
Volume 14 Number 20 1986 Nucleic Acids Research

Copy-number of broad host-range plasmid R1162 is regulated by a small RNA

Kyunghoon Kim and Richard J.Meyer

Departnent of Microbiology, University of Texas, Austin, TX 78712-1095, USA

Received 8 May 1986; Accepted 15 Spember 1986

ABSTRACT
We have shown previously [Kim, K. and Meyer, RUJ. (1985) J. Mol. Biol.

185,755-767] that copy-nLunber of the broad host-range plasmid R1162 is
controlled by the amounts of two proteins, encoded by cotranscribed genes
comprising a region of the plasmid called RepI. We have now demonstrated
that expression of RepI is negatively regulated by a 75 base RINA that is
complementary to a segment of the RepI message. Increased intracellular
amounts of RNA molecules that include this segment relieve the inhibition
of RepI gene expression, suggesting that the target for regulation is the
mRNA itself. A mutation decreasing the amount of the 75 base RiN results
in elevated plasmid copy-number. Thus, consistent with our previous
observations, regulation of the expression of the RepI genes is a factor in
controlling plamid copy-number.

INTRODUCTION

R1162 is a broad host-range, 8.75 kilobase-pair plasmid that is repli-
cated with a high copy-number in Eacherichia coli (1-4). It is identical

or very similar to RSF1010 (5), R300B (2), and to several other incompati-
bility group Q plasmids isolated from numerous species (2,3). The products

of three plamid genes are essential for repl ication of R1162 DNA (6). Two

of the genes are co-transcribed, and together make up a region designated

RepI (Fig. 1). Increased transcription of the RepI genes, in the direction

right to left in Fig. 1, results in a higher plamid copy-number (7). An

increase in gene dosage does not have the same effect, indicating that

expression of RepI is regulated, and that this determines plasmid copy-

number (6,7). In this report we describe the molecular mechanism of this

regulation. We find that a negative regulatory element is encoded within a

100 base-pair (bp) region at the promoter-proximal end of RepI. A small,
75 base RNA, complementary to RepI RiNA, is transcribed within this region,
and is responsible for the regulation of RepI gene expression.
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MATERIALS AND METHODS

Bacterial strains, plasmids and media

The E. coli K-12 strains used in this work are MV10 (thr leu thi lacY

supE44 fhuA AtrpE5) (8), M182 (AlacIPOZY X74 galK galU strA) (9), JM103

(A[lac pro] strA thi supE endA sbcB hsdR, F'traD36 proAB lacq lacZAM15)

(10), and MC1022 (araD139 A[ara leu]7697 lacZAMl5 galU galK strA) (9). We

prepared a collection of plasmids containing different cloned fragments of

RepI DNA (Fig. 1). A brief summary of how these molecules were constructed

is given in Table 1. Bacteria were grown at 37 C in TYE broth (1% tryp-
tone, 0.5Z yeast extract, 0.5Z NaCl).

Mapping RNA transcripts with S1 endonuclease

Probe DNA was prepared by first constructing derivatives of M13mp9

(12) containing fragments of R1162 DNA. The DNAs of plasmids pUT431,

pUT436 or pUT437 (Table 1) were digested with BamHI, and the fragments

containing the R1162 DNA cloned into the BamHI site of the phage vector.

The inserted fragments consisted of R1162 DNA extending fron 2.32 kb to

2.86 kb (pUT431), 2.68 kb (pUT436) or 2.66 kb (pUT437), as well as a 200

base-pair EcoRV-BamHI fragment, derived from pBR322, linked to the variable

end. An M13mp9 derivative containing R1162 DNA from 2.57-2.68 kb was

similarly prepared by cloning a BamHI fragment present in pUT509 (Table 1).

The insert consisted of R1162 DNA with the small EcoRV-BamHI fragment of

pBR322 joined to the 2.68 end. The strand specificity of each probe was

determined by the orientation of the inserted DNA.

Labelled probe DNA was made by the method of Burke (17): single-

stranded phage DNAs of the Ml3mp9 derivatives were used as templates for

the DNA polymerase I-catalyzed synthesis of the radioactively-labelled,

complementary strand. The polymerizations were primed with a 17 base

oligonucleotide complementary to M13 (New England Biolabs). Each reaction

mixture consisted of 50 ug template DNA and 25 ng primer in 120 p 1 0.0125 M

Tris (pH 7.5), 0.006 M MgCl2, 0.01 M DTT, to which was added 3 p1 100 pM

dATP, 10 1l a-[35S]-dATP (500 Ci/mole, 10 mCi/ml, New England Nuclear),

80 p1 of a solution containing dTTP, dCTP, and dGTP (each 37.5 PM) in 0.01

M Tris (pH 7.5), 0.005 M MgCl2, 0.075 M DTT, and 6-7 units [lenow fragment

(Bethesda Research Laboratories). The mixture was incubated at 30 C for

20-30 min, and 40 l of a chase solution (0.25 mM in each of the deoxyribo-
nucleoside triphosphates) was then added. Incubation was continued at 30 C

for an additional 30 min. The product was then digested with HindIII
endonuclease, denatured with alkali, and applied to an alkaline agarose gel
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Table 1. Construction of plasmids containing cloned fragments of RepI DNA.

IPlasmid Construction

Replacement of small EcoRI-BamHI fragment of pBR322
with EcoRI-BamHI linker DNA derived from M13mp7 (10).

pUT 191

pUT431, pUT434,
pUT436, pUT437,
pUT452

pUT509, pUT514

pUT520, pUT521

pUT449, pUT705

pUT532

Replacement of small EcoRI-BamHI fragment of pBR322
with an EcoRI-PvuII DNA fragment derived from the
plasmid ptacl2 (11) and containing the tac promoter.
The fragment was cloned by means of a HincII-BamHi
linker derived from M13mp8 (12). (See Ref. 7).

Replacement of small EcoRI-EcoRV DNA fragment of
pBR322 (13) with fragment containing R1162 DNA,
extending from 2.32 kb to a variable, second end
point. Each of the R1162 DNA-containing fragments
consists of the following: EcoRI-BanHI linker
fragment from M13mp7 (10); small BamHI-SmaI linker
fragment from pMC1403; R1162 DNA from 2.32 kb
endpoint to a Bal3l-generated blunt end.

