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A Facile and Reversible Method To Decrease the Copy Number ofthe
ColEl-Related Cloning Vectors Commonly Used in

Escherichia coliMICHAEL F. HENRY* AND JOHN E. CRONAN, JR.

Department of Microbiology, University of Illinois at
Urbana-Champaign, 131 Burrill Hall, 407 South Goodwin
Street,Urbana, Illinois 61801

Received 28 February 1989/Accepted 27 June 1989

We report a technique which uses the cointegrate intermediate of
transposon Tnl000 transposition as ameans to lower the copy number
of CoIEl-type plasmids. The transposition of Tnl000 from one
replicon toanother is considered a two-step process. In the first
step, the transposon-encoded TnpA protein mediatesfusion of the two
replicons to produce a cointegrate. In the second step, the
cointegrate is resolved bysite-specific recombination between the
two transposon copies to yield the final transposition products:
thetarget replicon with an integrated transposon plus the
regenerated donor replicon. Using in vitro techniques,the DNA
sequence of the TnlO00 transposon was altered so that cointegrate
formation occurs but resolution bythe site-specific recombination
pathway is blocked. When this transposon was resident on an F
factor-derivedplasmid, a cointegrate was formed between a multicopy
CoIEl-type target plasmid and the conjugative Fplasmid.
Conjugational transfer of this cointegrate into a polA strain
resulted in a stable cointegrate in whichreplication from the ColEl
plasmid origin was inhibited and replication proceeded only from
the singlecopyF factor replication origin. We assayed isogenic
strains which harbored plasmids encoding
chloramphenicolacetyltransferase to measure the copy number of such
F factor-ColEl-type cointegrate plasmids and found thatthe copy
number was decreased to the level of single-copy chromosomal
elements. This method was used tostudy the effect of copy number on
the expression of the fabA gene (which encodes the key
fattyacid-biosynthetic enzyme 13-hydroxydecanoylthioester
dehydrase) by the regulatory protein encoded by thefadR gene.

The plasmid cloning vectors most commonly used forEscherichia
coli contain the ColEl (5) or piSA (6) DNAreplication origins and
thus are present in 15 to 50 copies percell. Elevated copy numbers
have several advantages, suchas ease of plasmid DNA preparation and
overproduction ofthe encoded products. A commonly noted
disadvantage isthat the regulation of plasmid-encoded genes is
often abnor-mal due to titration of regulatory proteins by the
excesscopies of DNA-regulatory elements resident on such multi-copy
plasmids. Another problem arises during localizedmutagenesis of
genes carried by multicopy plasmids. Par-tially defective mutant
proteins encoded by the plasmid canbe difficult to detect due to
the elevated copy number. Forexample, a mutant gene resident on a
plasmid with a copynumber of 20 will produce enzyme levels which
approach orexceed those of wild-type cells even though the
encodedmutant enzyme is severely defective (a specific activity
c5%of that of the normal enzyme). Thus, if mutant alleles are tobe
recognized by the loss of complementation of a defectivechromosomal
allele carried on the plasmid, only mutantswith essentially no
residual activities will be recovered.Thus, a class of potentially
informative mutants, those withsignificant residual activities,
will be discarded.The copy number of a given recombinant plasmid
is

usually lowered by subcloning the appropriate sequences toa
low-copy-number vector (plasmid or lysogenic phage), butthis is
tedious when large numbers of different mutantplasmids must be
processed. Also, the vectors available arequite limited in their
cloning sites. Other possibilities areselection for recombination
into the chromosome with a

* Corresponding author.

polA strain used to block plasmid replication (23, 24) and useof
a pcnB strain (26), which gives a decreased copy numberfor
ColEl-derived plasmids. However, both of these meth-ods suffer from
inefficiency; recombination into the chromo-some is rare, and both
polA and pcnB strains transform verypoorly. In addition, since the
ColEl plasmid has no parti-tioning mechanism, a pcnB strain which
reduces the copynumber also decreases plasmid stability.Our method
is based on the cointegrate intermediate

formed during the replicative transposition of the Tn3 familyof
transposons (27). This intermediate is a fusion of twoplasmids, the
plasmid donating the transposon and the targetplasmid (Fig. 1). The
fused molecule contains two directlyrepeated copies of the
transposon, one at each junctionbetween the two plasmid replicons.
Cointegrate formation iscatalyzed by the transposon tnpA gene (1)
(transposase) andis normally followed by site-specific
recombination (resolu-tion) between the two transposon copies td
yield the finaltransposition products: the target plasmid
containing anintegrated copy of the transposon and the regenerated
donorplasmid. The resolution step is catalyzed by the
transposon-encoded tnpR gene (8) (resolvase) acting at a site,
res,located between the tnpR and tnpA genes. In our method,we
stabilize the cointegrate formed between a donor F-derived replicon
and a multicopy cloning vector plasmid byuse of a TnlO00 element
that lacks either TnpR activity orboth TnpR activity and a
functional res site. DNA replica-tion from the origin sequence of
the multicopy plasmid isinhibited by use of a polA strain
(deficient in DNA polymer-ase I) (23, 24). Since the only
functional origin of DNAreplication is that of the F factor, the
copy number of the
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(3'npX (A 3fn

