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Replication-proficient (Rep') revertants were isolated from mutants of IncFll plasmid NR1 that were
replication defective (Rep-). The parental Rep- plasmids contained a mutation that inactivated promoter PE
for transcription of RNA-E, a trans-acting repressor of translation of the essential RepAl replication initiation
protein of NR1. The PE mutation also introduced a nonsense codon into a leader peptide gene that precedes and
slightly overlaps the repAl translation initiation site in the mRNA. This reduced the rate of synthesis of RepAl
by uncoupling its translation from that of the leader peptide. The reduced rate of RepAl synthesis was
responsible for the Rep- phenotype. All Rep' revertants retained the PE mutation and contained second-site
mutations responsible for suppression of the Rep- phenotype. One Rep+ revertant contained a second
mutation adjacent to the Shine-Dalgarno sequence of repAl. Another Rep+ revertant contained a mutation in
the repA2 gene, which encodes the trans-acting repressor of transcription of repAl. By using translational JacZ
gene fusions, it was found that both kinds of suppressor mutation increased the expression of repAl to a level
sufficient to support replication. In both cases, the synthesis of RepAl remained uncoupled from that of the
leader peptide. The Shine-Dalgarno mutation increased the rate of leader peptide-independent translation of
repAl mRNA and also reduced the sensitivity of repAl mRNA to inhibition by RNA-E. The repA2 mutation
inactivated the RepA2 repressor and increased the rate of transcription ofrepAl mRNA. The translational lacZ
gene fusions were used to assess the range of regulation of expression of repAl provided by each of the RNA-E
and RepA2 regulatory circuits. By constructing miniplasmids that contained various combinations of the
mutations, the contributions of the RNA-E and RepA2 regulatory circuits were assessed with respect to control
of plasmid copy number and stable inheritance. Plasmids that lacked either circuit were less stable than
wild-type plasmids.

Regulation of plasmid copy number is equivalent to regu-
lating the frequency of initiation of plasmid DNA replication
during the cell division cycle. For IncFII plasmid NR1, a
95-kb self-transmissible antibiotic resistance plasmid that is
stably maintained at a low copy number in Escherichia coli
(43), replication control is accomplished by regulating the
synthesis of the plasmid-specific replication initiation protein
RepAl (reviewed in references 26 and 42). The cis-acting
RepAl protein binds to the downstream plasmid replication
origin (on) after its synthesis to effect initiation of replication
(10, 20, 25, 29). Negative regulation of expression of the
repAl gene occurs by controlling both the transcription and
translation of its mRNA by mechanisms that have been
extensively studied (26, 42). Efficient synthesis of RepAl
requires translational coupling to the expression of an up-
stream 2.5-kDa leader peptide that is also encoded by repAl
mRNA (3, 45). The coding sequence of the leader peptide
overlaps the translation initiation site of the repAl gene in a
different reading frame (Fig. 1 and 2).

In addition to the leader peptide, the repAl gene, and ori,
the repA replicon of NR1 encodes trans-acting regulatory
elements that control expression of repAl (Fig. 1). Tran-
scription of repAl mRNA may be initiated from a constitu-
tive promoter, Pc, and a regulated promoter, PA, to synthe-
size RNA-CX and RNA-A, respectively (13, 31, 44).
RNA-CX also serves as the mRNA for the repA2 gene,
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whose product is a trans-acting repressor of transcription at
PA (8, 39, 44). At the normal plasmid copy number, RNA-A
transcription is repressed approximately 95% by the RepA2
repressor, and constitutive RNA-CX transcription provides
the majority of repAl mRNA (8, 44).
A third transcript, RNA-E, is initiated from promoter PE

and is transcribed in the direction opposite to that of
RNA-CX and RNA-A (13, 31, 44. PE is a strong constitutive
promoter (44). The convergence of synthesis of repAl
mRNA and RNA-E reduces the rate of transcription in both
directions (44). RNA-E is a trans-acting repressor of trans-
lation of repAl mRNA that functions by binding to the
complementary target sequences in RNA-CX or RNA-A to
form an RNA-RNA duplex (4, 18, 28, 37, 41). RNA tran-
scripts that contain the complementary target sequence for
binding to RNA-E and the coding sequences for the leader
peptide and repAl are generically referred to as repAl
mRNA. Inhibition of translation of repAl mRNA by RNA-E
is the primary basis for IncFII group plasmid incompatibility
(18, 41). Translation of repA2 from the 5' end of RNA-CX is
not affected by RNA-E.
We have previously described (45, 46) the isolation of

mutants of NR1 that had simultaneously lost expression of
IncFII plasmid incompatibility (Inc-) and replication profi-
ciency (Rep-). Four independently isolated Inc- Rep-
mutants contained the same single base pair substitution that
inactivated promoter PE. The absence of RNA-E transcrip-
tion explained the Inc- phenotype of the mutants. The PE
mutation also introduced a nonsense mutation in the leader
peptide coding sequence, causing premature termination of
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<-. RNA-E Starting with the Inc- Rep- mutants that contain the PE
mutation, we have isolated Rep' revertants that in a poL4
host can rescue the replication of a pBR322 vector plasmid in
a cointegrate with the repA replicon. The revertants con-

region of NR1. The 1.1-kb PstI tained different kinds of second-site mutations that increased
ol elements and the 5' end of repAl expression of repAl by mechanisms that are independent of
41 and the replication origin are translation of the leader peptide. The properties of plasmids
b PstI fragment that is not shown. with various combinations of these mutations revealed fun-
PC PA, and PE, for transcripts damental aspects of the regulation of expression of the repAlE, respectively (indicated by the Nicated. RNA-CX and RNA-A con- gene and its relationship to the control of initiation of NR1

epAl in the 1.6-kb fragment. From plasmid replication.
left to right, the coding regions for repA2, the 2.5-kDa leader
peptide, and the 5' end of repAl are shown boxed. Restriction
endonuclease recognition sites: P, PstI; B, BgiII; N, NsiI; F, FspI;
S, Sall. The right-hand PstI site was used to construct repAl-lacZ
translational fusions, whereas the FspI site was used to construct
leader peptide-lacZ translational fusions. The left-hand Sail site was
used to construct transcriptional fusions.

its translation (Fig. 2). This reduced expression of the repAl
gene at least 10-fold by uncoupling translation of its mRNA
from that of the leader peptide (45). This explained the Rep-
phenotype, since the mutants were unable to synthesize
enough RepAl to initiate plasmid replication. Translation of
the leader peptide coding sequence and translation of repAl
are both inhibited by RNA-E (3, 45). Regulation of transla-
tion of repAl mRNA by RNA-E may occur indirectly by

MATERIALS AND METHODS
Bacterial strains and culture conditions. E. coli K-12 strain

JG112 met thy rpsL polA (23) and its polA+ revertant JK17
(44) were used for replicon reconstitution experiments, for
testing thepoL4 dependence of chimeric plasmids composed
of both pBR322 and NR1 replicons, and for plasmid copy
number and stability assays. E. coli MC1061 araDJ39 A(ara-
leu)697 AlacX74 galU galK rpsL hsdR (6) was used for
construction of lacZ fusion plasmids. E. coli SE4006 araD
Alacl69 reLA thi rpsL recA56 srl::TnlO (14) was used as the
host for ,-galactosidase assays. Strains KP435 trp ilv thy
rpsL recA (12) and JK17 were used for plasmid incompati-
bility assays. Strains JM83 and JM101 were used for cloning
with pUC8 and M13 vectors (21, 36). In most experiments,
cells were cultured in 2YT medium (24) containing 16 g of

-35 . . -10.
1 GATCTTCGTCACTTCTC1GTCGCTGATTTCA00AAACTGTAGTATCCTCTGCGAACGATCCCTGTTTGAGTATT6AGGAGGCGAGATGTCGCAGAC100

S/D fletSerGlnTh

101 AGAAAATGCAGTGACTTCCTCATCTGGCGCAAAACGAGCATACAGAMGGGGAATCCGCTTTCTGATGCAGAGAAACAAAGATTATCAGTGGCCCGTAAA 200
rGl uAsnAl aVal ThrSerSerSerGlyAl aLysArgAl aTyrArgLysGlyAsnProLeuSerAspAl aGl uLysGl nArgLeuSerVal Al aArgLys

A
201 AGAGCTTCGTTCAAGGAAGTAAAAGTATTTCTTGAACCAAAGTATMGGCCATGCTCATGCAAATGTGTCATGAAGATGGTCTGACTCAGGCTGAAGTTC 300

ArgAl aSerPheLysGl uVal LysVal PheLeuGl uProLysTyrLysAl aMetLeuMetGlnMetCysHi sGl uAspGlyLeuThrGl nAl aGluVal L

NsiI. . .-35 . . -10 .
301 TGACCGCACTGATAAAAAGTGAAGCGCAAAAACGATGCATGTGATGATGGGCTTACATTCTTGAGTGTTCAGAAGATTAGTGCTAGATTACTGATCGTTT 400

euThrAl aLeuIl eLysSerGl uAl aGl nLysArgCysMetEndEnd

3'
401 GGATTTGTGGCTGGCCACGCCGTA5GGTGGCAAGGAACTGGTTCTGATGTGGATTTACAGGAGCCAGAGCAAAMCCCCGATAATCTTCTTCA500

5' . -10 . . -35 T .
501 ACTTTGGCGAGTACGAAAAGATTACCGGGGCCCACTT__CCGTATAGCCAACATTCAGCTATGCGG__TATAGTTATATGCCCGGAAAAGTTCAAG 600

S/D fMetProGlyLysValGlnA
FspI. A.

