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Construction and Characterization of a Highly Regulable Expression
Vector, pLAC11, and Its Multipurpose Derivatives, pLAC22 and pLAC33
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A number of different expression vectors have been developed to facilitate the regulated overpro-
duction of proteins inEscherichia coliand related bacteria. Some of the more popular ones include
pKK223-3, pKK233-2, pTrc99A, and the pET family of expression vectors. These vectors were
designed to be regulable and can be grown under conditions that repress protein production or under
conditions that induce protein production. Unfortunately, however, numerous researchers have found
that these vectors produce significant amounts of protein even when grown under repressed condi-
tions. We describe here a new expression vector, pLAC11, which was designed to be more regulable
and thus more tightly repressible when grown under repressed conditions. The tight regulation of
pLAC11 was achieved by utilizing the O3 auxiliary operator, CAP binding site, promoter, and O1
operator that occur in the wild-typelac control region. The pLAC11 vector can be used to conduct
physiologically relevant studies in which the cloned gene is expressed at levels comparable to that
obtainable from the chromosomal copy of the gene in question. In experiments in which a bacterial
cell contained both a null allele in the chromosome and a second copy of the wild-type allele on
pLAC11, we observed that cells grown under repressed conditions exhibited the null phenotype while
cells grown under induced conditions exhibited the wild-type phenotype. Two multipurpose deriv-
atives of pLAC11, pLAC22, and pLAC33 have also been constructed to fulfill different experimental
needs. © 2000 Academic Press
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Most of the routinely employed express
vectors rely onlac control in order to overpro
duce a gene of choice (Brosius, 1988; Ba´s
and Bolivar, 1990). With the wild-typelac pro-
moter/operator, induction ratios of up to 1003
have been observed between repressed v
induced growth conditions (Beckwith a
Zipser, 1970). Thelac promoter/operator fun
tions as it does due to the interplay of three m
components (the wild-typelac control region is
shown in Fig. 1; for general reviews, see Gla
1982; and Mu¨ller-Hill, 1996). First, the wild
type lac 210 region (TATGTT) is very weak
c-AMP-activated CAP protein is able to bind
the CAP site just upstream of the235 region
which stimulates binding of RNA polymera
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to the promoter. Repression of thelac promote
is observed when glucose is the main car
source because very little c-AMP is present
thus low amounts of c-AMP-activated CA
protein are available. When poor carbon sou
such as lactose or glycerol are used, c-A
levels rise, large amounts of c-AMP-activa
CAP protein become available, and thus ind
tion of thelac promoter can occur. Second, L
repressor binds to thelac operator which pre
vents transcription of thelac operon. Lac re

ressor can be overcome by allolactose whic
natural by-product of lactose utilization in

ell or by the gratuitous inducer IPTG.2 Third,
the lac operator can form stable loop structu
which prevents the initiation of transcripti

n-2 Abbreviations used:D, deletion;E., Escherichia;IPTG,
isopropyl b-D-thiogalactopyranoside; LB, Luria-Berta
PCR, polymerase chain reaction;R, resistance/resistant; S

hine–Dalgarno; Tn, transposon; XGal, 5-bromo-4-chl
-indoyl b-D-galactopyranoside.
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139CONSTRUCTION AND CHARACTERIZATION OF PLAC11
due to the interaction of the Lac repressor w
the lac operator (O1) and one of two auxilia

perators, O2 which is located downstream
he coding region of thelacZ gene or O3 whic
s located just upstream of the CAP binding s

While binding of Lac repressor to thelac
perator is the major effector oflac regulation

he other two components are not dispensa
nfortunately, most of the routinely usedlac-

egulable vectors contain either mutations
eletions which alter the effect of the other t
omponents. The pKK223-3 (Brosius and Ho
984), pKK233-2 (Amann and Brosius, 198
Trc99A (Amannet al.,1988), and pET famil
f vectors (Studieret al.,1990) contain only th

FIG. 1. Control region of the wild-typelac opero
translational start of thelacZ gene is shown. DNA b
important RNA sites are shown above the DNA s
is indicated by SD.