Tn 1000 and Cointegrate ResolutionTarget Plasmid Products

FIG. 1. Outline of the two-step transposition mechanism
ofTnJO00/Tn3-type elements. The intermediate structure is the
coin-tegrate described in the text. The open arrows denote the
transpos-able element.

cointegrate is essentially that of the F factor (1 or 2
copiesper cell) (14).

This method was developed during our study of theregulation of
the unsaturated fatty acid (UFA) biosyntheticpathway in E. coli.
The regulatory protein FadR, known tonegatively regulate both the
fatty acid degradation (fad)regulon (37) and the aceAB operon (28),
has been suggestedto be required for maximal UFA biosynthesis (33).
Initialexperiments in this laboratory suggested that this
regulationoccurred at the branch point between saturated fatty
acidbiosynthesis and UFA biosynthesis. The first unique
enzyme(P-hydroxydecanoylthioester dehydrase) required for
UFAbiosynthesis is encoded by the fabA gene (10). In our studyof
this gene, we found it useful to first construct an in
vitrofabA-lacZ fusion on a multicopy plasmid. Next, the
Tn1000technique was used to lower the copy number of the
plasmidconstruct before the regulation of the plasmid-encoded
fu-sion protein was analyzed. Therefore, the advantages
ofperforming plasmid constructions with a multicopy plasmidare
maintained and at the same time abnormal regulatoryeffects
associated with titration of regulatory elements areavoided.

MATERIALS AND METHODS

Media and bacterial strains. RB (rich broth) medium (7)was used
for routine growth. Antibiotics were used at thefollowing
concentrations: ampicillin, 50 ,ug/ml; chloram-phenicol, 10.5
,ug/ml; kanamycin, 25 ,ug/ml; streptomycin, 25,uglml; and
tetracycline, 10 ,ug/ml. Methyl methanesulfonatewas used at 0.05%.
Fusaric acid plates were prepared asdescribed by Maloy and Nunn
(29).

All bacterial strains used in this study are derivatives of
E.coli K-12 (Table 1). Strains MFH55 and MFH86 wereobtained by
transduction of strain MM383 to chloramphen-icol resistance (Cm)
with P1 vir grown on strains NK6701and NK6705, respectively. Strain
MFH126 was obtained bytransduction of strain MM383 to Cmr and a
UFA-requiringphenotype with P1 vir grown on strain MFH120.
StrainsMFH49 and MFH56 were obtained by mating the F plasmidpCJ105
from strain CJ252 into strains MM383 and LCD44,respectively.
Strains MFH41 and MFH46 are transformantsof strain LCD44 with
plasmid pCJ105. Strains MFH130 toMFH133 are transformants of
strains MFH47 and MFH85with either plasmid pSC101 or pMFH27.
Strains MFH161and MFH162 are transformants of strains MFH34
andMFH35 with pMFH10.The construction of strains MFH47 and MFH85
required

two steps. Strains LW67 and MFH61 were first transformedwith
pMFH10 to Cmr, and then the cointegrate moleculeswere
conjugationally transferred into strain MM383 to yieldexconjugants
which were both streptomycin resistant (Smr)

and Cmr. Strain MFH89 was constructed in exactly the samemanner
as MFH85 except that strain MFH61 was originallytransformed with
pMFH6 instead of pMFH10. When mat-ings were carried out as
described by Miller (31), theefficiency of cointegrate molecule
transfer ranged from 2 x10-5 to 2 x 10-7 per recipient cell.Plasmid
constructions. All genetic manipulations of TnJ000

were performed when the transposon was integrated intoplasmid
pBR322 (5) at 1.79 kilobase pairs (kbp) on thestandard map. Plasmid
pLAW45 (tnpR res+ tnpA+ Kmr) is aderivative of pRR12 (25) in which
the internal EcoRI frag-ment of the mutant Tn1000 transposon was
replaced with aKmr module from Tn903 (42). This transposon was
previ-ously constructed by L. Wiater and N. Grindley (unpub-lished)
as described in the legend to Fig. 2. We shall refer tothis altered
transposon as TnJOOOLW. Plasmid pCY40 (tnpRres tnpA+ Kms) was
constructed from pLAW45 by deletingthe interior ClaI fragment of
the TnJOOOLW transposon. ThisKms Tn1000 element carried in plasmid
pCY40 was namedTnlOOOCY.