601 ACTTCTTTCTGTGCTCGCTCCTTCTGCGCATTGTAAGTGCAGGATGGTGTGACTGATCTTCACCAAACGTATTACCGCCAGGTA.AAGMCCCGAATCCGG 700
spPhePheLeuCysSerLeuLeuLeuArgIl eVal SerAl aGlyTrpCysAspEnd

S/D ffetThrAspLeuHi sGl nThrTyrTyrArgGl nVal LysAsnProAsnProV

701 TGTTTACACCCCGTGAGGTGCAGGACGCTGAGTTCTGCGAAAAACTGATGGAAGGCGGTGGGCTTCACTTCCCGMTGATTTCGCCATTCATGT 800
al PheThrProArgGl uGlyAl aGlyThrLeuLysPheCysGl uLysLeuMetGl uLysAl aValGlyPheThrSerArgPheAspPheAl aIleHisVa

Sall. . Sall . . PstI
801 GGCGCATGCCCGTTCGCGTGGTCTGCGTCGACGCATGCCACCAGTGCTGCGTCGACGGGCTATTGATGCGCTCCTGCAGGGGCTGTGTTTCCACTATGAC 900

lAl aHi sAl aArgSerArgGlyLeuArgArgArgMetProProVal LeuArgArgArgAl aIleAspAl aLeuLeuGl nGlyLeuCysPheHisTyrAsp
FIG. 2. Partial nucleotide sequence of the NR1 replication control region (31). Base pair position 1 corresponds to the G in the BgiII site

in Fig. 1. The -10 and -35 sequences for promoters PC, PA, and PE are underlined, as is the RNA-E-coding sequence (bp 564 to 474). RNA-E
is transcribed from right to left, as indicated by "5"' and "3"' above the first and last nucleotides, respectively, in its coding sequence. Base
substitutions in the mutants at positions 216 (repA2), 597 (PE), and 639 (S/D) are indicated above or below the sequence. Translation start and
stop signals for repA2 (bp 90 to 341), the leader peptide (bp 582 to 653), and repAl (bp 649 to 1503) are shown in boldface type. The predicted
amino acid sequences are indicated below the DNA sequence. The repA2 mutation replaces a Glu codon (GAA) with a Lys codon (AAA).
The PE mutation replaces a Gln codon (CAA) with an ochre stop codon (UAA) in the leader peptide sequence. The S/D mutation replaces
an Ala codon (GCA) with a Thr codon (ACA). Restriction endonuclease recognition sites are italicized.
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tryptone, 10 g of yeast extract (both from Difco Laborato-
ries), and 5 g of NaCl per liter or in Luria-Bertani medium
(24) containing 10 g of tryptone, 5 g of yeast extract, and 10
g of NaCl per liter. 2YT and Luria-Bertani plates contained
15 g of Bacto Agar (Difco) per liter. Clones were screened
for 0-galactosidase activity on Luria-Bertani or 2YT agar

containing 40 mg of 5-bromo-4-chloro-3-indolyl-j3-galactopy-
ranoside (Research Organics, Inc.) per liter. For 3-galacto-
sidase assays, cells were cultured in 1 x A minimal medium
(24) plus MgSO4 (1 mM), thiamine (20 mg/liter), glucose (4
g/liter), and 0.1% Casamino Acids (Difco). The following
antibiotics (Sigma Chemical Co.) were included in the me-

dium when appropriate to select for cells harboring various
plasmids: tetracycline hydrochloride, sodium ampicillin, and
chloramphenicol (10, 50, and 25 mg/liter, respectively). Cells
were cultured at 370C, and growth was monitored by turbid-
ity at 600 nm with a Gilford model 260 spectrophotometer.
DNA isolation and manipulation. DNA isolation, restric-

tion endonuclease digestion, gel electrophoresis, ligation of
restriction fragments, and transformation of E. coli cells with
plasmid or phage DNA were performed as described previ-
ously (12, 22). All enzymes were used as recommended by
the suppliers. Restriction endonuclease fragments were pu-

rified from agarose gels with DEAE membranes (11) or from
0.8 or 1.4% low-melting-point agarose gels (33). The alkaline
minilysate method (2) was used for screening of plasmid
sizes and restriction endonuclease analysis of plasmid DNA.

Plasmids. The plasmids used in this study are listed in
Table 1. The repA replicon of NR1 is contained within two
contiguous 1.1- and 1.6-kb PstI fragments (22). The 1.1-kb
PstI fragment encodes RepA2, RNA-E, the leader peptide,
and the 5' end of the repAl gene (Fig. 1). The remainder of
repAl and the downstream on are contained within the
1.6-kb PstI fragment. Various derivatives of vector plasmid
pBR322 contain one or both of the 1.1- and 1.6-kb PstI
fragments from the NR1 repA replicon inserted at the PstI
site in bla. In plasmid pRR945, the 1.1- and 1.6-kb PstI
fragments are in their native orientation such that the repA
replicon is functional. The isolation and characterization of
the Inc- Rep- mutants derived from pRR945 and containing
the PE mutation (Table 1) have been described previously
(45, 46). The isolation of Inc- Rep' revertants pWN160-14
and pWN160-15 (Table 1) containing either repA2 or Shine-
Dalgarno (SD) mutations is described in Results.
RNA-E is encoded within a 262-bp Sau3A fragment (bp

393 to 654 in Fig. 2). Plasmid pWR130 was constructed by
inserting the wild-type 262-bp Sau3A fragment from NR1
into the BamHI site in the tet gene of the moderately
high-copy-number vector plasmid pACYC184. The orienta-
tion of the inserted fragment in pWR130 was such that
transcription from both tetP and PE was in the same direc-
tion, referred to as the "-" orientation. Therefore, RNA-E
is transcribed from pWR130; however, in the absence of a

promoter for transcription in the opposite direction, repAl
mRNA target sequences are not transcribed. Plasmid
pWR119 was constructed by inserting the 262-bp Sau3A
fragment containing the PE mutation into the BamHI site of
pACYC184 in the + orientation, such that transcription from
tetP would produce repAl mRNA target sequences comple-
mentary to RNA-E; because of the PE mutation, RNA-E is
not transcribed from pWR119. pWR151 is similar to
pWR119, except that it produces repAl mRNA target se-

quences containing both the SD and PE substitutions.
pWR128 was constructed by insertingDNA that contains the
wild-type repA2 gene within a 332-bp Sau3A fragment into

the tet gene of pACYC184, such that it produces RepA2
repressor protein.
pSKS105 is a high-copy-number pBR322-derived vector

plasmid with a polylinker sequence in the amino-terminal
coding region of lacZ, such that inserted genes can be fused
in frame. pWR100 was constructed by deletion of the EcoRI
fragment of pSKS105 that contains the lacP promoter and
the first three codons of lacZ, such that the remaining lac
sequences in the plasmid are not transcribed unless a pro-
moter-containing fragment is inserted in the polylinker.
pFZY1 is a low-copy-number vector plasmid with a poly-
linker sequence upstream from a promoterless lac operon
that contains translational stop codons in all three reading
frames between the polylinker and lacZ, for the purpose of
constructing transcriptional lacZ fusions. For construction
of low-copy-number translational fusions, vector plasmid
pWR109 was constructed by replacing the upstream lac
region of pFZY1 with the equivalent region from pWR100 by
using the EcoRI and SacI restriction sites in the polylinkers
and lacZ genes, respectively. At the same time, the BamHI-
SacI fragment from pWR100 was replaced with the equiva-
lent region from pFZY1 to construct vector plasmid
pWR127, which was used for construction of high-copy-
number transcriptional fusions.