Replacement of small EcoRI-EcoRV fragment of pBR322
with fragment generated by digestion of R1162 DNA
with SspI and Bal3l (pUT509) or RsaI and Bal3l
(pUT514). The Bal31-generated ends were joined
directly to the EcoRV-generated blunt end of pBR322.
The SspI or RsaI-generated blunt ends were linked to
the EcoRI site of pBR322 by means of the EcoRI-BamHI-
SmaI linkers used for pUT434, pUT436, pUT437 and
pUT452.
Insertion of R1162 DNA cloned in pUT509 into p'BR322-
ptac vector pUTl91 (7) at BamHI cloning site.

Replacement of small HindIII-SalI fragment of
pACYC184 (14) with fragment containing R1162 DNA
(3.0-2.32 kb) fused to lacZ'YA DNA from pMC1403 (15).
The fragment consists oft7he following components,
listed in order from the HindIII to SalI end:
HindIII-SalI linker fragment from M13mp9 (12); small
SalI - BamHI fragment of pBR322; R1162 DNA (BclI end
at 3.0 kb to Bal31-generated end at 2.32 kb [pUT449],
or SspI-generated end at 2.57 [pUT705]); pMC1403
DNA (SmaI site to SalI site).
Replacement of small EcoRI-SalI fragment of pBR322
with fragment consisting of R1162 DNA (2.68-2.51 kb)
fused to lacZ'YA DNA from pMC1403 (15). The fragment
consists of the following components, listed in order
from the EcoRI to the SalI end: EcoRI-XbaI linker
fragment from M13mp18 (16); small NheI-EcoRV pBR322
DNA fragment; R1162 DNA from Bal31-generated end at
2.68 kb to RsaI-generated end at 2.51 kb; pMC1403 DNA
(SmaI site to SalI site)

(18). After electrophoresis under alkaline conditions for 4 hr, the

labelled probe DNA, an extension of the primer through the R1162 DNA insert

to the M13 HindIII site, was subsequently isolated by neutralizing the gel
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and continuing electrophoresis of the DNA onto NA45 DEAE cellulose paper

(19).

Bacterial RNA was prepared according to the cold-phenol method of

Ikemura and Dahlberg (20). Residual DNA was eliminated by passage of the

preparation through nitrocellulose filters, as described by Nygaard and

Hall (21). The RNA (200 pg) was resuspended with labelled DNA probe

(approx. 5 ng, 5x105 cpm) in 10 il 0.4 M NaCl, 0.04 M 1,4-piperazine-

diethanesulfonic acid, 0.001 M EDTA, pH 6.4, and boiled for 3 min. The

sample was then held at 65 C for 60 min, and for an additional 120 min at

37 C. Digestion of the nucleic acid was initiated by the addition of 280

units of S1 endonuclease (Bethesda Research Laboratories) in 200 p'1 of a pH

4.6 solution containing 0.25 M NaCl, 0.03 M sodium acetate, 0.001 M ZnSO4,

denatured salmon sperm DNA (20 pg/ml) and 5% (w/v) glycerol. The reaction

was terminated after 1 hr at 37 C by the addition of 10 Il 0.25 M EDTA (pH
8.0). The nucleic acid was precipitated with ethanol, resuspended in 15 '11

80% deionized formamide, 0.01 N NaOH, 0.001 M EDTA, 0.025% bromphenol blue,

0.025% xylene cyanol, and then boiled for 3 minutes, chilled, and loaded

onto a 33 x 41 x .035 cm, 7% polyacrylamide-urea sequencing gel (22).

Protected DNA fragments were visualized by autoradiography of the dried gel

with Kodak XRPI film. The film was exposed for 4-5 days at room tempera-

ture.

Measurement of enzyme activities in cell extracts

Activities of 8-galactosidase, 8-lactamase, and chloramphenicol
acetyltransferase were determined in crude cell extracts. Pelleted cells

from 5 ml of mid-log phase cultures (approximately 5xl08/ml) were

resuspended in 5 ml 0.1 M potassium phosphate buffer, pH 7.0, and sonically

disrupted by three 15 sec, 80 W pulses applied at 30 sec intervals. After

the cell debris was removed by centrifugation, the protein concentration in

each supernatant was determined by the method of Bradford (23). Assay of

0-galactosidase activity was done essentially as described by Miller (24),

except that specific activity is defined here as OD420/min/mg protein.

Chloramphenicol acetyltransferase was assayed according to Shaw (25).
Specific activity is defined as pmoles product/min/mg protein. The method

of Boxer and Everett (26) was used to assay 1-lactamase. Specific activity
is defined as the decrease in pmoles substrate/min/mg protein.

Region-specific mutagenesis of R1162 DNA

The method for the isolation of mutagenized plasmids is identical in

principle to that described by McEachern et al. (27). Approximately 25 ig
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PstI-cleaved pUT532 DNA and an equal amount of the same DNA, digested with

SmaI and BamHI, were taken up in 50 ipl 0.01 M Tris (pH 7.4), 0.1 M NaCl,
boiled for three minutes, and then held at room temperature for 45 min.
There is a single PstI cleavage site in the vector portion of pUT532 DNA,

and single BamHI and SmaI cleavage sites which together bracket the R1162

DNA insert. Thus, among the reannealed molecules will be those having a

PstI-generated cut in one strand, and a BamHI + SmaI-generated gap in the

other, exposing as a single strand the R1162 portion of the molecule. The

DNA sample was precipitated with ethanol, and resuspended in 50 tl 1 0.01 M

Tris, 0.05 M NaCl, 0.05 M EDTA, pH 7.5. Methoxylamine (150 ipl of a 1 M

solution in 1 M sodium acetate, pH 5.5) was then added to this solution.

The mixture was incubated at 50 C and samples taken at 0, 20, 40, 60 and 80

min. The nucleic acid in each sample was immediately precipitated, re-

suspended in 50 p 1 0.006 M Tris (pH7.9), 0.15 M NaCl, 0.008 M MgC12, and

digested with BamHI. This last step reduces background transformation with

unmutagenized, PstI-cleaved molecules (27). The DNA was used directly for

transformation of E. coli MC1022.