Plasmid pOX38 is composed of the largest HindIII frag-ment of F
(19), which contains the entire tra operon. ThepOX38 derivative
pLAW133 (pOX38::TnJOOOLW) was alsoobtained from L. Wiater and N.
Grindley. Another pOX38derivative, pMFH15 (pOX38::TnJOOOCY), was
constructedby recA-mediated resolution of a pCY40::pOX38
cointe-grate. Resistance to fusaric acid selected for both
resolutionof the cointegrate and subsequent curing of pCY40.
Theampicillin-sensitive (Aps) phenotype of the resultant
strain(MFH61) further verified the loss of pCY40. Strain MFH61was
shown to carry the conjugative plasmid by adsorption ofM13K07 (see
below). However, since transposonTnJOOOCY does not confer any
antibiotic resistance upon thehost strain, other evidence was
obtained to show the pres-ence of pOX38: :TnJOOOCY. First, plasmid
pMFH15 medi-ated the conjugational transfer of the Kmr plasmid pK19
(35)into a recipient strain. Second, recA-mediated resolution ofthe
pMH15::pKI9 cointegrate yielded a derivative of plas-mid pK19 that
carried an integrated copy of TnJOOOCY, asshown by restriction
analysis.

Plasmid pMFH27 is a pSC101 (9) derivative which carriesan
integrated Tn3 transposon. Plasmid pMFH6 was con-structed by
subcloning a 1,870-base-pair (bp) PstI restrictionfragment from Tn9
into the multiple cloning site of thepUC1318 cloning vector (21).
Restriction analysis indicatedthat transcription of the cat gene
was opposite to that of thevector-encoded truncated lacZ gene.

Plasmid pMFH10 was constructed as outlined in Fig. 3.Plasmid
pRC1 (11), which carries the fabA+ gene, waspreviously constructed
by subcloning a 4.0-kbp PstI frag-ment of chromosomal DNA into the
bla gene of pACYC177(6). We inserted the entire lacZ coding region
from pMC1871(35) (minus the first 8 nonessential codons) between
codons60 and 61 of the fabA gene encoded by pRC1 to obtainpMFH4.
The insertion of the cat gene from pMFH6 into theSalI site of pMFH4
gave pMFH10.

Assay for cointegrate stability. Cointegrate-carrying
strains(MM383 derivatives) were grown overnight at 42C in
thepresence of chloramphenicol. The cells were collected
bycentrifugation, washed once with RB medium, and resus-pended in
the original volume of RB medium. Following a1,000-fold dilution,
0.1 ml of this cell suspension was inoc-ulated into 10 ml of RB
medium without chloramphenicoland grown to saturation at 42C. This
inoculation cycle wasrepeated two more times (a total of ca. 36
generations).Following dilution (10-4, 10-6, or 10-'), the cells
were
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TABLE 1. Bacterial strains and plasmids

Strain orplasmid Relevant characteristics' Source or
reference

supE supF hsdR(pCJ105)/lac(UJ69) araD rpsL thi non nalA metE
ArecAargE(Am) nalA rif' ara A(/ac-pro)(pLAW133)polA12(Ts) thyA36
deoC2 /acZ53 rha-5 rpsL151mtl-16::Tn9 0(rrnD-rrnE)itrp::Tn9
his-6::TnJO(pNK75)metB relA gyrAUB1005 A(lacIPOZ)C29
zah::TnlOUBl1005 l(lacIPOZ)C29
zah::TnlOLCD44(pMFH6)MM383(pCJ105)LCD44(pMH10)MM383(pMFH10:
:pLAW133)LCD44(pCJ105)MM383 mtl::Tn9UB1005(pMFH15)Alac(U169)
araD139 thi rpsL metE nalApo/A(pLAW133: :pMFH1O)

MFH66 fadR: :TnlOMM383(pMFH10: :pMFH15)MM383
trp::Tn9MM383(pMFH6: :pMFH15)sbcBC recBC AM15 tsx-33 /euB6 thi hisG
rpsL proA thr-J ga/K2

ara-14 xvl-15 poxB::pMFH23 (fabA+) cat 'P(fabA'-/acZ)1(Hyb)MM383
(cat
I(fabA'-/acZ)I(Hyb)MFH47(pSC101)MFH47(pMFH27)MFH85(pSC101)MFH85(pMFH27)UB1005
A(lacIPOZ)C29 zah: :TnlO(pMFH10)MFH161 fadR::Tn5

zAF(93.5-*41.3), deleted of all known IS elementspOX38 Cm"Apr
TcrpBR322::TnlOOOLW(tnpR res+ tnpA+ Kmr) Tc' Ap'pOX38::TnIOOOLW
KmrpBR322:TnIO00CY(tnpR res tnpA+) Tcr ApsfabA+ KmrlacZ+ TcrTcr
Km"KmrAprTcrpRC1 'F(fabA'-/acZ)Insertion of Cmr into cloning site
of pUC1318Insertion of Cmr downstream of W(fabA'-/acZ) in
pMFH4pSC101: :Tn3