Translational repAl-lacZ fusions were constructed by
inserting the BglII-PstI fragment from NR1 (Fig. 1) between
the polylinker BamHI and PstI sites of pWR100 and
pWR109. High-copy-number translational 2.5-kDa leader-
lacZ fusions were constructed by using the FspI site in the
leader peptide coding region (Fig. 1) by taking the EcoRI-
FspI fragments from the high-copy-number repAl-lacZ
translational fusion plasmids (pWR100 derivatives) and in-
serting them between the polylinker EcoRI and SmaI sites of
pWR100. Low-copy-number 2.5-kDa leader-lacZ transla-
tional fusions were then constructed by replacing the EcoRI-
SacI fragment of pFZY1 with the EcoRI-SacI fragments
from the high-copy-number 2.5-kDa leader-lacZ fusion plas-
mids. Low-copy-number transcriptional repA-lacZ fusions
were constructed by inserting the BglII-SalI fragment of
NR1 (Fig. 1) between the polylinker BamHI and Sall sites of
pFZY1. High-copy-number transcriptional repA-lacZ fu-
sions were constructed by inserting the BglII-PstI fragment
of NR1 (Fig. 1) between the polylinker BamHI and PstI sites
of pWR127. Equivalent fusions were constructed with both
wild-type and mutant DNA fragments. Restriction fragment
exchange was used to separate the repA2 or SD mutation
from the PE mutation so that the effects of the individual
mutations could be determined. Along with other appropri-
ately chosen sites, the NsiI site at bp 335 (Fig. 1 and 2) was
used to separate the repA2 mutation, whereas the FspI site
at bp 625 was used to separate the SD mutation, resulting in
plasmids pWW160-16 and pWW160-17, respectively (Table
1).
Mutagenesis of plasmid DNA. Plasmid DNA (10 ,ug) from

each of the Inc- Rep- mutants (Table 1) was mutagenized in
vitro (16) with 0.12 M hydroxylamine in a volume of 0.2 ml
(0.05 M sodium phosphate [pH 6.0], 0.1 M EDTA) at 75°C
for 10 to 20 min, and then extensive dialysis against 20 mM
CaCl2 at 4°C was performed. The mutagenized plasmid DNA
was then introduced into E. coli JG112 cells by transforma-
tion, with selection for tetracycline resistance. All of the 31
Rep+ revertants obtained by this procedure were produced
in independent mutagenesis experiments.

Plasmid replicon reconstitution. Construction of 4.9-kb
minireplicator plasmids composed of three PstI fragments
has been described previously (12, 46). These plasmids
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TABLE 1. Plasmids used in this study

Plasmid Descriptiona Referenceor source

pMB1-derived cloning vector; bla tet
NR1 miniplasmid, wt 1.1-, 1.6-, and 2.2-kb PstI fragments; cat
pBR322 plus wt 1.1-kb PstI fragment of NR1; tet
pBR322 plus wt 1.6-kb PstI fragment of NR1; tet
pBR322 plus 2.2-kb PstI fragment with cat; tet cat
pBR322 plus wt 1.1- and 1.6-kb PstI fragments of NR1, Inc' Rep'; tet
Inc- Rep- mutant of pRR945 (PE); tet
Inc- Rep- mutant of pRR945 (PE); tet
Inc- Rep- mutant of pRR945 (PE); tet
Inc- Rep- mutant of pRR945 (PE); tet
Inc- Rep' revertant of pWNRR160 (PE, repA2); tet
Inc- Rep' revertant of pWNRR160 (PE, SD); tet
pRR945 with repA2 mutation; tet
pRR945 with SD mutation; tet
pBR322-derived cloning vector; bla
pUC8 plus wt 1.1-kb PstI fragment of NR1; bla
plSA-derived cloning vector; cat tet
pBR322-derived translational lacZ fusion vector; bla
Mini-F-derived transcriptional lacZ fusion vector; bla
EcoRI deletion of pSKS105 to remove lacP; bla
Low-copy-number repA-lacZ transcriptional fusion, wt; bla
Mini-F-derived translational lacZ fusion vector; bla
High-copy-number leader-lacZ translational fusion, wt; bla
High-copy-number repAl-lacZ translational fusion, SD PE; bla
High-copy-number repAl-lacZ translational fusion, repA2 PE; bla
High-copy-number repAl-lacZ translational fusion, PE; bla
High-copy-number repAl-lacZ translational fusion, repA2; bla
High-copy-number repAl-lacZ translational fusion, SD; bla
High-copy-number repAl-lacZ translational fusion, wt; bla
pACYC184 plus PE 262-bp Sau3A fragment, + orientation (target); cat
Low-copy-number repAl-lacZ translational fusion, SD PE; bla
Low-copy-number repAl-lacZ translational fusion, repA2 PE; bla
Low-copy-number repAl-lacZ translational fusion, PE; bla
Low-copy-number repAl-lacZ translational fusion, repA2; bla
Low-copy-number repAl-lacZ translational fusion, SD; bla
Low-copy-number repAl-lacZ translational fusion, wt; bla
pBR322-derived transcriptional lacZ fusion vector; bla
pACYC184 plus wt 332-bp Sau3A repA2+ fragment (RepA2); cat
pACYC184 plus wt 262-bp Sau3A fragment, - orientation (RNA-E); cat
High-copy-number repA-lacZ transcriptional fusion, wt; bla
High-copy-number leader-lacZ translational fusion, repA2 PE; bla
High-copy-number leader-lacZ translational fusion, PE; bla
High-copy-number leader-lacZ translational fusion, repA2; bla
Low-copy-number leader-lacZ translational fusion, wt; bla
Low-copy-number leader-lacZ translational fusion, PE; bla
Low-copy-number leader-lacZ translational fusion, repA2; bla
Low-copy-number leader-lacZ translational fusion, repA2 PE; bla
pRR933 with SD PE; cat
pRR933 with repA2 PE; cat
pRR933 with repA2; cat
pACYC184 plus SD PE 262-bp Sau3A fragment, + orientation (target); cat
pRR933 with SD; cat

5
22
22
22
22
22
46
46
46
46
This study
This study
This study
This study
36
41
7
6
17
45
45
45
45
This study
This study
45
This study
This study
45
45
This study
This study
45
This study
This study
45
45
This study
45
45
This study
45
This study
45
45
This study
This study
This study
This study
This study
This study
This study

a bla, ampicillin resistance; tet, tetracycline resistance; cat, chloramphenicol resistance; wt, wild-type DNA sequence; PE, mutant RNA-E promoter; SD, Rep'
suppressor mutation near the SD sequence of repAl; repA2, Rep' suppressor mutation in repA2.

consist of the 1.1- and 1.6-kb PstI fragments containing repA
ligated to a 2.2-kb PstI fragment that contains the cat gene.
For replicon reconstitution, the individual 1.1-kb PstI frag-
ments from pRR945 or its mutant derivatives were first
cloned into the PstI site of pUC8 to produce plasmids like
pRR775 (Table 1). DNA from the pUC8 clones with inserted
1.1-kb fragments was mixed with DNA from pRR936 (wild-
type 1.6-kb fragment clone) and pRR714 (2.2-kb fragment
clone), digested with PstI, ligated, and introduced into
JG112 (poLA) by transformation, with selection for chloram-

phenicol resistance. Transformants that were not resistant to
tetracycline (i.e., those that did not contain pBR322) were
found to contain minireplicator plasmids composed of three
PstI fragments. Plasmids having the same relative orienta-
tions of the three PstI fragments as pRR933, a wild-type
derivative, were retained for further analysis.

Nucleotide sequence analysis. The 1.1-kb PstI fragment of
repA contains five sites for cleavage by Sau3A (44). The
various Sau3A and PstI-Sau3A fragments from the 1.1-kb
PstI fragments from pRR945 and its mutants were cloned

pBR322
pRR933
pRR935
pRR936
pRR714
pRR945
pWNRR104
pWNRR124
pWNRR149
pWNRR160
pWN160-14
pWN160-15
pWW160-16
pWW160-17
pUC8
pRR775
pACYC184
pSKS105
pFZY1
pWR100
pWR106
pWR109
pWR110
pWR111
pWR112
pWR113
pWR114
pWR115
pWR116
pWR119
pWR121
pWR122
pWR123
pWR124
pWR125
pWR126
pWR127
pWR128
pWR130
pWR136
pWR138
pWR139
pWR140
pWR141
pWR142
pWR143
pWR144
pWR148
pWR149
pWR150
pWR151
pWR153
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into M13 phage DNA according to the technique of Messing
(21). DNA sequencing kits were purchased from New En-
gland Biolabs, and dideoxy sequencing was performed as
described by Williams et al. (38) by using [Ot-35S]dATP (New
England Nuclear). The sequencing reactions of the DNA
from the mutants were compared side by side with those
from the wild type in order to locate the sites of mutation.
Appropriately located synthetic oligonucleotides were ob-
tained for use as primers to sequence double-stranded DNA
clones to confirm the presence or absence of the mutations in
various plasmid derivatives.