FIG. 2. Control regions of routinely employed ex
lac O1 operator for the pKK223-3, pKK233-2, pTr
are indicated below the DNA sequence while imp
pET-21(1) control region is typical of the control re
the pKK223-3, pKK233-2, pTrc99A, and pET-21(1)
lack an auxiliarylac operator.
.

e.

r

,

ac operator (O1) and lack both the CAP bin
ng site and the O3 auxiliary operat
KK223-3, pKK233-2, and pTrc99 use atrp–

ac hybrid promoter that contains thetrp 235
egion and thelacUV5 210 region which con
ains a strong TATAAT site instead of the we
ATGTT site. The pET family of vectors us

he strong T7 promoter. Given this informati
erhaps it is not surprising that researchers

ound it is not possible to tightly shut off gen
hat are cloned into these vectors. The promo
perator control regions utilized by these v

ors are shown in Fig. 2.
We wanted to design a vector which wo

llow researchers to be able to better regu

he region from the O3 auxiliary operator through the
ing sites are indicated below the DNA sequence while
ence. The Shine–Dalgarno ribosome binding site forlacZ

ssion vectors. The region from the promoter through t
A, and pET-21(1) vectors is shown. DNA binding sites
ant RNA sites are shown above the DNA sequence. T
n that is found in other pET expression vectors. Note th
ression vectors do not contain a CAP binding site and
n. T
ind

equ
pre
c99
ort

gio
exp
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140 WARREN ET AL.
their cloned genes in order to conduct phy
logical experiments. The expression vectors
scribed here were designed utilizing the w
type lac promoter/operator to accomplish t

urpose and include all of thelac control region
that is contained between the start of the
auxiliary operator through the end of the
operator (see Fig. 1). As with alllac-based
ectors, the pLAC11, pLAC22, and pLAC
xpression vectors that we have constructed
e turned on or off by the presence or abse
f the gratuitous inducer IPTG.

MATERIALS AND METHODS

edia

Minimal M9 and rich LB media used in th
tudy were prepared as described by M
1972). The antibiotics ampicillin, kanamyc
treptomycin, and tetracycline were used in
edia at final concentrations of 100, 40, 2
nd 20mg/ml, respectively. When used in m

imal media, tetracycline was added at a fi
concentration of 10mg/ml. XGal was added t
media at a final concentration of 40mg/ml,
glucose was added to media at a final con
tration of 0.2%, and unless otherwise no
IPTG was added to media at a final concen
tion of 1 mM.

Bacterial Strains and Plasmids

The bacterial strains and plasmids that w
used in this study are listed in Table 1.
construct ALS225, ALS224 was mated w
ALS216 and streptomycin-resistant, blue
combinants were selected on a rich LB p
that contained streptomycin, XGal, and IPT
To construct ALS226, ALS224 was mated w
ALS217 and streptomycin-resistant, kanam
cin-resistant recombinants were selected o
rich LB plate that contained streptomycin a
kanamycin. To construct ALS515, ALS514 w
mated with ALS216 and streptomycin-resista
blue recombinants were selected on a rich
plate that contained streptomycin, XGal, a
IPTG. To construct ALS527, ALS524 w
mated with ALS224 and streptomycin-resista
tetracycline-resistant recombinants were
-
-

3

n
e

r
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,
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lected on a rich LB plate that contained str
tomycin and tetracycline. To construct ALS5
a P1 lysate prepared from ALS213 was use
transduce ALS224 and tetracycline-resis
transductants were selected. To const
ALS535, ALS533 was mated with ALS498 a
tetracycline-resistant recombinants were
lected on a minimal M9 glucose plate that c
tained tetracycline, leucine, and thiamine (B1).
To construct ALS611, a P1 lysate prepa
from ALS420 was used to transduce ALS4
and tetracycline-resistant white transduct
were selected on a rich LB plate that contai
tetracycline, XGal, and IPTG. To constru
ALS749, a P1 lysate prepared from ALS6
was used to transduce ALS221 and tetracyc
resistant white transductants were selected
rich LB plate that contained tetracycline, XG
and IPTG.