21L. C. DeVeauxM. Syvanen32N. Kleckner via CGSChN. Kleckner via
CGSCgyrA of W1655 (2)This workThis workThis workThis workThis
workThis workThis workThis work

This workThis work

This workThis workThis workThis workUnpublished work

This work

This workThis workThis workThis workThis workThis work

19215

L. WiaterL. WiaterThis work1135634229This workThis workThis
workThis work

Plasmid pCJ105 is described (but not named) in reference 21 (C.
Joyce, personal communication).b CGSC, E. coli Genetic Stock
Center.

plated in the presence or absence of chloramphenicol. Sincethe
cat gene of the cointegrate was carried by a ColEl-typeplasmid,
resolution in a polA strain resulted in a Cmsphenotype owing to
inhibition of plasmid replication.

Assay for F factor. Strains suspected of having lost the Ffactor
were tested for pilus formation by phage M13K07 (40)infection. Test
strains were infected with the virus (multi-plicity of infection,
-5) during the mid-log phase of growth;after an hour of incubation,
a sample of cells was streakedonto kanamycin plates and incubated
overnight. Growth inthe presence of kanamycin denoted infection by
phageM13K07, which requires the F pilus.DNA manipulations. All
miniprep and large-scale plasmid

DNA was prepared by the alkaline lysis method (30). Aga-

rose gel electrophoresis was carried out by the method
ofManiatis et al. (30). DNA fragments were recovered fromagarose
gel slices by electrophoretic elution with an appara-tus from
International Biotechnologies, Inc. The protocolused was similar to
that supplied by the company, with thefollowing modifications:
first, the running buffer waschanged from a Tris-borate buffer to a
buffer consisting of 20mM Tris hydrochloride (pH 7.5), 5 mM NaCl,
and 0.1 mMEDTA; and second, 7.5 M ammonium acetate was used asthe
salt cushion.DNA ligations and transformations were carried out
as

described by Maniatis et al. (30). Prior to the addition of
T4ligase and buffer, excess salt was removed from the DNAsolutions
by drop dialysis against TE (10 mM Tris hydro-

E. coli
K-12CJ252LCD44LW79MM383NK6701NK6705UB1005MFH34MFH35MFH41MFH43MFH46MFH47MFH49MFH55MFH61MFH66

MFH67MFH85MFH86MFH89MFH120

MFH126MFH130MFH131MFH132MFH133MFH161MFH162


PlasmidspOX38pCJ105pBR322pLAW45pLAW133pCY40pRC1pMC1871pACYC177pK19pUC1318pSCl0lpMFH4pMFH6pMFH10pMFH27

J. BACTERIOL.
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EcoRI EcoRI ClaI

Clc_ MT

tnpR,I

/ Clal,_ - _

m E I

Remthen

laI ClaIC'-DCTLCORi.I LACORl

Kanr AtnpRr

EcoRI Clol

8 6.0 KbtnpA

ioval of EcoRI fragment,insertion of Konr gene.

8 5.5 KbtnpA

| Removal of ClaI insertthen religation

8 4.9Kb

AKan tnpA(not functional)

FIG. 2. Construction of mutant TnlOOO molecules. (A) Diagram of
a mutant Tn1000 transposon previously constructed by Kitts et al.
(25).All manipulations were carried out when the transposon was
inserted into pBR322. The tnpR and tnpA genes encode the resolvase
andtranposase proteins of the transposon, respectively. The
insertion of an EcoRI linker into a HaeIII site, located in the
tnpR gene, resultedin an element which produces a nonfunctional
resolvase. The lower line shows the 160 nucleotides which represent
the intercistronic region.Resolution of the cointegrate structure
occurs in this region. A fully functional site contains three
resolvase-binding sites (represented by theboxes). If the first
site is deleted, the resolvase fails to act at this region (42).
(B) Construction of TnlOOOLW. L. Wiater (personalcommunication)
replaced the EcoRI fragment from the tnpR transposon constructed by
Kitts et al. (25) with a Kmr module from Tn903 (42)to make
TnlOOOLW. (C) Construction of transposon TnJOOOCY. We deleted the
ClaI fragment of TnlOOOLW (which included site I of the ressite and
most of the Kmr determinant) to yield the final construct. TnJOOOCY
is able to form cointegrate molecules but cannot be resolved
bysite-specific recombination.