Plasmid incompatibility assay. Incompatibility tests were
performed as described previously (12, 22). The donor
plasmid DNA was introduced by transformation into recip-
ient cells harboring a resident miniplasmid by selection for
the resistance conferred by the donor plasmid only. Reten-
tion of the unselected resident plasmid and the donor plas-
mid was then tested by replica plating for resistance to each
antibiotic.

Plasmid copy number measurements and stability assay.
The relative copy numbers of miniplasmids that carry the cat
gene were estimated from gene dosage effects by measuring
chloramphenicol acetyltransferase specific activity in cell
extracts prepared from exponentially growing cultures as
described previously (12, 34), except that total protein
concentrations were determined with Bio-Rad protein assay
kits by following the instructions supplied with the kit.
Estimates of copy numbers were relative to wild-type
miniplasmid pRR933.
The relative copy numbers of the lacZ fusion plasmids that

contained the bla gene were estimated from gene dosage by
assaying their 1-lactamase activities as described by Lupski
et al. (19), by using cephaloridine (Sigma) as the colorigenic
reagent. Protein concentrations were determined with Bio-
Rad protein assay kits. Estimates of copy numbers were
relative to low-copy-number vector plasmid pFZY1 or to
high-copy-number vector plasmid pWR100.
The stability of plasmid inheritance was determined by

measuring the decrease in the fraction of antibiotic-resistant
cells during a period of nonselective growth according to the
standard protocol (22). After the cells that harbored various
miniplasmids were cultured in medium containing chloram-
phenicol, they were repeatedly subcultured by 106-fold dilu-
tion into drug-free medium and incubated overnight. After
each subculture, appropriate dilutions of the cultures were
spread onto drug-free 2YT agar plates, and the antibiotic
resistance of at least 100 colonies was tested by replica
plating by the toothpick method (24). Representative resis-
tant and sensitive colonies were tested directly for the
presence of plasmid DNA by the alkaline minilysate method
(2).

13-Galactosidase assays. The P-galactosidase activities of
cultures of cells harboring the various fusion plasmids were
assayed by a modification of the method of Miller (24) as
described previously (12). To obtain accurate measurements
of cultures with low O-galactosidase activities, the reactions
were carried out for extended periods. The low level of
,B-galactosidase produced in strains harboring only the ap-
propriate vector plasmid without DNA inserts was consid-
ered to be background and was subtracted from the activities
assayed for the fusion plasmids.

RESULTS

Isolation and characterization of Rep' revertants. The
isolation and characterization of the Inc- Rep- mutants

pWNRR104, pWNRR124, pWNRR149, and pWNRR160
(Table 1), which contain the PE mutation, have been de-
scribed previously (45, 46). These mutants were isolated
from Inc' Rep' plasmid pRR945, which consists of a
cointegrate of pBR322 and the 1.1- and 1.6-kb PstI fragments
that contain the wild-type NR1 repA replication control
region (Table 1). Unlike parental plasmid pRR945, the four
Inc- Rep- mutants are unable to replicate in polA host
JG112 (45, 46). DNA from each of the four mutants was
treated with hydroxylamine, and then JG112 was transfor-
mated. Thirty-one independent Rep' revertants that could
transform JG112 at a frequency similar to that of pRR945
were obtained by this procedure. No Rep+ revertants were
obtained in the absence of mutagenesis. The incompatibility
phenotype of each of the mutants was tested by transforma-
tion of KP435 recA-containing resident plasmid pRR933, a
wild-type miniplasmid. All 31 revertants remained Inc-,
since they were compatible with pRR933, in contrast to
parental plasmid pRR945, which excluded pRR933 in paral-
lel experiments (data not shown). This suggested that the
Inc- Rep' plasmids were not true revertants but were likely
to contain second-site suppressor mutations that restored
replication proficiency.
Two Rep+ revertants isolated from each of the four

original Inc- Rep- mutants were analyzed further. The
1.1-kb PstI fragments from each Rep+ revertant were used
in replicon reconstitution experiments to construct miniplas-
mids that consist of three PstI fragments. The 1.1-kb frag-
ments from the revertants were combined with wild-type
1.6- and 2.2-kb fragments to construct plasmids similar to
pRR933, which were then introduced into JG112 by trans-
formation. Each of the revertant miniplasmids was capable
of transforming JG112, whereas in parallel experiments with
the 1.1-kb fragments from the Inc- Rep- mutants no trans-
formants were obtained. This indicated that the mutations
responsible for restoring the Rep+ phenotype were located
within the 1.1-kb PstI fragments of the revertants.

Promoter PE is contained within a 262-bp Sau3A fragment
(bp 393 to 654 in Fig. 2). The nucleotide sequences of the
262-bp Sau3A fragments from the eight Inc- Rep' rever-
tants were determined. All eight revertants retained the PE
mutation, C-597 to T (Fig. 2). This explained the Inc-
phenotype of the revertants, since they were unable to
transcribe RNA-E. Seven of the revertants contained no
other mutations within the 262-bp Sau3A fragment. One
revertant, pWN160-15, contained a transition, G-639 to A,
adjacent to the SD sequence of repAl (Fig. 2). Because
revertant pWN160-14 was obtained from the same parental
plasmid as pWN160-15 and was clearly different from
pWN160-15 by nucleotide sequence, these two revertants
were subjected to further analysis. The nucleotide sequences
of the entire 1.1-kb PstI fragments from pWN160-14 and
pWN160-15 were determined and compared with those of
parental mutant pWNRR160 and the wild-type plasmid
pRR945. The 1.1-kb fragment from pWN160-15 contained
only the PE and SD mutations. The 1.1-kb fragment from
pWN160-14 contained the PE mutation and one other tran-
sition, G-216 to A (Fig. 2). This second mutation in
pWN160-14 replaced a Glu codon with a Lys codon in the
repA2 gene. Therefore, the revertants pWN160-14 and
pWN160-15 each contained two mutations: the original PE
mutation responsible for the Inc- and Rep- phenotypes and
a mutation either at the SD sequence of repAl or within the
coding sequence of repA2, apparently responsible for sup-
pressing the Rep- phenotype.
To assess the effects of the individual mutations, the
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TABLE 2. Expression of repAl and 2.5-kDa leader peptide in low-copy-number lacZ fusions

13-Galactosidase activity (Miller units2 in the presence
Plasmid Fusiona Mutation of coresident plasmid:

pACYC184 pWR128 pWR130 pWR119

pWR126 repAl None 0.41 0.057 0.027 4.7
pWR123 repAl PE 0.041 0.016 0.030 0.041
pWR124 repAl repA2 5.5 0.068 0.057 25
pWR125 repAl SD 3.2 0.014 0.55 10
pWR122 repAl repA2, PE 0.25 0.019 0.096 0.25
pWR121 repAl SD, PE 0.15 0.076 0.25 0.16
pWR141 Leader None 21 5.1 0.17 85
pWR142 Leader PE 0.002 0.001 0.001 0.003
pWR143 Leader repA2 97 6.3 0.34 340
pWR144 Leader repA2, PE 0.013 0.009 0.008 0.017
pWR106 Transcriptional None 19 5.3 14 16

a repA and leader, translational fusion at the PstI site in repAl or the FspI site in the leader gene; transcriptional fusion is at the SalI site in repAl.
b The data are averages of multiple measurements. Some data were presented previously (45). pWR128, pWR130, and pWR119 are vector pACYC184

derivatives that synthesize RepA2, RNA-E, and repAl mRNA target sequences, respectively.

repA2 mutation of pWN160-14 and the SD mutation of
pWN160-15 were separated from the PE mutation by using
the NsiI site at bp 335 or the FspI site at bp 625, respectively
(Fig. 1 and 2), resulting in plasmids pWW160-16 (repA2) and
pWW160-17 (SD). These two plasmids were found to be
incompatible with pRR933, as expected, and were each
capable of transforming JG112; i.e., they were Inc' Rep+. In
replicon reconstitution experiments, the 1.1-kb PstI frag-
ments from both pWW160-16 and pWW160-17 were capable
of forming three-PstI-fragment miniplasmids that could rep-
licate in JG112. Therefore, the second-site suppressor mu-

tations either in the SD of repAl or within the repA2 gene by
themselves did not have phenotypes revealed by these tests.