Construction of the pLAC11, pLAC22, and
pLAC33 Expression Vectors

To construct pLAC11, primers 1 and 2 (s
Table 2) were used to PCR amplify a 953
fragment from the plasmid pBH20 which co
tains the wild-typelac operon. Primer 2 intro
duced two different base-pair mutations into
seven-base spacer region between the Sh
Dalgarno site and the ATG start site of thelacZ
which converted it from AACAGCT to AA
GATCT, thus placing aBglII site between th
Shine–Dalgarno and the start codon of thelacZ
gene. The resulting fragment was gel isola
digested withPstI and EcoRI, and then ligate
into the 3613-bp fragment from the plasm
pBR322DAvaI (described below) which ha
been digested with the same two restric
enzymes. To construct pBR322DAvaI, pBR322
was digested withAvaI, filled in using Klenow
and then religated.

To construct pLAC22, a 1291-bpNcoI,
EcoRI fragment was gel isolated from pLAC
(described below) and ligated to a 4361
NcoI, EcoRI fragment which was gel isolat
from pBR322/NcoI (described below). To con
struct pLAC21, primers 2 and 3 (see Table
were used to PCR amplify a 1310-bp fragm
from the plasmid pMS421 which contains
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141CONSTRUCTION AND CHARACTERIZATION OF PLAC11
TABLE 1

Bacterial Strains and Plasmids Used in this Work

Laboratory name Original name Genotype Reference or so

Bacterial strains (E. coli)

ALS213 K5096 proAB<Tn10 Miller and Friedman
(1980)

ALS216 SE9100 araD139D(lac)U169 thi f1bB5301 deoC7
ptsF25 rpsE/F9lacIQ1 Z1 Y1 A1

Altman et al. (1990)

ALS217 SE9100.1 araD139D(lac)U169 thi f1bB5301 deoC7
ptsF25 rpsE/F9 lacIQ1 Z<Tn5 Y1 A1

S. Emr

ALS221 BL21(DE3) ompT hsdS(b) (R2M2) gal dcm(DE3) Studier and Moffatt
(1986)

ALS224 MC1061 araD139D(araABOIC-leu)7679D(lac)X74
galU galK rpsL hsr2 hsm1

Casadaban and Cohe
(1980)

ALS225 MC1061/F9lacIQ1Z1 Y1 A1 This work
ALS226 MC1061/F9lacIQ1 Z<Tn5 Y1 A1 This work
ALS269 CSH27 F2 trpA33 thi Miller (1972)
ALS410 CSH1 F2 trp lacZ rpsL thi Miller (1972)
ALS413 MG1655 E. coli wild-type F2 l2 Guyeret al. (1980)
ALS420 RS1071 leuB6 fhuA2zah-281<Tn10 glnV44(AS) gal-6

lambda- trp-31 hisG1(Fs) argG6 rpsL104
malT1(lambda res)xylA7 mtlA2 metB1

R. Simons

ALS498 JM101 supE thiD(lac-proAB)/F9 traD36 proA1B1

lacIQ D(lacZ)M15
Yanisch-Perron (1985

ALS514 NM554 MC1061recA13 Raleighet al. (1988)
ALS515 MC1061recA13/F9lacIQ1Z1 Y1 A1 This work
ALS524 XL1-Blue recA1 endA1 gyrA96 thi21 hsdR17 supE44

relA1 lac/F9 proAB lacIQ D(lacZ)M15 Tn10
Stratagene

ALS527 MC1061/F9 proAB lacIQ D(lacZ)M15 Tn10 This work
ALS533 MC1061proAB<Tn10 This work
ALS535 MC1061proAB<Tn10/F9lacIQ D(lacZ)M15

proA1B1
This work

ALS598 CAG18615 zjb-3179<Tn10dKan lambda-rph-1 Singeret al. (1989)
ALS611 CSH1 zah-281<Tn10 This work
ALS749 BL21(DE3)lacZ zah-281<Tn10 This work