chloride [pH 7.8], 1 mM EDTA) on filter disks purchasedfrom
Millipore (type VS; pore size, 0.45 ,um). All requiredenzymes were
purchased from New England BioLabs, Be-thesda Research
Laboratories, or Boehringer MannheimBiochemicals.CAT assay. Cells
(1.5 ml) from an overnight culture were

inoculated into 400 ml of RB medium supplemented
withchloramphenicol and grown at 42C to a density of about 2.5x 108
cells per ml. The cells were collected by centrifuga-tion, washed
once with 50 mM Tris hydrochloride (pH 7.8),and suspended in 10 ml
of the same buffer. Cells weredisrupted by passage through a French
pressure cell at20,000 lb/in2. Unbroken cells were removed by
centrifuga-tion for 10 min at 5,000 x g. The supernatant was kept
on iceand immediately assayed for chloramphenicol
acetyltrans-ferase (CAT) activity by the spectrophotometric method
ofShaw (36). Substrates and reagents for the assay werepurchased
from Sigma Chemical Co. The rate of increase inthe A412 was
measured at room temperature to determineenzyme activities. One
unit of activity equals 1 nmol ofdithiobisnitrobenzoic acid reduced
per min per mg of pro-tein. Protein was assayed by the method of
Itzhaki and Gill(20) with bovine serum albumin (Sigma) as the
standard.

I8-Galactosidase assay. Overnight cultures were subcul-tured
into RB medium and shaken at 37C. When the cellsreached a density
of approximately 3 x 108 cells per ml, theywere assayed for
,-galactosidase activity as described byMiller (31). The cells in
the assay mix were sedimented bycentrifugation before the A420 was
read.

RESULTSRationale of the method. We used two different mutant

derivatives of Tn1000, either TnJOOOLW (tnpR res+ tnpA+

Kmr), which lacks a functional resolvase gene, or TnJOOOCY(tnpR
res tnpA+ Kms), which lacks both a functional re-solvase gene and a
resolution (res) site (Fig. 2). Thesetransposons were carried on
pOX38, a derivative of the Ffactor constructed in vitro that is
deleted of all transposableelements normally resident on F (19).
Multicopy targetplasmids were transformed into either strain LW79,
whichcarries pLAW133 (pOX38::TnJOOOLW), or strain MFH61,which
carries pMH15 (pOX38::ThlJOOOCY). These strainswere then mated into
a polA rpsL recipient strain, andrecombinants resistant to both
streptomycin and the antibi-otic markers carried on the multicopy
plasmid were selected(Fig. 4). Since none of the standard
ColEl-related cloningvector plasmids are transmissible (even in the
presence ofF), virtually all of the recombinant colonies will
harbor acointegrate molecule (18) which will replicate only from
theF factor origin due to the polA lesion of the recipient
strain.It should be noted that high-level replication of
pOX38driven by the ColEl origin may be toxic to some strains of
E.coli (41).

Test of the method with TnlOOO tnpR. We constructed twostrains
from the polA(Ts) strain MM383. Strain MFH43carried the plasmid
pCJ105 (21), which has the cat gene fromTn9 inserted into pOX38 by
recombination in vitro, whereasstrain MFH85 carried a cointegrate
(pLAW133::pMFH10)formed between pOX38 and a multicopy cat plasmid.
Thesestrains were grown in parallel, and the copy numbers of
theplasmids were measured by assay of the CAT enzyme levels(Table
2). The levels of CAT activity were essentiallyidentical for the
two strains and much lower than that of apolA+ strain carrying
pMFH10 as a multicopy plasmid.Thus, the method functioned as
expected: the cointegrateacted as a single-copy plasmid in the polA
recipient strain. It

A r-

B Y

C r-
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Km;rpRC7.67Kb E4

fab

ScaI Tet r

IpMC1871747 Kb

SlaI

Complete digestion\ with EcoRV

TRANSFORMATI ON

locZ' SaiI Complete digestionwith SalI then

Cmr isolation of thepMIH6 Sol I fragment

T4 LIGASETRANSFORMATION

FIG. 3. Schematic diagrams showing the derivation of plasmid
pMFH10. Solid arrows designate functional genes; broken arrows
designatenonfunctional genes.

should be noted that although the CAT activities of the
straincarrying the cointegrate were higher than those of the
straincarrying the control single-copy plasmid, the ranges of
thevalues overlapped, suggesting that the values were
notsignificantly different. We also assayed the CAT levels
ofderivatives of strain MM383 having an intact Tn9 elementinserted
within either the mtl or trp operon or the cat geneinserted at the
fabA locus (Table 2). The levels of CATactivity in these strains
were two- to fivefold higher thanfound in some strains carrying the
single-copy pCJ105 plas-mid, and thus the CAT activity encoded by
the cointegrate iswell within the range of those given by a variety
of single-copy cat constructs.