Other procedures

Plasmid DNA was isolated by the method of Holmes and Quigley (28) or

Marko et al. (29). Bacteria were transformed with plasmid DNA according to

the procedure of Cohen et al. (30). DNA base sequencing by the dideoxy

procedure (22,31), and agarose and polyacrylamide gel electrophoresis, were

carried out by standard methods. Measurement of plasmid DNA content by

densitometry was carried out by scanning photographs of agarose gels with

a densitometer (E-C Apparatus Corp.). The ethidium bromide-stained gels

were photographed under ultraviolet light using Polaroid type 55 P/N film

and a Vivitar Type 25A filter. The amount of DNA applied to the gel was

determined by experiment to be within the linear range of response of the

film.

RESULTS

The regulatory region for Repl expression is located at the promoter-

proximal end of the RepI region.
To locate the RepI regulatory region we first constructed the plasmid

pUT705, which contains a lacZ gene fragment (beginning at codon 8) (15)

fused in phase to codon 8 of the promoter-proximal RepI gene, replA (Figs.

1,2). We then cloned various fragments of RepI DNA into pBR322, which is

compatible with pUT705, and tested their effect in trans on the expression
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FIG. 1. Map of R1162. Regions required for plasmid replication (RepI,
RepII, oriV) are indicated by thicker segments. SuR and &R mark approxi-
mate locations for genes encoding resistance to sulfonamides and strepto-
mycin. Below, an expanded map of part of RepI shows the promoter-proximal
region of replA. Segments of this region cloned in the designated
plasmids, and fusions to DNA containing lacZ or the tac promoter, are
indicated. The arrows designate the direction of transcription. Map
distances are in kilobase-pairs (kb) from the EcoRI cleavage site (R).

of the fused lacZ gene. The activity of f-galactosidase in each strain was

expressed relative to that of chloramphenicol acetyltransferase, the pro-

duct of the constitutive cat (32) gene also encoded by pUT705, to adjust

for possible variation in the copy-number of this plasmid. The results of

these experiments are given in Table 2. For the family of fragments with
one endpoint at 2.32 kb, those having a second endpoint at 2.68 kb or

greater (plamids pUT434, pUT436) inhibited synthesis of 8-galactosidase,
whereas those with endpoints less than 2.68 kb (plamids pUT437, pUT452)

did not. DNA between 2.51-2.68 kb (plasmid pUT514) also inhibited
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2 .80 2. 75
CCTGCTCCCCAGCCCCTCACGCTCTACCCCAACCCCCATATCCCCACCCCATCAACGCCAA
CCACCACCCGTCCCCACTGCCACATCCGCCTCCGCTATACCGCTCCCCTACTTCCCCTT

2.68
2.70 1

AGGGATGCCTCACCCCAAGTTCTGC CTACCGACGACCAATACGAGCCCCTGCCCCACTC
TCCCTACCCATCGCCGTTCAACACCGACTCCCTCCTCCTTATGCTCCCCCACCCCCTCAC

2.66
1 2.65

CCTGGAAGAACTCACACCGCCGCACCCCCCCG ACTCACCCCCCCACCCCCTAACCACC
GCACCTTCTTGAGTCTCGCCCCGTCCCCCC CTCACTGGGGCC?CGTCCGATTGCTGG

T (H1') 2.57
R$ 2.60 k-..ig.gXCZ_PUT705)
N8tAlaThrUisLysProl ASgoleLeuCluAla

AACTGCCTGCAA ACCCAATCAATCGCTACCCATAACCCTA ATATTCTCGAGCCG
TTGACCCACCTT TCCGTTACTTACCCATGGGTATTCCCAT *TATAACACCTCCCC

ctRNA
(L1-2) A(H20) 2 61

2.5 Pssg^CpUT532)
PheAlaAlaAlaProProProLeuAspTyrValLeuProAsuMetValAlaGlySbrVal
TTCGCAGCACCCCCCCACCCCTCCACTACGTTTTSCCCMCATCtCCOCCCGTACCCTC
AACCCTCGTCCCGGCCGTCCCGACCTGATGCAAAACGCCTTGTACCACCCCCATGCCAG

2.50 2.45
ClyAlaLeuValSerProGlyClyAlaOlyLyserNetLeuAlaLouGlnLeuAlaAla
GGCCCGCTCCTGTCGCCCCCTGGTGCCCCTAAATCCATGCTGGCCCTGC"CTSCCCCCA
CCCCGCGACCACACCGCCCCACCACGCCCATTTACGCTACCACCCGCACCTTGACCCGCCT

2.40
Clu1leAlaGlyClyProAspLeuLeauCluValClyluLeuProTbrGlyProVatIle
CAGATTCCAGG CGCCCCCATCTCCTCGACCTOCGCCAACTOCCCACCGCCCCGGTCATC
CTCTAACGTCCCCCCCCCCTACACCACCTCCACCCOCTTGACCGCTGCCCCCGCCACTAG

2.35 2.32 lcZ
TyrLeuProAlaCluAsplro?roThrAlaI 1013LsArgL..uRisAl.LSUClyAl.)i. (pUT449)
TACCTCCCCCCCCAACACCCCCCCACCCCCATTCATCACCGCCTCCACCCCCTTTCCCCCCAC
ATGCACCGCCCCCCTCGCCGCCCCGTCCCCCAACTACTCOCCCACTCGCCCCAACCCCGCCTG

FIG. 2. Nucleotide base sequence of the promoter-proximal region of RepI.
Map locations are defined as in Fig. 1. The figure shows the endpoints of
various DNA probes referred to in the text, the fusion positions for lacZ
fragments in plasmids pUT449, pUT532, and pUT705, the positions of
methoxylanine-induced base changes, the translated open reading frame and
associated ribosame binding site for the promoter-proximal portion of
replA, and the location of the coding sequence for the regulatory RN&.

synthesis, but a 2.57-2.68 kb fragment was largely ineffective (pUT509).

These results indicate that the coding sequence for an element negatively
regulating the RepI genes is located within the promotor-proximal region of

RepI, with one end mapping between 2.66 and 2.68 and the other between 2.51

and 2.5 7 kb.
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Table 2. Effect of cloned fragments of RepI DNA on expression of RepI-lacZ
fus ion.