Plasmids

Plasmid name Relevant characteristics Reference or source

pBH20 Wild-typelac promoter/operator, AmpR, TetR, ColE1
replicon

Itakuraet al. (1977)

pBR322 AmpR, TetR, ColE1 replicon Bolivar et al. (1977)
pET-21(1) T7 promoter/lac operator,lacI, AmpR, ColE1 replicon Novagen
pGE226 Wild-typerecA gene, AmpR Weisemann and Weinstock (198
pKK223-3 tac promoter/operator, AmpR, ColE1 replicon Brosius and Holy (1984)
pKK233-2 trc promoter/operator, AmpR, ColE1 replicon Amann and Brosius (1985)
pLysE T7 lysozyme, CamR, P15A replicon Studier (1991)
pLysS T7 lysozyme, CamR, P15A replicon Studier (1991)
pMS421 Wild-typelac promoter/operator,lacIQ, StrepR, SpecR,

SC101 replicon
Graña et al. (1988)

pTer7 Wild-typelacZ coding region, AmpR R. Young
pTrc99A trc promoter/operator,lacIQ, AmpR, ColE1 replicon Amannet al. (1988)
pUC8 lac promoter/operator, AmpR, ColE1 replicon Vieira and Messing (1982)
pXE60 Wild-type TOL pWWOxylE gene, AmpR J. Westpheling
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142 WARREN ET AL.
wild-type lac operon as well as thelacIQ repres-
sor. The resulting fragment was gel isola
digested with EcoRI, and then ligated int
pBR322 which had also been digested w
EcoRI. To construct pBR322/NcoI, primers 4
and 5 (see Table 2) were used to PCR am
a 789-bp fragment from the plasmid pBR3
The resulting fragment was gel isolated,
gested withPstI and EcoRI, and then ligate

TAB

Primers Employed to PCR Amplify DNA
of the Various Plasm

pLAC11

1 (for) GTT GCC ATT GCTGCA G
2 (rev) ATT GAA TTC ATA AGA T
3 (for) ATT GAA TTC ACC ATG G

pBR3

(for) GTT GTT GCC ATT GCTG
5 (rev) TGT ATGAAT TCC CGG

BglII–la

6 (for) TAC TAT AGA TCT ATG A
7 (rev) TAC ATA AAG CTT GGC

PstI–lac

8 (for) TAT CAT CTG CAG AGG
9 (rev) TAC ATA CTC GAG CAG

BamHI–lacZ–HindII

10 (for) TAT CAT GGA TCC AGG

BglII–re

1 (for) TAC TAT AGA TCT ATG G
12 (rev) ATA TAT AAG CTT TTA A

HindIII–r

13 (for) TAC TAT AAG CTT AGG A
14 (rev) ATA TAT CCC GGG CAA

BamHI–

15 (for) TAC TAT AGA TCT ATG A
16 (rev) ATT AGT GAA TTC GCA C

Note.The regions of the primers that are homologo
line, while the relevant restriction sites are indicated

rientation.
,

y
.

into the 3609-bp fragment from the plasm
pBR322, which had been digested with
same two restriction enzymes. The pBR3
NcoI vector also contains addedKpnI andSmaI
sites in addition to the newNcoI site.