Stability of TnJOOOLW-derived cointegrate molecules. Twopathways
for resolution of TnJOOOLW (tnpR res' tnpA+Kmr) cointegrate
molecules were still available despite thetnpR mutant genotype of
the transposon. The first pathwayis by homologous recombination,
whereas the second is bysite-specific recombination mediated by
TnpR encoded by afunctional tnpR gene provided in trans (i.e., a
wild-typeTnJOOO present in the chromosome). We determined theeffect
of these two modes of recombination on the stability ofcointegrate
molecules in strain MFH47. The stability of thecointegrates was
tested by measuring the rate of loss of Cm'during growth of strain
MFH47 in the absence of antibiotic

selection. If the cointegrate was unstable, resolution
wouldresult in dilution of the nonreplicating ColEl-type
plasmidfrom the cell and loss of Cmr. We propagated strain MFH47for
36 generations in the absence of chloramphenicol with nomeasurable
loss of antibiotic resistance. This result agreeswith previous
data, which suggest that resolution by recA-mediated homologous
recombination of cointegrate mole-cules is inefficient (1).
Moreover, since TnpR has beenshown previously to resolve
cointegrates efficiently (15),these data indicate that strain MFH47
(MM383) does notharbor another copy of Tn1000. This interpretation
wassupported when strain MFH47 was provided with a func-tional tnpR
gene and the cointegrate was resolved quicklyand efficiently. The
introduction of pMFH27 (pSC1O1::Tn3)resulted in the loss of Cmr
from essentially all cells by 12generations of growth in the
absence of chloramphenicol(data not shown). Resolvase from Tn3 has
previously beenshown to efficiently resolve TnJ000 cointegrates
(15).Copy number and stability of TnlOOOCY-derived cointe-

grate molecules. The use of TnJOOOLW (described above)
iscomplicated by the fact that some common E. coli K-12strains
contain chromosomal copies of TnJ000 (19). Suchstrains produce
TnpR, which will resolve TnlOOOLW (tnpRres+ tnpA+ Kmr)_mediated
cointegrates (43). In order toavoid this difficulty, we constructed
TnJOOOCY (tnpR res

ii
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A

transform withF' -N

plasmid pMFHIO (ChIr) 0

000I.. -.J select for Chir i O J

LW79 or MFH61 (Str', Cm') (Str', Cm')

B

Mate with MM383s r(poIA,Cm, Str)

select for Cmr Strr

IA small percentageof the populationwill form cointegrates.

000

FIG. 4. Manipulation of the copy number of a ColEl-like
multi-copy plasmid. The schematic diagram above illustrates the
manip-ulations required to form a stable cointegrate structure
betweenplasmid pMFH10 and an F' derivative plasmid (pLAW133
orpMFH15). (A) The target plasmid pMFH10 was first transformedinto
either strain LW79 or strain MFH61. In a small percentage ofthese
cells, the mutant Tnl000 transposon integrated into plasmidpMFH10
and formed a cointegrate molecule. (B) The rare cointe-grate
molecule was identified by the conjugational transfer of Cmrinto a
polA strain. The purpose of this second step was to
preventresolution of cointegrate structures. Resolution was
prevented bytwo independent mutations: (i) the mutant Tnl000
encoded a non-functional resolvase gene, so resolution could not
proceed bysite-specific recombination; and (ii) the cointegrate
plasmid wasconjugationally transferred into a polA mutant. In the
latter case,resolution by homologous recombination would result in
the inabil-ity of the ColEl-like plasmid product to replicate.

tnpA+ Kmi), which lacks both TnpR activity and a func-tional res
site (Fig. 3). The defective res site precludesresolution by
resolvase (43). TnlOOOCY also lacks the Kmrmarker ofTnJOOOLW, so it
may be used with Kmr multicopyplasmids. Thus, TnJOOOCY can be used
with essentially allE. coli strains and ColEl-type cloning
vectors.

Cointegrates formed by TnlOOOCY between the multicopyplasmid
pMFH10 and pOX38 had a copy number similar tothat of pOX38 (Table
2). As discussed above, theTnlOOOLW-mediated fusion of these
plasmids also resulted

in a plasmid with a copy number similar to that of
pOX38.However, an important difference between these two
mutanttransposons is that a TnJOOOCY-mediated cointegrate wasstable
in the presence of resolvase. No resolution wasdetected after 36
generations of growth in the absence ofantibiotic selection (data
not shown).