Effects of mutations on expression of repAl and the 2.5-kDa
leader peptide. The Rep- phenotype of the original mutants
resulted from their inability to synthesize enough RepAl
protein for initiation of replication (45). To determine the
effects of various combinations of mutations on the expres-
sion of the repAl gene, transcriptional and translational lacZ
fusions were constructed. Low-copy-number fusion plas-
mids were constructed by using pFZY1, a mini-F-based
vector plasmid, and high-copy-number fusion plasmids were
constructed with pWR100, a pBR322-based vector plasmid.
The PstI site at bp 874 (Fig. 1 and 2) was used to construct
repAl-lacZ translational fusions, the FspI site at bp 625 was
used to construct leader peptide-lacZ translational fusions,
and the Sail site at bp 827 was used to construct repA-lacZ
transcriptional fusions (see Materials and Methods) (Table
1). The fusion plasmids contained NR1 DNA between the
BglII site at position -1 (Fig. 1 and 2) and either the FspI,
Sail, or PstI site. Therefore, these fusion plasmids contain
genes for the normal trans-acting regulatory elements,
RepA2 and RNA-E, that control expression of repAl. Fu-
sions were constructed with wild-type NR1 DNA and with
DNA containing each of the PE, repA2, and SD mutations,
individually and in combination.
Data for the low-copy-number translational fusion plas-

mids are shown in Table 2. At the low copy number of the
mini-F vector, which is about twofold lower than that of
NR1 (42), the PA promoter is expected to be partially
repressed by RepA2 repressor and the translation of the
mRNA for the leader peptide and repAl should be partially
inhibited by RNA-E. Under these conditions, the leader
peptide was expressed at a much higher level than was

repAl. For example, the plasmid with the wild-type leader

peptide-lacZ translational fusion produced about 50-fold
(21/0.41) more 3-galactosidase activity (measured in Miller
units) than that with the wild-type repAl-lacZ translational
fusion. The presence of the PE mutation by itself caused a
decrease in the expression of both repAl and the leader
peptide. Compared with P-galactosidase activity for the
wild-type translational fusion plasmids, the PE mutation
decreased expression of repAl about 10-fold (0.41/0.0414) and
decreased expression of the leader peptide about 10'-fold
(21/0.002), owing to the nonsense mutation introduced at the
sixth codon of the leader peptide coding region (Fig. 2). This
10-fold decrease in repAl expression results in the Rep-
phenotype. By itself, the repA2 mutation increased expres-
sion of both repAl and the leader peptide. The increase for
repAl was about 13-fold (5.5/0.41), and that for the leader
peptide was about 5-fold (97/21). The SD mutation alone
increased expression ofrepAl about eightfold (3.2/0.41). The
effect of the SD mutation on expression or the leader peptide
could not be examined with these fusions, since the site of
the SD mutation is downstream from the FspI site used to
construct the leader peptide-lacZ fusions (Fig. 2). In combi-
nation with the PE mutation, the repA2 mutation increased
expression of repAl above that for the translational fusion
plasmid with the PE mutation alone about sixfold (0.25/0.041)
and increased leader peptide expression by about the same
factor (0.013/0.002). The SD mutation in combination with
the PE mutation increased the expression of repAl about
3.5-fold (0.15/0.041). These results suggested that the muta-
tions in either repA2 or the SD sequence suppressed the
Rep- phenotype by increasing expression of repAl. Because
the expression of the leader peptide remained about 20-fold
lower than that of repAl in the translational fusions that
contained the PE mutation, this indicated that the increased
expression ofrepAl caused by the suppressor mutations was
independent of leader peptide translation.

Similar results were obtained with the high-copy-number
translational-fusion plasmids (Table 3). However, at high
copy number, the configuration of the regulatory elements is
different, revealing different aspects of the control of expres-
sion of repAl. The high copy number results in high gene
dosage of the regulatory genes. Therefore, it is expected that
the PA promoter will be fully repressed by the high concen-
tration of RepA2 repressor protein and that translation of the
RNA-CX transcripts will be strongly inhibited by the high
concentration of RNA-E. Under these conditions, the plas-
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TABLE 3. Expression of repAl and 2.5-kDa leader peptide in
high-copy-number lacZ fusions

[-Galactosidase
Plasmid Fusiona Mutation activity

(Miller units)'

pWR116 repAl None 3.1
pWR113 repAl PE 7.3
pWR114 repAl repA2 19
pWR115 repAl SD 18
pWR112 repAl repA2, PE 42
pWR111 repAl SD, PE 18
pWR11O Leader None 4.2
pWR139 Leader PE 0.0
pWR140 Leader repA2 65
pWR138 Leader repA2, PE 1.4
pWR136 Transcriptional None 470

a repAl and leader, translational fusion at the PstI site in repAl or the FspI
site in the leader gene; transcriptional fusion is at the Sall site in repAl.

b The data are averages of multiple measurements; 0.0 indicates that
[-galactosidase activity was indistinguishable from background. Some data
were presented previously (45).

mid with the wild-type leader peptide-lacZ translational
fusion produced only slightly more 0-galactosidase activity
than that with the wild-type repAl-lacZ translational fusion
(4.2/3.1). Interestingly, although the PE mutation severely
reduced expression of the leader peptide, repAl expression
was actually increased about twofold (7.3/3.1) by the muta-
tion in the high-copy-number plasmids. This illustrated two
points that were less obvious from examination of the data
for the low-copy-number fusion plasmids. First, there was a
residual, or basal, level of expression of repAl when leader
peptide translation was inhibited either by the high concen-
tration of RNA-E from the wild-type fusion plasmid or by
the nonsense mutation in the leader peptide gene of the PE
mutant fusion plasmid. Second, the approximate twofold
increase in the basal level of expression of repAl in the PE
mutant probably resulted from the twofold increased rate of
transcription of repAl mRNA in the absence of interference
from convergent RNA-E transcription, as previously ob-
served (44). In a finding consistent with the pattern for
low-copy-number translational-fusion plasmids, the repA2
mutation, by itself or in combination with the PE mutation,
increased the expression of both the leader peptide and
repAl (Table 3). The SD mutation, either by itself or in
combination with the PE mutation, also increased expression
of repAl from the high-copy-number translational fusion
plasmids (Table 3). These results suggested that the Rep-
phenotype conferred by the PE mutation could be sup-
pressed either by increasing the rate of repAl mRNA tran-
scription (e.g., by the mutation in the repA2 repressor gene)
or by increasing the basal level of translation of repAl
mRNA (e.g., by the SD mutation). For comparison, the level
of 3-galactosidase activity for the high-copy-number plasmid
with the transcriptional repA-lacZ fusion was more than
100-fold higher than that for the translational fusions (Table
3), indicating that the high gene dosage of RNA-E had little
effect on the transcription of repAl mRNA.

Effects of trans-acting regulatory elements on expression of
repAl and the 2.5-kDa leader peptide. To explore further the
relationships between expression of the leader peptide and
repAl and the effects of the various mutations, compatible
plasmids that encode the individual trans-acting regulatory
elements of the repA replicon were introduced into the same
cell with the low-copy-number translational-fusion plasmids

(Table 2). Additional RepA2 repressor protein provided in
trans by plasmid pWR128 reduced the level of ,B-galactosi-
dase activity from every fusion plasmid tested. This reflected
that at the low copy number of the mini-F-derived fusion
plasmids, the PA promoter was only partially repressed by
the endogenously synthesized RepA2 repressor. The addi-
tional RepA2 provided in trans probably resulted in full
repression of transcription at PA, with the residual levels of
expression of repAl and leader peptide coming from consti-
tutive RNA-CX transcription. The repression by additional
RepA2 was about 7-fold (0.41/0.057) for the wild-type repAl-
lacZ translational-fusion plasmid but was about 80-fold
(5.5/0.068) for the repAl-lacZ translational-fusion plasmid
with the repA2 mutation. The repressed level was approxi-
mately the same for both plasmids. This confirmed that the
lesion in repA2 inactivated the repressor protein, resulting in
elevated transcription of the genes for the leader peptide and
RepAl. In addition, the increased rate of transcription of
repAl mRNA from the repA2 mutant probably interfered
with convergent RNA-E transcription, also contributing to a
reduced ratio of RNA-E to mRNA. This most likely contrib-
uted to the 80-fold range in the overall regulation of repAl
expression exhibited by the repA2 mutant. In the absence of
RNA-E transcription, as in the case of the repAl-lacZ
translational-fusion plasmid with the both repA2 and PE
mutations, the range of regulation of transcription by RepA2
was only about 13-fold (0.25/0.019). This reflects how intri-
cately interrelated the mechanisms regulating transcription
and translation of repAl mRNA are.