To construct pLAC33, a 2778-bp fragme
was gel isolated from pLAC12 (described
low) which had been digested withBsaBI and
BsaI and ligated to a 960-bp fragment fro

2

gments That Were Used in the Construction
Described in This Study

pLAC22

AT
TTC CTG TGT GAA ATT GTT ATC CGC
ACC ATC GAA TGG TGC AAA A

/NcoI

G
CCATGG TTG AAG ACG AAA GGG CCT C

HindIII

ATG ATT ACG GAT TCA CTG
CCC GGT TAT TAT TAT TTT

indIII

CAG CTA TGA CCA TGA TTA CGG ATT CAC TG
AAGC TTG GCC TGC CCG GTT ATT ATT ATT TT

lso uses primer #9)

CAG CTA TGA CCA TGA TTA CGG ATT CAC TG

HindIII

ATC GAC GAA AAC AAA CAG
ATC TTC GTT AGT TTC TGC TAC G

–HindIII

CAG CTA TGG CTA TCG ACG AAA ACA AAC AG
T TTT AAA AAT CCT CGT TAG TTT CTG CTA CG

–EcoRI

AAA GGT GTA ATG CGA CC
TCT CTG CAA TAA GTC GT

o the DNA target template are indicated with a doubl
th a single underline. All primers are listed in the 59 to 39
LE

Fra
ids

and

GC
CT
AC

22

CA
GTA

cZ–

CC
CTG

Z–H

AAA
GA

I (a

AAA

cA–

CT
AA

ecA

AA
GC

xylE

AC
AA

us t
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143CONSTRUCTION AND CHARACTERIZATION OF PLAC11
pUC8 which had been digested withAflIII,
lled in with Klenow, and then digested wi
saI. To construct pLAC12, a 1311-bpPstI,
amHI fragment was gel isolated from pLAC
nd ligated to a 3232-bpPstI, BamHI fragmen
hich was gel isolated from pBR322.

ompilation of the DNA Sequences for the
pLAC11, pLAC22, and pLAC33 Expressi
Vectors

All of the DNA that is contained in th
LAC11, pLAC22, and, pLAC33 vectors h
een sequenced. The sequence for the pLA
ector which is 4547-bp can be compiled
ollows: bp 1–15 is AGATCTTATGAATTC
rom primer 2 (Table 2); bp 16–1434 is
–1422 from pBR322 (Accession No. J0174
p 1435–1442 is TCGGTCGG, caused by

ng in theAvaI site in pBR322DAvaI; bp 1443–
375 is bp 1427–4359 from pBR322 (Acc
ion No. J01749); and bp 4376–4547 is
106–1277 from the wild-typeEscherichia col

ac operon (Accession No. J01636).
The sequence for the pLAC22 vector wh

s 5652-bp can be compiled as follows: bp 1
s AGATCTTATGAATTC from primer 2 (Ta
le 2); bp 16–4370 is bp 4–4358 from pBR3
Accession No. J01749); bp 4371–4376
CATGG which is theNcoI site from pBR322
coI; and bp 4377–5652 is bp 2–1277 from
ild-type E. coli lac operon (Accession N

J01636), except that bp 4391 of the pLAC
sequence or bp 16 from the wild-typeE. coli lac
operon sequence has been changed from a
to a “T” to reflect the presence of thelacIQ

mutation (Calos, 1978).
The sequence for the pLAC33 vector wh

is 3742-bp can be compiled as follows: bp 1
is AGATCTTATGAATTC from primer 2 (Ta
ble 2); bp 16–1684 is bp 4–1672 from pBR3
(Accession No. J01749); bp 1685–2638 is
786–1739 from pUC8 (Accession No. L0913
bp 2639–3570 is bp 3428–4359 from pBR3
(Accession No. J01749); and bp 3571–374
bp 1106–1277 from the wild-typeE. coli lac
operon (Accession No. J01636). In the maps
these vectors theori is identified as per Balba´s
et al. (1986), while thelacPO is indicated star
1

;

”

s

r

ing with the O3 auxiliary operator and end
with the O1 operator as per Mu¨ller-Hill (1996).

