4+ *
AGGTCTAGGTATAGGAAGAAAAAGAC TTGGC TGAAGAGGAAAAAGCGAAGAAATAAGG TTAACGAAATAACTGCAAC TCGGAGCC TTGGGAATTGTTAGG

Taql
cMAACTTGTCGMTGGTCGGCTTMTAGCTCACGCTATGCCGACATTCGTCTGCAAGTTTAGTTMGGGTTCTTCTCMCGCACMTMATTTTCTCGG

GTTTTGMCAGCTTACCAGCCGAATTATCGAGTGCGATACGGCTGTAAGCAGACGTTCAMTCMTTCCCMGMGAGTTGCGTGTTATTTAMAGAGCC

CATAAATGCGTGGTCTAATTTTTATTTTTAATAACCTTGATAGCAAAAAATGCCATTCCAATACAAAAtCACATACCTATAATCGK}AAé%ACATAACAG
GTATTTACGCACCAGATTAAAAATAAAAATTATTGGAACTATCGTTTTTTACGGTAAGGTTATGTTTTGGTGTATGGATATTAGCTATTGGTGTATTGTC
TCATAAAACCACTCCTTTTTAACAAACTTTATCACAAGAAATATTTAAATTTTAAATGCCTTTATTTTGAATTTTAAGGQQQAIIIL___ TTTABGGG
AGTATTTTGGTGAGGAAAAATTGTTTGAAATAGTGTTCTTTATAAATTTAAAATTTACGGAAATAAAACTTAAAATTCCCCGTAAAATTTCTAAATCCCC

HindIII(Alul)
TAAATCATATAGTTTTATGCCTAAAAACCTACAGAAGCTTTTAAAAAGCAAATATGAGCCAAATAAATATATTCTAATTCTACAAACAAAAATTTGAGCA

ATTTAGTATATCAAAATACGGATTTTTGGATGTCTTCGAAAATTTTTCGTTTATACTCGGTTTATTTATATAAGATTAAGATGTTTGTTTTTAAACTCET
D ENDPheGlyValSerAlaLysLeuPheCysITuHisAlaLeuTyrI1uTyrGluLeuGluValPhel euPhelysLeule

Taq
AATTCABTGTCGATTTTTTAAGACACTGCCCAGTTAﬁATGCAAATTAAAATTTTCATGATTTTTTATAGTTCCTAACAGGGTTAAAATTTGTATAACGAA

TTAAGTCAcAscTAAAAAATTCTGTGAcGGGTCAATGTACGTTTAATTTTAAAABTACTAAAAAATATCAAGGATTGTCCCAATTTTAAACATATTGCTT
uAsnLeuThrSerLysLysLeuCysG1nG1yThrValHisLeuAsnPheAsnGluHisAsnLysI1uThrGlyLeuLeuThrLeul 1uGInI1uValPhe

AGTATAATGTTTATATAACGTTABTATAATAAAGCATTTTAACATTATACTTTTGATAATCGTTTATCGTCGTCATCACAATAACTTTTAAAATACTCGT
4ene

TCATATTACAAATATATTGCAATCATATTATTTCGTAAAATTGTAATATGAAAACTATTAGCAAATAGCABCABTAGTGTTATTGAAAATTTTATGAGCA
ThrTyrHisLysTyrLeuThrLeuI lul TuPheCysLysLeuM etTTuSerLysIlulluThr START D

PvulI(Alul) Mboll Taql
GCATAATTCACGCTGACCTCCCAATAACTACATGGTGTTATCGGGAGGTCAGCTGTTAGCACTTATATTTTGTTATTGTTCTTCCTCGATTTCGTCTATC
-Q 'y 'y + +. -+ &+ -+ + +

CGTATTAAGTGCGACTGGAGGGTTATTGATGTACCACAATAGCCCTCCAGTCGACAATCGTGAATATAAAACAATAACAAGAAGGAGC TAAAGCAGATAG

Alul
AIIIlGTGATTAATTTCTCTTTTTTCTTGTTCTGTTAAGTCATAAAGTTCACTAGCTAAATACTCTTTTTGTTTCCAAATATAAAAAATTTGATAGATAT
cm- etac=

TAAAACACTAATTAAAGAGAAAAAAGAACAAGACAATTCAGTATTTCAAGTGATCGATTTATGAGAAAAACAAAGGTTTATATTTTTTAAACTATCTATA

ATTACGGTTG

TAATGCCAAC
FIG. 4—Continued
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FIG. 5. Comparison of S. aureus (pC194) and E. coli (Tn9) CATs. The amino acid sequence of CAT deduced
from the nucleotide sequence of pC194 is compared with the E. coli CAT sequence determined both chemically
(19) and deduced from the nucleotide sequence of Tn9 (1). The pC194 CAT sequence contains 216 amino acid
residues, whereas that of Tn9 contains 219. If the two sequences are aligned as shown, 83 amino acid residues are
identical. The symbol ‘’** indicates spaces added to bring the two amino acid sequences into alignment.
Abbreviations: A, alanine; C, cysteine; D, aspartic acid; E, glutamic acid; F, phenylalanine; G, glycine; H,
histidine; I, isoleucine; K, lysine; L, leucine; M, methionine; N, asparagine; P, proline; Q, glutamine; R,

arginine; S, serine; T, threonine; V, valine; W, tryptophan; Y, tyrosine.