Influence of the copy number of the plasmid cloning vector.The
work described above was done with a derivative of thepl5A
replicon, plasmid pACYC177 (6), which has a copynumber of 15 to 20.
Since many commonly used vectors(e.g., the pUC plasmids of Vieira
and Messing [39] andderived plasmids) have higher copy numbers (50
copies percell), we tested the efficiency of our method with a
pUC-derived plasmid carrying the cat gene of Tn9.
Cointegratesbetween pMFH6 and pOX38 had a copy number
abouteightfold lower than that of the original plasmid, but
alsoabout sixfold higher than that of pCJ105 (Table 2). Thus,
thelack of DNA polymerase I may not completely block DNAreplication
from the pMFH6 origin of the cointegrate. How-ever, the CAT levels
encoded by the cointegrate were withinthe range observed for a Tn9
element inserted in the trpoperon (Table 2), and thus it may still
be considered presentin single copy.

Influence of plasmid multimers on the copy number
ofcointegrates. The presence of plasmid multimers could re-duce the
effectiveness of this copy number-lowering method.Multimerization
is common for most ColEl-derived cloningvectors because they lack
the determinant, cer, whichquickly resolves the RecA-generated
plasmid multimers intomonomers (38). Fusion of the donor plasmid
with suchmultimeric plasmids would result in a cointegrate
whichcarries more than one copy of the target plasmid. In
thisstudy, gel electrophoresis ofDNA isolated from strains
thatcarried both the donor and target plasmids showed theabsence of
multimers of the target plasmid (data not shown).However, since
different strains have been observed to showdifferent degrees of
multimerization (38), this could be aconcern in different
backgrounds. This problem can beavoided by transforming a monomer
target plasmid into arecA strain that carries either pOX38:
:TnJOOOLW (tnpR res+tnpA+Kmr) or pOX38::TnJOOOCY (tnpR res tnpA+
Kms).Since multimer formation is prevented in a
recombination-deficient (recA) strain, all cointegrates will be
formed withmonomer target plasmids.

TABLE 2. Estimation of cointegrate copy numbers

Strai nP Plasmid cat gene locationa polA CAT activityc Relative
CATgenotypeb (U/mg of protein) activityd (fold)

MFH43 pOX38 Plasmid - 59 27 1MFH47 pLAW133::pMFH10 Plasmid - 123
45 2MFH55 None Chr (mtl::Tn9) - 135 30 2MFH86 None Chr (trp::Tn9) -
320 + 50 5MFH126 None Chr (fabA::cat) - 141 26 2MFH85
pMFH15::pMFH10 Plasmid - 93 45 2MFH89 pMFH15::pMFH6 Plasmid - 350 +
160 6MFH49 pOX38 Plasmid + 120 60 1MFH46 pMFH10 Plasmid + 920 150
8MFH41 pMFH6 Plasmid + 7,130 220 60

a Chr, Chromosomal location as given in parentheses.b The polA
strain was MM383, whereas the poI+ strain was LCD44.c At least four
cell lysates from each strain were assayed, each representing a
freshly grown overnight culture. The assay was performed with two
different

concentrations of each lysate to ensure that only the extract
was rate limiting. The assay was repeated eight times for strains
MFH43 and MFH47. Valuesrepresent mean standard deviation. Thymine
(0.32 mM) was added to the growth medium of MM383 derivatives.

d Fold increases in CAT activity of the above strains were
calculated by comparison with strain MFH43(pOX38). The remaining
strains were compared withstrain MFH49(pOX38). The CAT activities
of strains MFH43 and MFH49 were given the value of 1. Because the
cat gene of E. coli is constitutively expressed,the CAT activity is
directly proportional to the copy number of the cat gene.
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TABLE 3. Effect of copy number offabA gene expression