Construction of the pLAC11–, pLAC22–,
pLAC33–, pKK223-3–, pKK233-2–,
pTrc99A–, and pET-21(1)–lacZ Plasmids

To construct pLAC11–lacZ, pLAC22–lacZ,
and pLAC33–lacZ, primers 6 and 7 (see Tab
2) were used to PCR amplify a 3116-bp fr
ment from the plasmid pTer7 which conta
the wild-typelacZ gene. The resulting fragme
was gel isolated, digested withBglII and Hin-
dIII, and then ligated into the pLAC1
pLAC22, or pLAC33 vectors which had be
digested with the same two restriction enzym
To construct pKK223-3–lacZ and pKK233-2–
lacZ,primers 8 and 9 (see Table 2) were use
PCR amplify a 3138-bp fragment from the pl
mid pTer7. The resulting fragment was gel i
lated, digested withPstI and HindIII, and then
ligated into the pKK223-3 or pKK233-2 vecto
which had been digested with the same
restriction enzymes. To construct pTrc99
lacZ and pET-21(1)–lacZ, primers 9 and 1
(see Table 2) were used to PCR amplif
3138-bp fragment from the plasmid pTer7. T
resulting fragment was gel isolated, diges
with BamHI and HindIII, and then ligated int
the pTrc99A or pET-21(1) vectors which ha
been digested with the same two restric
enzymes.

Construction of the pLAC11–recA and –xylE
Plasmids

To construct pLAC11–recA, primers 11 an
12 (see Table 2) were used to PCR ampli
1086-bp fragment from the plasmid pGE2
which contains the wild-typerecA gene. The
resulting fragment was gel isolated, diges
with BglII andHindIII, and then ligated into th
pLAC11 vector which had been digested w
the same two restriction enzymes. To const
pKK223-3–recA and pKK233-2–recA, primers
13 and 14 (see Table 2) were used to P
amplify a 1104-bp fragment from the plasm
pGE226. The resulting fragment was gel i
lated, digested withHindIII, and then ligate
into either the pKK223-3 or pKK233-2 vect
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144 WARREN ET AL.
which had been digested withHindIII and de-
phosphorylated with alkaline phosphatase.
construct pLAC11–xylE,primers 15 and 16 (se
Table 2) were used to PCR amplify a 980
fragment from the plasmid pXE60 which co
tains the wild-typePseudomonas putida xy
gene isolated from the TOL pWWO plasm
The resulting fragment was gel isolated,
gested withBglII and EcoRI, and then ligate
nto the pLAC11 vector which had been
ested with the same two restriction enzym

b-Galactosidase and Catechol 2,3-
Dioxygenase Assays

b-Galactosidase assays were performe
described by Miller (1972), while catechol 2
dioxygenase assays were performed as
scribed by Zukowskiet al. (1983).

P1 Transduction Assay

Overnights were prepared from each of
strains to be tested using either rich med
to which glucose was added at a final conc
tration of 0.2% (repressed conditions) or r
medium to which IPTG was added at a fi

TAB

b-Galactosidase levels Obtained in Different Express

Host
strain Vector

Source
of LacI Re

ALS224 None None
ALS226 None F9
ALS226 pLAC11 F9
ALS224 pLAC22 Plasmid
ALS226 pLAC33 F9
ALS226 pKK223-3 F9
ALS226 pKK233-2 F9
ALS224 pTrc99A Plasmid
ALS749 None None
ALS749 pET-21(1) Plasmid
ALS749 pET-21(1)/pLysE Plasmid
ALS749 pET-21(1)/pLysS Plasmid

Note.The average values obtained for the four clone
listed. Standard deviation is not shown but was less th
enzymatic activity observed under fully induced cond
unexpected results, we restriction mapped both of the
o

.