Enzymatic specific activity in cell extracts:

RepI DNA A. a-galactosidase B. chloramphenicol Ratio
Plasmid: present: acetyltransferase (A/B):

1. pT128 -- 15.5 (15.2, 15.8) 2.98 (2.81, 3.15) 5.20
2. pUT434 2.32-2.77 2.12 (1.94, 2.30) 3.06 (2.87, 3.24) 0.69
3. pUT436 2.32-2.68 2.06 (2.19, 1.92) 3.16 (3.09, 3.23) 0.65
4. pUT437 2.32-2.66 10.4 (9.99, 10.9) 2.81 (2.35, 3.26) 3.70
5. pUT452 2.32-2.59 14.4 (14.9, 13.8) 3.13 (2.66, 3.59) 4.60
6. pUT509 2.57-2.68 9.45 (9.26, 9.64) 2.95 (2.82, 3.08) 3.20
7. pUT514 2.51-2.68 2.29 (2.39, 2.18) 2.84 (2.87, 2.81) 0.81
8. pUT191 1.45 (1.47, 1.43) 2.81 (2.82, 2.79) 0.52
9. pUT509 2.57-2.68 1.29 (1.16, 1.41) 2.48 (2.42, 2.53) 0.52

10. pUT520 2.57-2.68 3.47 (2.94, 3.99) 3.06 (2.69, 3.42) 1.13
11. pUT521 2.57-2.68 0.06 (0.06, 0.05) 2.91 (3.07, 2.74) 0.02

12. pUT191 --- 8.72 (8.65, 8.78) 1.36 (1.30, 1.41) 6.41
13. pUT520 2.57-2.68 8.59 (8.59, 8.59) 1.39 (1.40, 1.37) 6.18

Enzyme activities for two independent experiments (in parentheses) and
average values are given. Host strains are M182 containing pUT705 (1-7),
fM103 containing pUT449 (8-11), and JM103 containing pUT705 (12-13).

A small RNA complementary to RepI message is encoded within the Repl

regulatory region.
The small size of the RepI regulatory region, and the lack of open

reading frames within it (Fig. 2), indicate that the negative controlling
element is probably not a protein repressor. Several unrelated plasmids
encode a small RNA complementary to the mRNA of genes essential for repli-
cation (33,34). These RHAs are negative regulatory elements and probably
control copy-number by hybridizing to message and reducing the rate of

translation (33-36). To determine if R1162 encodes a small RNA within the

regulatory region, we hybridized unfractionated cellular RNA to radio-

actively labelled DNA probes consisting of parts of the RepI region. Two

sets of probes were used: group I hybridizes to the RepI mRNA, and to

other RA species transcribed from the mRNA coding strand. Group II probes
hybridize to RNAs transcribed from the complementary DNA strand. After

hybridization, the mixtures were treated with Sl nuclease and applied to a

denaturing polyacrylamide gel. The protected DNA fragments, revealed by
autoradiography, are shown in Fig. 3.

When a 2.32-2.68(II) probe is hybridized to RNA isolated from

MVlO(R1162), the major protected species is a small DNA fragment of 75
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1 2 3 4 5 6 7 8 9 10 1112

FIG. 3. Si Mapping of R1162 transcripts with fragments of RepI DNA. Lane
1: MV10 RNA vs. 2.32-2.68(1I) probe. Lane 2: MVlO(R1162) RNA vs. 2.32-
2.68(II) probe. Lane 3: MVlO(R1162) RNA vs. 2.32-2.66(II) probe. Lane 4:
MVlO(R1162) RNA vs. 2.57-2.68(II) probe. Lane 5: MVlO(pUT509) RNA vs.
2.57-2.68(II) probe. Lane 6: MVlO(R1162) RNA vs. 2.57-2.68(I) probe.
Lane 7: MVlO(R1162) RNA vs. 2.57-2.86(I) probe. Lane 8: MV10 RNA vs.
2.57-2.86(I) probe. Lane 9: JM103(pUT520) RNA vs. 2.57-2.68(I) probe.
Lane 10: JM103(pUT509) RNA vs. 2.57-2.68(I) probe. Lane 11: JM103(pUT521)
RNA vs. 2.57-2.68(II) probe. Lane 12: JMlO3(pUT509) RNA vs. 2.57-2.68(11)
probe.

bases (Fig. 3, lane 2). Several other bands, just below or above this one,
also appear on the autoradiograph. These additional bands differ in size

from the major band in steps of one nucleotide, and may be the consequence
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of incomplete digestion, or fraying of the RNA-DNA hybrids (37). Hybridi-

zation is to RNA encoded by R1162, because no protection is observed with

RNA isolated from plasmid-free cells (Fig. 3, lane 1).

A slightly snaller (71 bases) protected fragment is detected if a

2.32-2.66(II) probe is used (Fig. 3, lane 3). We could therefore map the

DNA encoding the 75 base RNA from the exact positions of the 2.66 and 2.68

probe endpoints (Fig. 2), established from DNA base sequencing. From an

inspection of the DNA sequences involved, we determined that none of the

hybridization can be due to fortuitous homology between plasmid RNA and the

non-R1162 portion of the probe. Thus, the DNA encoding the small RNA maps

as shown in Fig. 2, between 2.58 and 2.67 kb at the promoter-proximal end

of RepI, in a region including the coding sequence for the amino-terminal

fragment of the first RerI gene product and the associated ribosome binding

site. In agreement with this, a 2.57-2.68(II) probe will hybridize with

the entire 75 base RNA (Fig. 3, lane 4). This position is consistent with

the location of the negative regulatory element deduced from the experi-

mental results in Table 2.

To determine if the 75 base RNA is complementary throughout its entire

length to RepI mRNA, we estimated the location of the 5' end of the RepI

message. RNA from MVlO(R1162) was hybridized with a 2.57-2.86(I) probe.