Plasmid 1-Galacto- RelativeStan Relevant plasmid coy sidase
exrsinStrain or genotype' number activityb (fold)or number
~~~(p.mol/min)

MFH161 pMFH10 8 1,861 6MFH162 pMFH10fadR::TnJO 8 311 1MFH66
pMFH15::pMFH10 1-2 949 11MFH67 pMFH15::pMFH10 1-2 85 1

fadR: :TnJOa Plasmid pMFH10 is a pACYC177 derivative which
encodes (F(fabA'-

lacZ).b Activity expressed as micromoles of
O-nitrophenylgalactoside hydro-

lyzed per minutes per 109 cells.c The P-galactosidase activities
of strains MFH162 and MFH67 were given

the value of 1. All values represent the average of six values
obtained fromthree independent experiments. The largest deviation
from the average was5%. Strain MFH161 was compared with MFH162, and
strain MFH66 wascompared with MFH67.

Use of the method to study the regulation of the
UFA-biosynthetic genefabA. We used pRC1 (11), a derivative ofthe
multicopy plasmid vector pACYC177 (6), which encodesthe fabA gene,
to construct an in vitro fabA-lacZ fusion(pMFH10). This plasmid was
then introduced into isogenicstrains which were genetically
eitherfadR::TnJO (MFH161)or fadR+ (MFH162). These strains were
grown in parallel,and the amount of fusion protein was measured by
assay ofthe P-galactosidase levels (Table 3). The levels of
P-galac-tosidase activity suggested that the presence of a
functionalFadR protein increased the level offabA expression
sixfold.Although construction of the fabA-lacZ fusion was
facili-tated by the use of a multicopy plasmid, the regulation
offabA expression may be abnormal if the regulator is notpresent in
sufficient abundance to saturate all regulatorybinding sites. To
test this possibility, a cointegrate wasformed with the fusion
plasmid (pMFH10) and assayed for,-galactosidase (Table 3). These
assays indicated an 11-foldincrease in expression, which agrees
well with the directmeasurement of chromosomalfabA transcripts by
Northern(RNA blot) analysis (M. F. Henry and J. E. Cronan,
Jr.,manuscript in preparation).

DISCUSSION

Our method for lowering plasmid copy number requiresonly two
simple manipulations. First, the target plasmid istransformed into
a strain which harbors either pOX38::TnJOOOLW (tnpR res+ tnpA+ Kmr)
or pOX38::TnJOOOCY(tnpR res tnpA+ Kms). Next, the resultant strain
is conju-gated with an F- polA strain, and recipients are
selectedwhich carry the antibiotic resistance determinant encodedby
the target plasmid (Fig. 4). The resulting cointegrates
aresignificantly reduced in copy number (essentially singlecopy)
and are very stable to resolution by homologousrecombination. The
method is reversible in that the multi-copy plasmid can be
recovered by resolution of the cointe-grate in a polA+ strain.
TnJOOOLW cointegrates are readilyresolved by the introduction of
tnpR in trans, whereasresolution of TnJOOOCY can be obtained by
homologousrecombination. Since recA-mediated resolution is rare,
di-rect enrichment for resolved plasmids is usually required
torecover the target plasmid from a TnJOOOCY cointegrate. Ifthe
target plasmid encodes Kmr, this may be accomplishedby selecting
for increased resistance to kanamycin (4).When pOX38::TnJOOOCY
cointegrates are used, the only

requirement for the recipient strain is a polA mutation.
This

is readily introduced into a given strain by cotransductionwith
a closely linked transposon insertion (TnJO or TnS)followed by
screening of transformants for sensitivity to UVlight or methyl
methanesulfonate. We have generally usedthe polAJ2(Ts) lesion,
although comparable results have alsobeen obtained with the
polAJ(Am) lesion in a suppressor-free background. An added
advantage of using the ambermutation is that the strain does not
need to be propagated at42C. In agreement with the original results
of Guyer (18),we found that all copies of the target plasmid
transferred tothe recipient strain were covalently linked to a copy
ofTn1000. This is in contrast to the results of Goto et al.
(16),who reported recovery in the recipient cells of target
plasmidmolecules lacking Tn1000.

This method should be useful when genetic or complemen-tation
analysis is required for genes cloned onto multiple-copy-number
plasmids. In our genetic analysis offabA, weobserved that multiple
copies of the fabA gene titrated outthe levels of FadR present in a
wild-type (fadR+) strain. Thatis, on a per-copy basis, fabA genes
present on a multicopyplasmid are expressed less than afabA gene
present in singlecopy. This titration, analogous to that of the
lacI repressor inthe presence of multiple copies of the lac
operator (3),decreases the effectiveness of the regulator protein.
Thisresult suggests that E. coli contains few copies of
FadRprotein, which conflicts with the deduction from codonusage
(13) that FadR is expressed in moderate levels ratherthan the low
levels characteristic of regulatory proteins. Inaddition, previous
complementation analysis experimentswith the fabA gene determined
that overproduction of theprotein results in unusually fragile
cells, probably due to analtered fatty acid composition (11).
Lowering the copynumber of the fabA gene avoided both of these
abnormaleffects.Our method has strong advantages in ease and
efficiency

but also has two inherent drawbacks. First, the
cointegratemolecule must always be present in a polA strain.
Thisdrawback is minimal because, as described above,
well-characterized polA mutations can easily be transferred to
agiven strain. Second, the cointegrate can theoretically stillbe
resolved by recA-mediated homologous recombination.Our experience
has shown resolution by recA recombinationto be negligible, and if
it does occur under conditions ofantibiotic selection, the target
replicon will be diluted fromthe cell due to its inability to
replicate in the polA strain. Itshould be noted that both polA recA
and polA recB strainsare inviable (32), precluding use of
recombination-deficientstrains. In future work we will seek an
alternative method toinactivate the ori of the target plasmid which
does notrequire a polA(Ts) strain. This function will be encoded
bythe mutant transposon integrated in pOX38 so that thecointegrate
copy number can be controlled in any back-ground.
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