endonucleases. One such transformant, pHW2,
was found to contain pE194 Tagl fragment B
only. We conclude that some sequence(s) in the
cloned pE194 Tagl fragment B could support or
replace replication function in pC194 and might

50 -

4o -

30 -

induced

20 -

( KLeTT UniTs )

uninduced
10

( Hours )

FIG. 6. Inducibility of CAM resistance in E. coli
carrying pHW9. Conditions used for induction were
based on those devised by Winshell and Shaw (23). An
early-log-phase culture of E. coli cells carrying pHW9
was induced by addition of CAM to the growth medi-
um (final concentration, 0.5 pg/ml). After incubation
for 30 min, additional CAM was added to a final
concentration of 20 pg/ml, and growth was followed
by measurement of turbidity using a Klett photometer.
The turbidity of the induced culture and of an unin-
duced control are plotted as a function of time.

therefore bear some structural similarity to the
region surrounding the pC194 Mspl site. Wheth-
er the inserted Tagql fragment B can function in
both possible orientations has not been deter-
mined.

To define the bounds of a functional unit of
pC194 replication in terms of our sequence de-
termination around the Mspl site, we construct-
ed a set of plasmids using pBR322 as host vector
into which a series of pC194 fragments of in-
creasing size which contain the Mspl site were
inserted. Recombinant plasmids were selected
in E. coli using pBR322 resistance markers
(resistance to ampicillin or tetracycline) plus
CAM resistance, followed by a check of plasmid
structure by agarose and polyacrylamide gel
electrophoretic analysis of appropriate restric-
tion endonuclease digests, preparation of cova-
lently closed circular DNA, and an attempt to
introduce the recombinant plasmid into B. subti-
lis by transformation and selection for CAM
resistance. The results are summarized in Fig. 7.

Whereas pHW9 cannot replicate in B. subtilis,
pHW10 which contains pC194 Clal fragment A,
residues 616 to 2284, can replicate. The Mbol-
Clal sequence, residues 2005 to 2284, may have
no direct relation to the replication function,
since pHW11 which lacks this sequence and
pHW12 in which the sequence is interrupted at
residue 2111 can also replicate in B. subtilis.

The ability of pHW10 to replicate in B. subti-
lis, in spite of the fact that most of open reading
frame A, i.e., residues 614 to 116, have been
deleted, suggests that a polypeptide product
encoded by this open reading frame is not re-
quired for replication in B. subtilis. This is also
true for pHW13, where interruption of open
reading frame D at its single HindIII site (residue
2436) has no obvious effect on the ability of the
pC194-pBR322 composite plasmid to replicate in
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FIG. 7. Schematic diagram summarizing properties of pC194-pBR322 composite plasmids. Plasmids con-
structed as described in Fig. 2 by insertion of the indicated pC194 fragments into pBR322 were tested for ability
to express CAM resistance (in either B. subtilis or E. coli) and the ability to replicate in B. subtilis.

B. subtilis. These findings are consistent with
results reported by Goze and Ehrlich (6) using
pC194-pBR322 composite plasmids, whose stud-
ies suggested that pC194-encoded proteins were
not required for replication.

In view of the fact that pE194 Tagl fragment B
could be cloned into the pC194 Mspl site with
retention of ability to replicate in B. subtilis (9),
we searched for possible sequence similarity
between the region immediately surrounding the
Mspl site and some part of pE194 Tagl fragment
B. We therefore compared the two sequences
and found a striking similarity (Fig. 9). The
pC194 DNA sequence (residues 816 to 937)
contains a 121-nucleotide inverted complemen-
tary repeat region which resembiles in its organi-
zation a comparably long 124-nucleotide invert-
ed complementary repeat region (residues 656 to
780) in pE194 Tagql fragment B. Both sets of
repeat sequences appear to have a neighboring
guanine-cytosine-rich inverted complementary
repeat sequence, which in the case of pC194
contains the Mspl site (residue 973), whose
integrity is required for replication.

In addition to their symmetry properties, both
sets of replication-associated sequences overlap
open reading frames (pC194 frame C [126 amino
acid residues] and pE194 frame D [105 amino
acid residues]), which might encode polypep-
tides required for replication. The function of

1161 1200

these potential coding sequences as well as their
possible roles as priming sites for RNA or DNA
synthesis associated with replication, or as tem-
plate sequences for transcription products, re-
mains to be tested.