s

e-

-

l

concentration of 1 mM (induced condition
The overnights were diluted 1 to 10 into t
same medium which contained calcium ch
ride added to a final concentration of 10 m
and aerated for 2 h to makethem competen
or transduction with P1 phage. A 0.1-ml v
me of cells at an OD550 of 1.0 was transduce

with either 0.1 ml of P1 lysate which had be
adjusted to yield a maximal number of tra
ductants or 0.1 ml of a 1022 dilution of the
lysate. After a 25-min incubation at 37°C, 0
ml of 0.1 M sodium citrate was added to t
cell/phage mixtures and 0.2 ml of the fin
mixtures was plated onto rich kanamy
plates and incubated overnight at 37°C.
total number of kanamycin-resistant colon
was then counted. As reported in Table
ALS225 recA1 data points were taken fro
the transductions which used the 1022 diluted
phage, while ALS515recA2 data points wer
taken from the transductions which used
concentrated phage. The data points
ALS515 recA2 strains containing arecA1

plasmid were taken from transductions wh
used the concentrated phage when cells w
grown under repressed conditions and tra

3

Vectors Grown under Either Repressed or Induced C

No. of Miller units observed
Fold

inductionssed conditions Induced conditions

3 6 —
4 7 —

19 11,209 5903
152 13,315 883

322 23,443 733
92 11,037 1203
85 10,371 1223
261 21,381 823

3 4 —
2929 16,803 63
4085 19,558 53
1598 20,268 133

at were tested from each vector in two different experim
5% in each case. Induction ratios are expressed as t
ns versus fully repressed conditions. Because pLysE
ysE and pLysS plasmids to make sure that they were
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145CONSTRUCTION AND CHARACTERIZATION OF PLAC11
ductions which used the 1022 diluted phag
when cells were grown under induced con
tions.

Chemicals and Reagents

When amplified DNA was used to constr
the plasmids that were generated in this stu
the PCR was carried out using nativePfu
polymerase from Stratagene. XGal and IP
were purchased from Diagnostic Chemic
Limited.

RESULTS

Construction and Features of pLAC11,
pLAC22, and pLAC33

The construction of pLAC11, pLAC22, a
pLAC33 is described under Materials a
Methods and plasmid maps which indicate
unique restriction sites, drug resistances, ori
of replication, and other relevant regions t
are contained in these vectors are shown in
3. Sequences of these three vectors can be
piled as described under Materials and M
ods. pLAC11 utilizes the ColE1 origin of re
lication from pBR322 and Lac repressor
provided in trans from either an episome
another compatible plasmid. pLAC22 is ve
similar to pLAC11; however, it also contai

TAB

The Phenotype of arecA Null Mutant Strain C
Construct under

Strain

R

LS225 (recA1)
ALS515 (recA2)
ALS515 (recA2 pLAC11-recA)

LS515 (recA2 pKK223-3-recA)
LS515 (recA2 pKK233-2-recA)

Note. The data presented are the numbers of kana
different isogenic strains when they were transduced
Tn10dKan transposon insertion. Cells were grown in ric
with equal amounts of the P1 lysate, plated onto rich ka
Materials and Methods. The total number of kanamyc
-

,

s
t
.

m-
-

lacIQ and thus a source of Lac repressor d
not have to be provided intrans. pLAC33 is a
derivative of pLAC11 which utilizes the m
tated ColE1 origin of replication from pUC
(Lin-Chao et al., 1992) and thus pLAC33
copy number is significantly higher th
pLAC11 and is comparable to that of other p
vectors. Because the cloning regions of th
three vectors are identical, cloned genes ca
easily shuffled between these three vectors
pending on the expression demands of the
periment in question.

To clone into pLAC11, pLAC22, o
pLAC33, PCR amplification is performed w
primers that are designed to introduce uni
restriction sites just upstream and downstr
of the gene of interest (see Fig. 4). Usuall
BglII site is introduced immediately in front
the ATG start codon and anEcoRI site is intro-
duced immediately following the stop codo
After amplification the dsDNA is restricted wi
BglII and EcoRI and cloned into the vect

hich has also been restricted with the sa
wo enzymes. If the gene of interest contain
glII site, then BamHI or BclI can be use

nstead since they generate overhangs whic
ompatible withBglII. If the gene of interes
ontains anEcoRI site, then a site downstrea
f EcoRI in the vector (such asHindIII) can be