In similar experiments, additional RNA-E provided in
trans by plasmid pWR130 reduced the level of 0-galactosi-
dase activity from most of the low-copy-number translation-
al-fusion plasmids (Table 2). This reflected that, at low copy
number, translation of repAl mRNA was only partially
repressed by the endogenously synthesized RNA-E. How-
ever, differences in the quantitative effects among the vari-
ous types of fusion plasmids were instructive. Additional
RNA-E reduced repAl expression from the wild-type trans-
lational-fusion plasmid about 15-fold (0.41/0.027). The reduc-
tion for the repAl-lacZ translational-fusion plasmid that
contained the SD mutation was only about 6-fold (3.2/0.55),
and the actual level of repAl expression in the presence of
additional RNA-E was about 20-fold higher (0.55/0.027) for
the SD mutant than for the wild-type fusion plasmid. This
suggested that the SD mutation reduced the sensitivity of
repAl mRNA to inhibition of translation by RNA-E. Addi-
tional RNA-E had only minimal effects on 0-galactosidase
activity from the translational-fusion plasmids that contained
the PE mutation. Because the translation of the leader
peptide is prematurely terminated in these mutants, this
suggests that most of the inhibitory effect of RNA-E on
repAl expression is mediated through translational coupling
with leader peptide expression, and that effect is absent in
these mutants.
The effects of providing additional repAl mRNA target

sequences in trans were examined by introducing plasmid
pWR119 into the same cell with the low-copy-number trans-
lational-fusion plasmids (Table 2). Plasmid pWR119 pro-
duces the part of repAl mRNA that is complementary to
RNA-E and, therefore, titrates the RNA-E synthesized
endogenously by the fusion plasmids. Additional target RNA
sequences stimulated expression of repAl from the wild-
type translational-fusion plasmid about 12-fold (4.7/0.41).
Additional target RNA sequences had little effect on p-ga-
lactosidase activity from the fusion plasmids that contained
the PE mutation, reflecting the absence of endogenous
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RNA-E synthesized by those mutant plasmids. The differ-
ences between the titrated level of expression in the pres-
ence of additional target RNA sequences and the inhibited
level of expression in the presence of additional RNA-E
were about 175-fold (4.7/0.027) for the wild-type repAl-lacZ
translational-fusion plasmid and about 440-fold (25/0.057) for
the equivalent fusion plasmid that contained the repA2
mutation. These ratios should reflect the regulatory range of
repAl expression contributed by the RNA-E translational
inhibitory circuit. The higher value for the repA2 mutant
may result from the effects of convergent transcription when
PA is derepressed. For the wild-type plasmid and the repA2
mutant leader peptide-lacZ translational-fusion plasmid, the
differences between the titrated level of expression in the
presence of additional target RNA sequences and the inhib-
ited level of expression in the presence of additional RNA-E
were about 500-fold (85/0.17) and about 1,000-fold (340/0.34),
respectively. For the repAl-lacZ translational-fusion plas-
mid that contained the SD mutation, additional target RNA
sequences stimulated repAl expression only about threefold
(10/3.2) and the difference between titrated and inhibited
levels of expression was only about 19-fold (10/0.55), a
finding consistent with a reduced sensitivity to RNA-E
regulation by SD mutant repAl mRNA. Under conditions of
titration by additional target RNA sequences, the repAl
mRNA with the SD mutation was translated about 2-fold
more efficiently than the wild type (10/4.7), whereas that
from the PE mutant was translated about 115-fold less
efficiently than the wild type (4.7/0.041). If the 2-fold-
increased rate of repAl mRNA synthesis resulting from
absence of interference from convergent transcription in the
PE mutant is taken into account, its repAl mRNA must be
translated more than 200-fold less efficiently than that of the
wild type.
repAl mRNA that contains the SD mutation might be less

sensitive to inhibition by RNA-E either because it does not
bind RNA-E as well or because, even when bound by
RNA-E, it can still be translated efficiently. Plasmid pWR151
has the same structure as pWR119, except that it produces
repAl mRNA target sequences that contain the SD muta-
tion. pWR151 was also introduced into the same cell with
wild-type repAl-lacZ translational-fusion plasmid pWR126
to see whether the target sequences it provides could titrate
the endogenously synthesized RNA-E. In parallel experi-
ments, pWR119 stimulated repAl expression from 0.40 to
4.6 Miller units (11.5-fold), whereas pWR151 stimulated
expression from 0.40 to 4.7 Miller units (also about 11.5-
fold). Therefore, the target RNA sequences that contained
the SD mutation bound RNA-E as well as those that did not
contain the mutation. This suggested that repAl mRNA that
contains the SD mutation is less sensitive to inhibition by
RNA-E because it can be translated more efficiently even
when bound by RNA-E.
The effects of the repA2 mutation on the level of transcrip-

tion of repAl mRNA could also be assessed in the presence
of additional target RNA sequences. Under those condi-
tions, the effects of RNA-E on translation are eliminated by
titration, leaving only the effects of transcription control. In
the presence of additional target RNA sequences, the repA2
mutation increased expression of repAl about fivefold (25/
4.7) and increased expression of the leader peptide about
fourfold (340/85).
For comparison, additional RNA-E or target RNA se-

quences had little effect on expression of 0-galactosidase
activity from a repA-lacZ transcriptional fusion plasmid
(Table 2), whereas additional RepA2 repressed transcription

TABLE 4. Copy number of minireplicator plasmidsa

Plasmid Mutation Copynumberb

pRR933 None 1.0 ± 0.16
pWR150 repA2 7.2 + 2.9
pWR153 SD 2.1 + 0.78
pWR149 repA2, PE 1.1 ± 0.90C
pWR148 SD, PE 1.6 ± 0.30

a Composed of 1.1-kb inc. 1.6-kb on, and 2.2-kb cat PstI fragments.
b Relative to wild-type plasmid pRR933 in strain JG112 on the basis of cat

gene dosage. The data are the averages of four experiments.
c The copy number of pWR149 was highly variable.

about 3.5-fold (19/5.3). This confirmed that the effects of
RNA-E were mediated through translation of the repAl
mRNA, rather than transcription. The effects of introducing
plasmids pWR128, pWR130, and pWR119 into the same cell
with the high-copy-number translational-fusion plasmids
were minimal, presumably because of the already high
concentrations of the regulatory components resulting from
high gene dosage (data not shown). Finally, the copy num-
bers of the various fusion plasmids were monitored by
measuring the gene dosages of their bla genes in the pres-
ence of the various coresident plasmids. No significant
differences in copy number that would explain the differ-
ences in the levels of ,-galactosidase activity reported in
Tables 2 and 3 were observed (data not shown).

Effects of mutations on copy number, stable inheritance,
and incompatibility of reconstituted minireplicon plasmids.
The effects of the various mutations on plasmid replication
were tested directly by using the miniplasmids that were
constructed during the replicon reconstitution experiments.
Unlike the cases for the lacZ fusion plasmids described
above, in which the copy numbers of the repAl gene and its
regulatory elements were fixed by the mini-F- and pBR322-
derived vector plasmids, the copy numbers of the minirep-
licon plasmids will reflect the balance of the adjusted levels
of transcription and translation of repAl mRNA that are
feedback regulated by gene dosage. The relative copy num-
bers of the reconstituted miniplasmids were compared with
that of wild-type miniplasmid pRR933 (Table 4). By itself,
the repA2 mutation increased the copy number of miniplas-
mid pWR150 about sevenfold, and this increase was ob-
served consistently from experiment to experiment. The SD
mutation by itself also increased the copy number of
miniplasmid pWR153 about twofold, and again, an increased
copy number for pWR153 was observed consistently from
experiment to experiment. In contrast, the copy number of
the miniplasmid that contained both repA2 and PE muta-
tions, pWR149, was unpredictable and varied from much
lower than that of the wild type to much higher. The copy
number of the miniplasmid that contained both SD and PE
mutations, pWR148, was consistently slightly higher than
that of the wild type. Plasmid copy numbers were also
estimated by inspection of yields of plasmid DNA present in
minilysates. Results consistent with those reported in Table
4 were obtained, with the yield of pWR149 plasmid DNA
being highly variable (data not shown).

Inheritance of low-copy-number miniplasmids such as
pRR933, which lacks the stability (stb) locus of NR1, is
unstable in the absence of continuous antibiotic selection
(22, 35). Mutations that affect plasmid copy number often
alter the stability phenotypes of miniplasmids by changing
the number of independently segregating plasmid copies.
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FIG. 3. Stability of inheritance of minireplicator plasmids. The

percentages of JG112 cells that were resistant to chloramphenicol
after various periods of nonselective growth in drug-free medium
were determined by replica plating. The data are the averages of
three experiments. Plasmids: W.T., pRR933; S/D PE, pWR148;
repA2 PE, pWR149; repA2, pWR150; S/D, pWR153.