DISCUSSION

To correlate structure with function in pC194,
we determined the complete nucleotide se-
quence and compared interpretations based on
examination of the sequence with experimental
results derived from cloning studies in which
pC194 and pE194 subfragments obtained by
digestion with restriction endonucleases were
used. Four open reading frames in pC194 were
identified which could potentially encode poly-
peptides at least 100 amino acid residues in
length; one of these, reading frame B, specifies
the CAM resistance determinant of pC194. In
previous studies of pC194-coded peptides, Shi-
vakumar et al. (21), using a minicell system,
reported that a major polypeptide product with
molecular mass (based on electrophoretic mobil-
ity) estimated at 22,000 daltons was synthesized
in a CAM-dependent fashion. This would corre-
spond to the CAT deduced from the DNA
sequence which would have a predicted molecu-
lar mass of 25,900 daltons. A second small
peptide observed by Shivakumar et al. (21) with
a molecular mass of 11,000 daltons could be the

1250 1280

ATG AAC TTT AAT AAR ATT GAT

Acm:mémnr;udamnui{cr:sﬂ)méamcmi\mwcrécmmcaémmmhnmmaéccnmcu
-35 - SD==

Met Asn Phe Asn Lys 1lu Asp

FIG. 8. The CAT promoter and regulator sequences showing putative RNA polymerase recognition and

binding sites (—35, —10) as well as the 37-nucleotide inverted complementary repeat sequence postulated to act
as a regulatory element (operator) in the control of CAT expression, and the ribosome-loading sequence GGAGG
(SD).
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product of pC194 open reading frames C or D; a
definitive correlation has not yet been estab-
lished.

Each of the four open reading frames in pC194
contains a methionine residue within several
residues from the beginning of the respective
frame which could serve as the start codon for
that frame. Thus the A, B, C, and D reading
frames starting at residues 812, 1248, 708, and
2663, respectively, have methionine codons at
residues 791 or 713, 1260, 729, and 2645, respec-
tively. It is pertinent to ask, in the cases of
pC194 reading frames A and D, which appear
capable of encoding polypeptides with molecu-
lar masses of 27,000 and 8,800 daltons, respec-
tively, whether they too are synthesized. The
potential translation products of these reading
frames appear to be dispensable since interrup-
tion of these reading frames at the unique
HindlIlI site or at the Clal site (at nucleotide 616)
by ligation to pBR322 did not appear to alter
ability to replicate in B. subtilis. In the case of
frame D, it is possible that a polypeptide encod-
ed by this region begins with the methionine
codon, ATG, starting at residue 2704 and that
the sequence GGAGG starting at residue 2721
serves as the ribosome loading site for the frame
D product.

Formally, the open reading frames are found
by computer analysis as sequences uninterrupt-
ed by stop codons; such sequences do not
always start with Met codons. The precise nu-
cleotide residue at which translation is initiated
requires direct evidence based on peptide analy-
sis. In the case of the frame B product, we infer
that the Met codon at residue 1260 is probably
used because of the similarity with Tn9-associat-
ed CAT and the proximity of the sequence
GGAGG at residue 1247, capable of serving as a
ribosome-loading site (20).

The presence of a 37-nucleotide inverted re-
peat sequence interposed between the —10 and
ribosome-loading sites of the CAT determinant
suggests that this sequence may play a role in
the regulation of inducible resistance. It is our
working hypothesis, by analogy to the sequence
organization of the lac operon (5), that this
inverted repeat sequence serves as the binding
site for a regulatory protein, and our cloning
studies suggest that the regulator is CAT itself.

If CAT functions as a negative regulatory
element, we would expect to find a class of
CATs altered by mutation, in which the altered
CAT was overproduced. We are currently test-
ing this possibility by examination of the level of
polypeptide products synthesized by altered
CAT structural genes. We find that S. aureus
carrying pC194 treated with rifampin (0.05 pg/
ml) during a 30-min period of induction with
CAM (0.5 pg/ml) remain uninduced, whereas

J. BACTERIOL.

viability is only partially affected (data not
shown).

In studies of incompatibility groups of the
small staphylococcal plasmids, Iordanescu et al.
(10, 11) have reported four different incompati-
bility groups for the CAM plasmids, namely, Inc
4, 8,9, and 10, corresponding to pC221, pC194,
pUB112, and pC223, respectively. Moreover,
the two small erythromycin resistance plasmids
pE194 and pE1764 have been assigned to incom-
patibility groups 11 and 12, respectively. We
expect that these sequencing studies will facili-
tate a directed approach to plan recombinant
plasmid construction which will permit identifi-
cation of sequence determinants of these plas-
mid functions, as well.
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