Several protected species were obtained (Fig. 3, lane 7); again, these are

not observed if RNA is isolated from plasmid-free cells (lane 8). The

sizes of the protected bands are approximately 190, 210, 230, 240, 270 and

290 bases. When a 2.57-2.68(I) probe is used (lane 6), two protected DNA

fragments of 109 and 99 nucleotides, are obtained, the first being equal to

the full length of the R1162 DNA in the probe. Therefore, although it is

not known which of the hybridizing RNAs correspond to the RepI mRNA in

vivo, the candidate transcripts must originate either at or to the right of

2.68 (Fig. 1), or at 2.67, 99 base-pairs away from 2.57. In any case the

coding sequence for the 75 base RNA would then be fully complementary to

message (Fig. 2).
The 75 base RNA is a regulatory element.

We believe that the small RNA is a negative regulator, because trans-

cription through the RepI regulatory region, in the direction required to

produce this molecule, is responsible for inhibition of RepI gene

expression in trans. Two lines of evidence are now described which support

this conclusion.
If the small RNA is in fact a negative regulatory element mapping
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between 2.58 and 2.67 kb, we would expect plasmids containing the cloned

2.57-2.68 region, like those containing the 2.32-2.68 region, to reduce

synthesis of a-galactosidase from replA- lacZ fusions. However, the data in

Table 2, lines 3,6, show that this is not the case (compare pUT436 and

pUT509). To explain this result, we first examined whether cells con-

taining pUT509, with RepI DNA between 2.57 and 2.68, also contain the 75

base RNA. We observed no protection when RNA isolated from these cells

was hybridized with the 2.57-2.68(II) probe (Fig. 3, lanes 5,12). The 5'

end of the 75 base RNA coding sequence lies very close to the 2.57 map

position (Fig. 2). Therefore we could explain these results if the 2.57-

2.68 segment, although containing the complete coding sequence for the

small RNA, nevertheless lacked the necessary promoter. To test this possi-

bility, we constructed pUT521 (Fig. 1), which contains the 2.57-2.68 frag-

ment fused to the strong tac promoter (11) at the 2.57 end. When RNA from

cells containing this plasmid is hybridized to the 2.57-2.68(II) probe, a

large amount of protected DNA is observed (Fig. 3, lane 11). The protected

DNA is larger than 75 bases, which we assume is because the RNA is

initiated from a novel position, and also because it is not terminated well

at the usual location. The RNA made would therefore contain additional

sequences homologous to the R1162 portion of the probe, and transcripts

extending into the region of pUT521 adjacent to the R1162 insert would also

hybridize with the pBR322 portion of the probe.

The plasmid pUT521, but not pUT509, strongly inhibits synthesis of a-
galactosidase in cells containing pUT449, which has the lacZ gene fragment

fused in phase to replA at 2.32 kb (Table 2, line 11). This result, and

the results with the hybridizations, indicate that an intact promoter for

transcription of the small RNA is absent from the 2.57-2.68 fragment. Both

pUT509 and pUT521 contain the same R1162 sequences, and adjacent pBR322

DNA, but only pUT521 inhibits expression of a-galactosidase and produces a

protecting RNA species (Table 2, compare lines 9,11). Thus it is the RNA

itself, rather than a site on the DNA, which is responsible for regulation

of RepI.

The same conclusion has been reached by examining the properties of

mutations which alter the regulation of RepI. These mutations were

obtained by first constructing the plasmid pUT532, a derivative of pBR322
containing R1162 DNA spanning the coordinates 2.51-2.68 kb, with the proxi-
mal portion of the replA gene fused in phase to the same lacZ fragment

present in pUT705 (Figs. 1,2). The lacz gene is expressed at a low level
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FIG. 4. Detection of regulatory RNA in strains containing pUT532 or
mutated plasmid derivatives. Unfractionated RNA from plasmid-containing
MC1022 cells were hybridized with a mixture of 2.32-2.68(II) and 2.57-
2.68(II) probes prior to Si digestion and analysis of resistant fraction on
polyacrylamide gels. Cells contain plasmid pUT532 with no mutation (lane
2), or with mutations H20 (lane 3), HlR (lane 4), or L1-2 (lane 5).
Hybridization to RNA from cells lacking plasmid is shown in lane 1.

in cells containing pUT532. Transcription might originate from within the

R1162 DNA, at 2.67 kb (see above), or from within the vector portion of the

molecule.

The R1162 DNA in pUT532 was subjected to region-specific mutagenesis

with methoxylamine (38, MATERIALS AND METHODS), and then used to transform

E. coli strain MC1022 (9). Colonies of transformed cells were screened for

changes in the activity of the hybrid a-galactosidase enzyme. Among the

mutations affecting expression of the replA-lacZ fusion product should be

those which have altered the activity of the regulatory element.

We obtained two point mutations, designated Hll and H20, which map

within R1162 DNA and which result in elevated levels of 8-galactosidase
activity (Table 3: compare lines 2,3 with line 1). From, the results of

DNA sequencing, we found that the base change for Hll is at position 2.648,
and that for H20 is at 2.576 (Fig. 2). In order to test the effect of

these mutations in trans, we first excised the lac DNA portions of pUT532
and the mutated derivatives by digesting the plasmid DNAs with PvuII (39).
The resulting plasmids, which retain only 81 base-pairs (codons 9-35) of
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Table 3. Effect of mutations in RepI regulatory region on expression of
RepI-lacZ fusion.

Enzymatic specific activity in cell extracts:

Effect of mutation in pUT532:
Ratio

Mutation: A. a-galactosidase: B. 8-lactamase: (A/B):

1. none 0.232 (0.196, 0.268) 1.33 (1.08, 1.57) 0.17
2. Hll 0.683 (0.582, 0.784) 0.92 (0.84, 0.99) 0.74
3. H20 3.05 (2.76, 3.34) 1.11 (1.00, 1.21) 2.75
4. Ll-2 0.059 (0.041, 0.076) 1.15 (0.96, 1.34) 0.05

Effect of mutation in trans:

Mutation: A. a-galactosidase: B. chloramphenicol Ratio
acetyltransferase: (A/B):

5. none 2.98 (2.97, 2.98) 3.22 (2.90, 3.54) 0.93
6. Hll 8.46 (8.41, 8.51) 3.47 (3.35, 3.58) 2.44
7. 120 10.5 (10.2, 10.8) 3.29 (3.26, 3.31) 3.19
8. L1-2 14.1 (14.7, 13.5) 3.23 (3.11, 3.34) 4.37

Enzyme activities for two independent experiments (in parentheses) and
average values are given. Host strain is M182; for 5-8 cells also contained
pUT705. Enzyme activities in cells containing pUT705 and no additional R1162
DNA are shown in Table 2, line 1.

lacZ DNA, were then introduced into cells containing pUT705. Strains
containing plasmids with the Hll and H20 mutations showed elevated levels

of S-galactosidase activity, relative to the strain containing pUT532

(Table 3, lines 5-7). Thus, both mutations are likely to be affecting the

regulation of RepI.