The stabilities of the miniplasmids with the various combi-
nations of Rep- and suppressor mutations were compared
with that of wild-type miniplasmid pRR933 (Fig. 3). The
stability of pWR153, which contains only the SD mutation,
was indistinguishable from that of pRR933. The plasmid with
only the repA2 mutation, pWR150, was considerably less
stable than pRR933, even though it had a higher copy

number in Table 4. The miniplasmid with both SD and PE
mutations, pWR148, also was less stable than pRR933. This
suggests that miniplasmids that lack one or the other of the
regulatory circuits that control expression of repAl are less
stable than wild-type miniplasmids, which contain both the
RNA-E and RepA2 circuits. The plasmid that contained both
repA2 and PE mutations, pWR149, was extremely unstable.
This plasmid lacks both the RNA-E and RepA2 regulatory
circuits and, most likely, is unable to respond to fluctuations
in plasmid copy number that would be expected to occur by
chance. This was probably also reflected in the wide vari-
ability in copy number observed from experiment to exper-
iment for pWR149 in Table 4.

Plasmid incompatibility is primarily a manifestation of
shared replication control elements (27). The incompatibility
properties of the various mutants were tested as both donor
and resident plasmids (Table 5). The reconstituted miniplas-
mids were used as residents, and the donor plasmids were

cointegrates with vector plasmid pBR322. Miniplasmid
pWR153, which contains only the SD mutation, behaved
indistinguishably from wild-type miniplasmid pRR933. Both
were lost in the presence of donor plasmids that could
provide RNA-E and RepA2 in trans (pRR935 and pWW160-

TABLE 5. Incompatibility tests with minireplicator plasmids

Donor % Retention of resident plasmidb:
plasmida pRR933 pWR153 pWR148

None 100 100 72
pBR322 100 100 67
pRR935 0 0 0
pWW160-17 0 0 0
pWW160-15 100 100 70

a pBR322, vector; pRR935, wild type; pWW160-17, SD; pWW160-15, PE
SD.

b Tested after transformation of JK17 cells by indicated donor plasmid with
selection for donor plasmid only. pRR933, wild type; pWR153, SD; pWR148,
PE SD.

17). Miniplasmid pWR148, which contains both SD and PE
mutations, was also lost in the presence of those two donor
plasmids. In contrast, all resident plasmids tested were
compatible with donor plasmid pWW160-15, which is inca-
pable of supplying RNA-E in trans, owing to the presence of
the PE mutation. What is of interest about these results is
that the miniplasmids that contain the SD mutation were still
lost in the presence of another plasmid that could provide
RNA-E in trans, even though the expression of repAl was
found to be much less sensitive to inhibition by RNA-E
when the SD mutation was present (Table 2). The miniplas-
mid with both repA2 and PE mutations, pWR149, was so
unstable in the absence of continuous direct selection that it
was not possible to test its incompatibility properties as a
resident plasmid (data not shown).
Computer predictions of repAl mRNA secondary structure.

The potential changes in repAl mRNA secondary structure
that might be effected by the PE and SD mutations and that
might affect expression of repAl were examined by using a
computer program (47) to predict the most stable RNA
secondary structures on the basis of the nucleotide se-
quences of the transcripts (Fig. 4). The structures were
predicted starting with bp 565, which is immediately down-
stream from the region of RNA-E complementarity, through
bp 682, which is within the repAl gene (Fig. 2). We have
previously reported the predicted structure of wild-type
repAl mRNA between these coordinates (9, 40). Because
the mRNA sequences that are complementary to RNA-E are
not included in the predictions and, therefore, do not partic-
ipate in formation of secondary structure, the predicted
structures are formally equivalent to those for which RNA-E
has formed a duplex with repAl mRNA (9, 40). Figure 4
shows stem-loop structures that contain the SD sequence
and the GUG start codon for repAl that are present in the
overall predicted structures of the transcripts. Predicted
structures of RNA sequences that contained the PE mutation
were not significantly different from those that contained the
wild-type sequence at bp 597 (data not shown). However,
the presence of the SD mutation at bp 639 resulted in a very
different predicted structure. For the wild-type RNA se-
quence, the G at bp 639 stabilized the structure shown on the
left in Fig. 4 by producing a GC base pair in the stem. This
resulted in base pairing of both the SD sequence and the
GUG codon of repAl, as previously predicted (9, 40). For
the mutant with an A at bp 639, the CA base pair destabilized
the stem of the wild-type structure but stabilized the stem of
the alternative structure predicted for the SD mutant by
providing AU pairing. In this structure, both the SD and
GUG sequences of repAl are more accessible in single-
stranded regions. This could contribute to the increased
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FIG. 4. Predicted secondary structures near the translation ini-
tiation site of repAl mRNA. The most stable secondary structure of
repAl mRNA from nucleotides 565 through 682 (Fig. 2) was pre-
dicted with the computer program of Zuker and Stiegler (47) by
using Salser's rules (32) for base stacking and loop-destabilizing free
energies (in kilocalories). Predicted stem-loop structures that con-
tain the SD and GUG sequences for initiation of repAl translation
are shown. The structure for wild-type repAl mRNA is shown on
the left (nucleotides 616 to 651), and the structure for repAl mRNA
containing the SD mutation is shown on the right (nucleotides 633 to
675). The site of the base substitution in the SD mutant (bp 639) is
indicated (arrows).

expression of repAl from the SD mutant and to the reduced
sensitivity to inhibition by RNA-E, since the repAl transla-
tion initiation site of the SD mutant is predicted to be open
independently of binding by RNA-E to its complementary
target sequences upstream from bp 565 (Fig. 2).

DISCUSSION

The repA replicon of IncFII plasmid NR1 is regulated by
controlling the synthesis of the RepAl initiation protein by
two independent control circuits that together regulate both
transcription and translation of repAl mRNA. The RepA2
control circuit regulates transcription of repAl by repressing
promoter PA (8). When PA is repressed, there is a low level
of constitutive transcription of repAl that is initiated at
promoter Pc (8, 44). Direct measurements of the rates of
RNA transcription indicated that PA is about six times
stronger than Pc, so that derepression of PA causes a

significant increase in the rate of transcription of repAl
mRNA (44). The repA2 gene is transcribed constitutively
and provides RepA2 repressor protein in proportion to
plasmid copy number (8). The active form of the RepA2
repressor is a tetramer that forms cooperatively and is in
equilibrium with inactive monomers (8). That equilibrium
allows active repressor concentration to change more rap-
idly than overall repressor protein concentration and pro-
vides for finely tuned regulation of repAl mRNA transcrip-
tion (8, 42).
The RNA-E control circuit regulates translation of repAl

mRNA. RNA-E binds to and forms a duplex with its
complementary sequence in the repAl mRNA (4, 18, 37, 41).
The binding of RNA-E to repAl mRNA inhibits translation
of a 24-amino-acid leader peptide, whose translation pro-

motes that of repAl (3, 45). The inhibition ofrepAl synthesis
by RNA-E, therefore, may be indirect, by uncoupling repAl
and leader peptide translation (3, 45). Formation of a duplex
between RNA-E and its target may directly interfere in the
binding of ribosomes to the initiation site of the leader
peptide. Alternatively, the secondary structure of the leader
mRNA might be affected in a way that inhibits ribosome
binding, by a mechanism similar to that proposed earlier for
repAl mRNA (9, 40). RNA-E is transcribed from promoter
PE, which is a constitutive promoter about 20 times stronger
than Pc (44). Therefore, RNA-E is provided in proportion to
plasmid copy number and is in excess compared with its
target sequences in repAl mRNA (44). RNA-E is unstable,
and therefore, its concentration can change rapidly in re-
sponse to changes in plasmid copy number (42, 44). The
convergence of RNA-E and repAl mRNA causes interfer-
ence in the rate of transcription in both directions, which is
influenced by derepression of transcription at PA (44). This,
too, contributes to the overall balance of RNA-E and its
target sequences in repAl mRNA.
Examination of the Rep- mutants and Rep+ revertants

presented here provides insight into the details of the com-
plex interactions of the RepA2 and RNA-E control circuits
and how they work together to regulate replication of
plasmid NR1. Working with the various mutations that were
identified, both individually and in combination, allowed us
to carry out a comprehensive analysis of the IncFII plasmid
replication control mechanism. The replication-defective
phenotype conferred by the PE mutation revealed the nature
of the translational coupling between the leader peptide and
repAl. The mutation introduced a stop codon in the leader
peptide gene (Fig. 2) and caused premature termination of its
translation (Tables 2 and 3). This uncoupled translation of
repAl from the leader sequence and reduced the synthesis of
RepAl protein (Tables 2 and 3). When translation of repAl
was uncoupled from that of the leader peptide, there was a
basal level of RepAl synthesis that was independent of
coupling (Tables 2 and 3). However, that low rate of synthe-
sis of RepAl was apparently insufficient for initiation of
replication, resulting in the Rep- phenotype. The Rep+
revertants overcame this deficit by increasing the rate of
uncoupled RepAl synthesis by two different mechanisms.
One Rep' suppressor mutation altered the sequence near