The Hll mutation maps within the coding sequence for the small RNA

(Fig. 2). The H20 mutation, however, lies outside this sequence. One way

that this mutation could be affecting regulation is by decreasing the

amount of 75 base RNA. To test this, we hybridized the RNA from cells

containing pUT532 and the mutated derivatives with the 2.57-2.68(1I) probe,

and again treated the mixture with S1 endonuclease. The results (Fig. 4),

show that the 75 base RNA is present both in cells containing pUT532 (lane
2) and also in those containing the derivative with the Hll mutation (lane
4). In contrast, no protecting RA was observed from cells containing
plasmid with the 120 mutation (lane 3). Thus, a mutation decreasing trans-

cription of the 75 base RA also relieves the inhibition of RepI mRNA

synthesis.
Another mutation, Ll-2, causes a decrease in 0-galactosidase activity
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when present in the pUT532 derivative (Table 3, line 4). This mutation

lies within the coding sequence for the RepI ribosome binding site (40),

and also within the coding sequence for the putative regulatory RNA. In

trans, the mutation results in an increase in 1-galactosidase activity

(Table 3, line 8). Cells containing pUT532 with the Ll-2 mutation contain

approximately normal amounts of the 75 base RNA (Fig. 4, lane 5).

Overproduction of an RNA fragment containing the 5'-end of the RepI mRNA

relieves inhibition of RepI gene expression.

The plasmid pUT520 (Fig. 1) contains the tac prmoter upstream from

the 2.68 end of the 2.51-2.68 kb R1162 DNA fragment. When RNA from cells

containing this plasmid was hybridized with the 2.57-2.68(I) probe, a

substantial amount of labelled DNA was protected from degradation by Sl

endonuclease (Fig. 3, lane 9). The size of the protected DNA is larger

than the size of the R1162 DNA in the probe, because the probe also

includes 200 base-pairs of pBR322 DNA, from the BamHI to the EcoRV cleavage

sites (see MATERIALS AND METHODS). This DNA also lies between the tac

promoter and the R1162 DNA in pUT520, and is oriented so that the RNA made

will hybridize with the pBR322 DNA in the probe. In contrast, much less

protection was afforded by the RNA from cells containing pUT509 (lane 10),

which contains the same R1162 DNA and adjacent pBR322 DNA as pUT520, but

which lacks the strong exogenous promoter.

The protecting RNA includes the 5' truncated portion of the RepI

messenger RNA. When we tested the effect of pUT520 on expression of the

replA-lacZ fusion in pUT449, we found that synthesis of f1-galactosidase was

elevated much above the levels observed when either pUT509, or pUTl91,

which lacks R1162 DNA, is present instead in the cell (Table 2, lines

8,9,10). In contrast, pUT520 had no effect on the expression of the replA-

lacz fusion in pUT705 (Table 2, compare lines 12,13).

A Mutation which affects the RepI regulatory region also affects the copy-
number of R1162.

Results presented elsewhere indicate that the levels of the RepI gene

products determine the copy-number of R1162 (7). Thus, mutations affecting
the regulAtion of RepI expression should also alter plasmid copy-number.

To test this, we introduced the H20 mutation into R1162. This mutation
maps within replA (Fig. 2), but the resulting codon change from AUC to AUU

does not alter the primary amino acid sequence of the essential gene

product. Furthermore, both codons are used in E. coli at approximately equal

frequency (41). We first constructed a strain containing three plasaids:
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R1162, the conjugative plasmid R751, which mobilizes R1162 very efficiently

(4), and the pUT532 plasmid derivative with the 120 mutation. Cells were

mated with a nalidixic acid-resistant strain, and transconjugants selected

for resistance to both this antibiotic and to carbenicillin. Colonies of

such cells are very unc on, because the pUT532 derivative, which encodes

resistance to carbenicillin, is not mobilizable. Rare colonies do arise,

however, as the result of recombination between the derivative and R1162, due

to a region of homology between 2.51 and 2.68 (Fig. 1). The general

structure of these recombinants is shown in Fig. 5. The mutation lies within

either of two homologous regions of the recombinant molecule, depending on

the location of the crossover event. If recombination occurs at a position

SmR 8 suR

Sp 8p pUT532
R1162 2.51 x 2.61 with H20

2.68 2.68 mutation

Sp CbR

CR CbR
SP 2N5 Sp 2p51 BP

2.61
.62.61 or 268

2.61 2.61
BP Sp8

5p SUR 8p SuR

SmR sMR

partial Sspl digestion

SRtSRVRSSm Sp Sp SuR

Sp SpP
2.61¶

2.68 2.68

+ ~~~~+

2.61 p2.1
2.668 2.66

SP CbR SP CbR

FIG. 5. Method for introduction of H20 mutation into R1162. Thicker
portions of circular maps denote R1162 DNA. Sp - SspI cleavage sites; CbR
SmR and SuR designate approximate locations of genes encoding resistance to
carbenicillin, streptomycin and sulfonamides. Maps are not drawn to scale.
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A B

FIG. 6. (A) Agarose gel electrophoresis of EcoRI-cleaved, R1162 DNA
with (lanes 2-4) or without (lane 1) the H20 mutation. The host strain is
MV10 also containing pBR322 to control for plasmid DNA yields. Marker is
HindIII-digested lambda DNA (42). (B) Hybridization of cellular RNA
from NV10 containing either R1162 (lane 1), or R1162 with the H20 mutation
(lanes 2-4), to a 2.51-2.68(II) probe.

between the site of the mutation and position 2.68, then subsequent partial

digestion of the molecule with SspI generates R1162 containing the mutation,

and the pUT532 derivative with the wild-type sequence (Fig. 5, left). If the

crossover occurs between the site of mutation and position 2.51, then the

starting molecules are regenerated by the digestion (Fig. 5, right).

We screened colonies of cells transformed with SspI-digested recombi-

nant DNA for those having a plasmid with the structure of R1162. We then

isolated the RNA from three of these strains, each of which had arisen

independently, and hybridized it with the 2.51-2.68(II) probe. None of

these strains contained a detectable amount of the small RNA (Fig. 6B)

indicating that in each case the plasmid had acquired the H20 mutation.
When we examined the plasmid DNA content in these cells, we found a small
but detectable increase in the amount of plasmid DNA, compared to cells
with wild-type R1162. This increase can be visualized directly when large

amounts of DNA are applied to an agarose gel (Fig. 6A). However, to

estimate the change quantitatively, we measured the amounts of plasmid DNA

by densitometric measurement of samples linearized by EcoRI restriction

endonuclease and displayed on agarose gels. The DNA was isolated from

cells which also contained pBR322, to adjust for variation in plasmid yield.
The increase in DNA content for the three derivatives of R1162 containing the

H20 mutation, determined from the measurement of the amounts of pla_mid DNA

from 10 independent cultures, were 32.7+5.8%, 43.9+13%, and 35.0+13.4%.
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DISCUSSION

Our results indicate that the small, 75 base RNA negatively regulates

expression of the RepI genes. If we assume that target recognition
involves complementary base sequences, then it is likely that the target

lies on the RepI mRNA, rather than on the corresponding DNA. The plasmids

pUT520 and pUT509 contain an identical fragment of R1162 DNA, mapping
between 2.68 and 2.57 kb, which includes the base sequences complementary

to the 75 base RNA. In pUT520 this DNA is fused to the tac promoter, so

that large smounts of RNA, containing sequences complementary to the small

RNA, are made in the cell. We found that pUT520, but not pUT509, increases
in trans expression of the replA-lacZ fusion in pUT449 (Table 2). This
effect is explained most simply as titration of the negative regulatory
element encoded by pUT449. In support of this interpretation, an increase
is not observed if pUT705 is present instead of pUT449. Since the fusion
in pUT705 is at 2.57 kb, we do not expect cells containing this plasmid to
have any 75 base RNA. Finally, both pUT509 and pUT520 are replicated to a

similar high copy-number in the cell, and thus would present similar
amounts of any DNA target. Therefore, we conclude that the regulatory RNA
is titrated by the excess RNA transcribed from the tac promoter.

The regulated expression of a gene essential for plasmid replication,
involving a small RNA molecule complementary to a portion of the mRNA, is

not unique to R1162. Both pT181, from Staphylococcus aureus (33), and the
enteric R factor Rl (and the closely related R100) (34,36) have this
arrangement. In these cases, as well as for R1162, regulation appears to

be an intrinsic part of the copy-control mechanism (33-36). Regulation of

, the essential gene for replication of Rl, is at the level of trans-
lation, and this is probably true as well for pT181. Thus, the mechanism
of copy-control is similar for several groups of unrelated plasmids.

In common with many other regulatory RNAs, the small RNA of R1162 has
the capacity for substantial secondary structure. One especially stable

structure, having two stem-loops with calculated G valuea of -40 and -17
kcal (43), is shown in Fig. 7. The figure also emphasizes another feature
of the R1162 regulatory RNA: the coding sequence overlaps the ribosome
binding site (RBS) and the first two codons of the promoter-proximal RepI
gene. This differs from the position of the analogous coding sequences in
pT181 and Rl, where the countertranscript is encoded entirely within a

region preceding the structural gene (33,34). The location of the coding
sequence for the R1162 regulator might reflect the molecular events taking
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FIG. 7. Base sequence of regulatory RNA, drawn to show possible stable
secondary structure. The segment of the sequence complementary to the likely
ribosome binding site of RepI mRNA is outlined. The base changes for the
Ll-2 and Hll mutations are indicated. The boxed triplet CAU is at the
position of the initiation codon of the replA gene.

place in the control of RepI expression. Studies on RNA I, which regulates