the SD sequence of repAl (Fig. 2). The SD mutation
increased the rate of leader peptide-independent translation
of repAl mRNA (Tables 2 and 3). The SD mutation also
reduced the sensitivity of repAl mRNA to inhibition of its
translation by RNA-E (Table 2). In the presence of addi-
tional RNA-E provided in trans, the repAl-lacZ transla-
tional fusion plasmid that contained the repAl SD mutation
produced 20-fold more P-galactosidase activity than the
equivalent wild-type fusion plasmid. The increase in leader
peptide-independent translation of repAl mRNA might re-
sult from the alteration of secondary structure around the
mutated repAl SD sequence (Fig. 4). A comparison of the
predicted secondary structures of wild-type and mutant
RNAs suggested that the mutant SD sequence of repAl
would be single stranded and more accessible to ribosomes.
The predicted structure of mRNA with the wild-type repAl
SD sequence suggests that it may be sequestered, which
might explain the requirement for coupling of repAl trans-
lation to that of the leader peptide.
A second Rep' suppressor mutation was located in the

repA2 gene (Fig. 2). The mutation substituted a lysine
residue in place of a glutamic acid residue in RepA2 and
inactivated the transcription repressor. The resulting dere-
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pression of PA increased the rate of transcription of repAl

mRNA (Tables 2 and 3). Even though the mRNA transcripts
contain the PE mutation and, therefore, are translated poorly
in the absence of coupling (Table 2), the increased rate of
transcription was apparently sufficient to supply enough
RepAl protein for initiation of replication.
The dynamic ranges for the two regulatory circuits can be

estimated from the data in Table 2. By providing exoge-

nously supplied regulatory components to the various fusion
plasmids, the minimum and maximum levels of expression of
the leader peptide and repAl could be analyzed. This pro-

vided a much better understanding of the relative contribu-
tions of the two circuits to the regulation of expression of
repAl than was previously available. The wild-type repAl-
lacZ translational fusion was regulated over a 175-fold
(4.7/0.027) range by RNA-E, and the wild-type leader pep-

tide-lacZ translational fusion was regulated over a 500-fold
(85/0.17) range by RNA-E. Under conditions of titration of
RNA-E by additional target RNA sequences provided in
trans, the level of 0-galactosidase activity from the fusion
plasmids that contain the repA2 mutation was about fivefold
(25/4.7) higher than that of the wild type for the repAl-lacZ
translational fusion and about fourfold (340/85) higher for the
leader peptide-lacZ translational fusion. Because RNA-E
was titrated, those differences should reflect a four- to
fivefold increase in the rate of transcription of repAl mRNA
caused by the mutation in repA2, compared with the par-

tially repressed level resulting from the RepA2 synthesized
endogenously by the wild-type fusion plasmid. A similar
comparison of the repAl-lacZ fusion plasmid that contains
only the PE mutation with that containing both repA2 and PE
mutations indicates a sixfold (0.25/0.041) increase in the rate
of transcription caused by the repA2 mutation. Slight differ-
ences in these estimates may reflect interference from con-

vergent transcription, which certainly must contribute to the
results observed for those fusion plasmids that synthesize
RNA-E endogenously. The dynamic range for regulation of
transcription by RepA2 alone can be estimated from the
repAl-lacZ fusion plasmid that contains both repA2 and PE
mutations, whose activity was repressed 13-fold (0.25/0.019)
by additional RepA2 provided in trans. Therefore, RepA2
and RNA-E together can regulate expression of repAl over

at least a 2,000-fold range.
The basal level of expression of the leader peptide was

either extremely low or nonexistent, whereas that of repAl
was significant (Tables 2 and 3). Therefore, the overall
observed level of expression of repAl is the sum of its
regulated (i.e., coupled to that of the leader peptide) and
basal (uncoupled) levels. This, most likely, explains some of
the differences between expression of the leader peptide and
repAl in response to the various mutations or regulatory
elements supplied in trans, since they may differentially
affect the coupled and uncoupled modes of repAl expres-

sion.
The behavior of the reconstituted minireplicator plasmids

that contained various combinations of the mutations was

not predicted directly from the changes in the expression of
repAl documented in Table 2. For example, the repA2
mutation by itself increased expression from the low-copy-
number repAl-lacZ translational-fusion plasmid by a factor
of 13 (5.5/0.41) but increased the copy number of the
equivalent miniplasmid only by a factor of 7 (Table 4). This
may reflect uncertainties in the precision of the measure-
ments. However, the differences could also reflect the dy-
namic state of the regulatory elements, which will reach a

balance as the copy number of the miniplasmids and corre-

sponding gene dosage of the regulatory elements increase.
The adjusted levels of transcription and translation of repAl
mRNA determine the final regulated copy number achieved.
The SD mutation by itself increased expression from the
low-copy-number repAl-lacZ translational-fusion plasmid
by a factor of 8 (3.22/0.407) but increased miniplasmid copy
number only by a factor of 2. Both the repA2 and SD
mutations increased the level of repAl expression from the
low-copy-number fusion plasmids that contained the PE
mutation, but in neither case was the level of expression
brought back up to that of the wild type (Table 2). However,
the copy number of the SD PE double mutant was not much
different from that of the wild type, and that of the repA2 PE
double mutant was highly variable (Table 4). These differ-
ences might indicate a level of complexity between the
expression of repAl and plasmid replication not previously
observed. One possible explanation is that a certain quantity
of the cis-acting RepAl protein may be needed to bind to the
origin to effect initiation of replication. Any additional
RepAl protein beyond that required for initiation might not
be utilized. An mRNA transcript that contains the SD
mutation may provide much more cis-acting RepAl protein
than a wild-type transcript, but not all of the protein may be
needed and used for initiation according to this explanation.
This could explain the modest twofold increase in copy
number for the SD mutant miniplasmid compared with the
eightfold increase in expression of repAl from the low-copy-
number lacZ translational-fusion plasmid. In the case of the
repA2 mutant, individual repAl mRNA transcripts are wild
type, and those transcripts that are translated would provide
the normal amount of RepAl for initiation. The increased
rate of transcription caused by the repA2 mutation would
simply increase the frequency with which such transcripts
could provide RepAl to the origin, causing an increase in
copy number. Even so, if such transcription events occurred
close together in time by chance, not all of the RepAl might
be utilized for initiation. The results for the repA2 PE double
mutant suggest that RepAl can be accumulated on the origin
during successive transcription events until enough is bound
to effect initiation. The presence of the PE mutation uncou-
ples repAl translation from that of the leader peptide, such
that individual transcripts are translated only at the low basal
level. However, increasing the frequency of transcription
events by inactivating the RepA2 repressor allows for accu-
mulation of RepAl at the origin and replication proficiency
for the repA2 PE double mutant. The time required for the
RepAl to accumulate at the origin could contribute to the
instability observed for the double-mutant miniplasmid.
The stabilities of inheritance of the miniplasmids with

various combinations of mutation revealed the contributions
of each of the two control circuits to the overall stable
maintenance of NR1. These control circuits increase stabil-
ity by responding to chance fluctuations in copy number. If
copy number has drifted lower than average, there is a
possibility of segregating plasmid-free cells at cell division.
Both the RepA2 and RNA-E circuits respond to such a
situation by increasing expression of repAl to bring the copy
number back toward average (42). At low copy number, the
reduced concentration of active RepA2 repressor causes an
increase in transcription of repAl mRNA. Likewise, the low
concentration of RNA-E resulting from the low copy number
causes an increase in the frequency of translation of repAl
mRNA transcripts. Miniplasmids that had lost either control
circuit were less stable than their wild-type counterpart (Fig.
3). The repA2 PE double-mutant miniplasmid, pWR149,
which lacks both circuits, was highly unstable. pWR149 has
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essentially constitutive replication control, since it lacks
both the RepA2 and RNA-E control elements and cannot
respond to changes in plasmid copy number. Although this
plasmid replicates and is maintained by continuous antibiotic
selection, plasmids with constitutive replication control
would not survive long in the wild.

In total, 31 Rep+ revertant plasmids were obtained, but
only two have been examined in detail. Those two have
revealed two different mechanisms by which the Rep-
phenotype of the PE mutation can be suppressed. Both of
those second-site mutations increased the synthesis of
RepAl. One can surmise that a third mechanism of suppres-
sion might involve mutations that alter RepAl itself. Since
the PE mutants do synthesize RepAl, but not in great enough
quantity for initiation of replication, it might be possible to
obtain repAl mutants that can initiate replication with
smaller amounts of protein. This kind of mutant might
provide further insights into the process of initiation of
replication. Such mutants, having a more active initiation
protein, are presently being sought.
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