replication of ColEl-type plasmids by hybridizing with a pre-primer RNA

(44), have indicated that initial contact between the two RNA species
occurs between the complementary loops at the end of base-paired stems

(45). For R1162, the location of the RBS at one loop of the mRNA suggests

that ribosomes and the small RNA might compete for binding at this site.

The properties of mutation Ll-2 (Figs. 2,7) can be described in terms of

this idea. When present in pUT532, the mutation affects the RBS but not

the homology between the messenger RNA and the inhibitor (although the base

sequence is different than for wild-type). Therefore, ribosomes compete

less effectively for message, and the gene is poorly expressed. The

mutated DNA has the opposite effect in trans, however, because it is no

longer perfectly homologous with the wild-type message in the loop segment,

and so competes less well with ribosomes in initial binding. This competi-
tive model for regulation may explain why the RBS of the RepI message shows

a degree of homology with E. coli 16S ribosomal RNA that is unusual for

transcripts of Gram-negative bacteria (46). In addition, the extensive
homology may be an advantage for a broad host-range plasmid, because it may

serve to insure adequate levels of gene expression in backgrounds where the
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plasmid promoters are poorly recognized.

The R20 mutation in pUT532 profoundly decreases the amount of counter-

transcript (Fig. 4), but when this mutation is present in R1162 there is

only a amall increase in plasmid copy-number (Fig. 6). We have previously

observed an increase in copy-number if the RepI region is put under the

control of a strong exogenous promoter (7). Only a two or three-fold

increase in copy-number was observed, although the RepI proteins were

increased 50 to 100-fold. Thus, some other component of the plasmid repli-

cative machinery must limit copy-nusber to a new level when replication is

released from RepI control. Preliminary studies indicate that the limi-

tation is not imposed by the third R1162 replication protein, encoded

within ReplI (unpublished). The limitation may therefore be species-

specific, a possibility we will test with several of the many different

potential hosts of R1162.

ACKNOWLEDGEMENTS
This work was supported by grants from the National Science Foundation

(PCM8211916) and the Robert A. Welch Foundation (F-964).

REFERENCES

1. Bryan, L.E., van den Elzen, H.M., and Tseng, J.T. (1972) Antimicrob.
Ag. Chemother. 1, 22-29.

2. Barth, P.T. and Grinter, N.J. (1974) J. Bacteriol. 120, 618-630.
3. Grinter, N.J. and Barth, P.T. (1976) J. Bacteriol. 128, 394-400.
4. Meyer, R.J., Laux, R., Boch, G., Hinds, M., Bayly, R., and Shapiro,

J.A. (1982) J. Bacteriol. 152, 140-150.
5. Guerry, P., van Embden, J., and Falkow, S. (1974) J. Bacteriol. 117,

619-630.
6. Meyer, R.J., Lin, L.-S., Kim, K., and Brasch, M.A. (1985) In

Helinski, D.R., Cohen, S.N., Clewell, D.B., Jackson, D.A., and Hollaender,
A. (eds), Plasmids in Bacteria, Plenmn Press, New York, pp. 173-188.

7. Kim, K. and Meyer, R.J. (1985) J. Mol. Biol. 185, 755-767.
8. Hershfield, V., Boyer, H.W., Yanofsky, C., Lovett, M.A., and Helinski,

D.R. (1974) Proc. Natl. Acad. Sci. USA 71, 3455-3459.
9. Casadaban, M.J. and Cohen, S.N. (1980) J. Mol. Biol. 138, 179-207.

10. Messing, J., Crea, R., and Seeburg, P.H. (1981) Nucl. Acids Res. 9,
309-321.

11. Amann, E., Brosius, J., and Ptashne, M. (1983) Gene 25, 167-178.
12. Messing, J., and Vieira, J. (1982) Gene 19, 269-276
13. Bolivar, F., Rodriguez, R.L., Greene, P.J., Betlach, M.C., Heyneker,

H.L., Boyer, H.W., Crosa, J.H., and Falkow, S. (1977) Gene 2, 95-
113.

14. Chang, A.C.Y. and Cohen, S.N. (1978) J. Bacteriol. 134, 1141-1156.

15. Casadaban, M.J., Chou, J., and Cohen, S.N. (1980) J. Bacteriol. 143,
971-980.

16. Norrander, J., Kempe, T., and Messing, J. (1983) Gene 26, 101-106.
17. Burke, J.F. (1984) Gene 30, 63-68.
18. McDonnel, M.W., Simon, M.N., and Studier, F.W. (1977) J. Mol. Biol.

8045



Nucleic Acids Research

110, 119-146.
19. Dretzen, G., Bellard, M., Sassone-Corsi, P., and Chambon, P. (1981)

Anal. Biochem. 112, 295-298.
20. Ikemura, T. and Dahlberg, J.E. (1973) J. Biol. Chem. 248, 5024-

5032.
21. Nygaard, A.P. and Hall, B.D. (1963) Biochem. Biophys. Res. Comm. 12,

98-104.
22. Biggin, M.D., Gibson, T.J., and Hong, G.F. (1983) Proc. Natl. Acad.

Sci. USA 80, 3963-3965.
23. Bradford, M.M. (1976) Anal. Biochem. 72, 248-254.
24. Miller, J.H. (1972) Experiments in Molecular Genetics, pp. 352-355.

Cold Spring Harbor Laboratory, CoIT Spring H-rbor.
25. Shaw, W.V. (1975) Methods in Enzymol. 43, 737-755.
26. Boxer, G.E. and Everett, P.M. (1949) Anal. Chem. 21, 670-673.
27. McEachern, M.J., Filutowicz, M., and Helinski, D. R. (1985) Proc.

Natl. Acad. Sci. USA 82, 1480-1484.
28. Holmes, D.S. and Quigley, M. (1981) Anal. Biochem. 114, 193-197.
29. Marko, M.A., Chipperfield, R., and Birnboim, H.C. (1982) Anal.

Biochen. 121, 382-387.
30. Cohen, S.N., Chang, A.C.Y., and Hsu, L. (1972) Proc. Natl. Acad.

Sci. USA 69, 2110-2114.
31. Sanger, F., Nicklen, S., and Coulson, A.R. (1977) Proc. Natl. Acad.

Sci. USA 74, 5463-5467.
32. Uhlin, B.E. and Nordstrom, K. (1977) Plasmid 1, 1-7.
33. Kumar, C.C. and Novick, R.P. (1985) Proc. Natl. Acad. Sci. USA 82,

638-642.
34. Stougaard, P., Molin, S., and Nordstrom, K. (1981) Proc. Natl.

Acad. Sci. USA 78, 6008-6012.
35. Light, J. and Molin, S. (1983) EMBO J. 2, 93-98.
36. Rownd, R.H., Womble, D.D., Dong, X., Luckow, V.A., and Wu. R.P.

(1985) In Helinski, D.R., Cohen, S.N., Clewell, D.B., Jackson, D.A.,
and Hollaender, A. (eds), Plasmids in Bacteria, Plenum Press, New
York, pp. 335-354.

37. Green, M.R. and Roeder, R.G. (1980) Cell 22, 231-242.
38. Kadonaga, J.T. and Knowles, J.R. (1985) Nucl. Acids. Res. 13, 1733-

1745.
39. Kalnins, A., Otto, L, Ruther, U., and Muller-Hill, B. (1983) EMBO

J. 2, 593-597.
40. Shine, J. and Dalgarno, L. (1974) Proc. Natl. Acad. Sci. USA 71,

1342-1346.
41. Greene, P.J., Gupta, M., Boyer, H.W., Brown, W.E., and Rosenberg, J.M.

(1981) J. Biol. Chem. 256, 2143-2153.
42. Allet, B. and Bukhari, LI. (1975) J. Mol. Biol. 92, 529-540.
43. Tinoco, Jr., I., Barer,, P.N., Dengler, B., Levine, M.D.,, Uhlenbeck,

O.C., Crothers, D.M., and Gralla, J. (1973) Nature New Biol. 246,
40-41.

44. Tomizawa, J.-I., Itoh, T., Selser, G., and Som, T. (1981) Proc. Natl.
Acad. Sci. USA 78, 1421-1425.

45. Tomizawa, J.-I. (1984) Cell 38, 861-870.
46. Gold, L., Pribnow, D., Schneider T., Shinedling, S., Singer, B.S., and

Stormo, G. (1981) Ann. Rev. Microbiol. 35, 365403.

8046