4

Be Preserved with a pLAC11–recA (Wild-Type)
pressed Conditions

essed conditions Induced conditi

mber of KanR

ansductants
Number of KanR

transductants

178,000 182,000
5 4
4 174,000

146 179,000
143 158,000

cin-resistant (KanR) transductants that were obtained from
h a P1 lysate prepared from strain ALS598 which ha
edium under either repressed or induced conditions, t
ycin plates, and incubated overnight at 37°C as descr
sistant colonies was then counted.
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147CONSTRUCTION AND CHARACTERIZATION OF PLAC11
substituted. As shown in Fig. 4, we place
additional six extra bases at both ends of
oligonucleotide in order to ensure that comp
digestion occurs.

Comparison of pLAC11, pLAC22, and
pLAC33 to Other Expression Vectors

In order to demonstrate how regulable
pLAC11, pLAC22, and pLAC33 expression ve
tors were, the wild-typelacZ gene was clone
into pLAC11, pLAC22, pLAC33, pKK223-3
pKK233-2, pTrc99A, and pET-21(1). Construct
which required an extraneous source of LacI
their repression were transformed into st
ALS226, while constructs which contained
source of LacI on the vector were transformed
strain ALS224. pET-21(1) constructs were tran
ormed into strain ALS749 because they req
7 RNA polymerase for their expression. F

ndependentlacZ clones were chosen from ea
vector. The plasmids pLysE and pLysS wh
make T7 lysozyme and thus lower the amoun
available T7 polymerase were also transform
into each of the four pET-21(1) clones. Rich
mpicillin overnights were diluted 1 to 200
ither rich ampicillin glucose medium (repres
onditions) or rich ampicillin IPTG medium (i
uced conditions) and grown until they reac
idlog (OD 5 0.5). Cell extracts were prepar

FIG. 4. Cloning into pLAC11, pLAC22, or pLAC
cloned into pLAC11, pLAC22, or pLAC33, and pl
550
e

r

f
d

andb-galactosidase assays were performed a
Miller (1972). Table 3 shows the results of th
studies and also lists the induction ratio that
determined for each of the expression vectors
the data clearly indicate, pLAC11 is the m
regulable of these expression vectors and it
duction ratio is close to that which can be achie
with the wild-typelac operon. The vector whic
ielded the lowest level of expression under
ressed conditions was pLAC11, while the ve
hich yielded the highest level of expression
er induced conditions was pLAC33.

emonstrating That pLAC11 Constructs Ca
Be Tightly Regulated

To further demonstrate the utility of pLAC1
or physiological experiments, therecA gene
as cloned into the pLAC11, pKK223-3, a
KK233-2 vectors and transformed into ce
hich contained a nullrecA allele in the chro

mosome. The pKK223-3 and pKK233-2 vect
were chosen as controls because aside
pLAC11, they were the most tightly regulab
of all the vectors that were examined in
experiments withlacZ shown in Table 2. As th
data in Table 4 clearly show, recombinat
cannot occur in a host strain which contain
nonfunctional RecA protein and thus P1 lysa
which provide a Tn10dKan transposon can

. The coding region of interest can be PCR amplified
d underlac control.
33
ace
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148 WARREN ET AL.
be used to transduce the strain to kanam
resistance at a high frequency. ArecA2 strain
which also contains the pLAC11–recA con-
struct can be transduced to kanamycin re
tance at a high frequency when grown un
induced conditions but cannot be transduce
kanamycin resistance when grown under
pressed conditions. This is not the case for
pKK223-3–recA and pKK233-2–recA con-
structs as a significant number of transduct
above background can be obtained under
pressed conditions.

pLAC11 was designed to provide research
with an expression vector that could be utiliz
to conduct physiological experiments in wh
a cloned gene is studied under completely
pressed conditions where it is off or partia

FIG. 5. Response of the pLAC11–lacZ construct to vary
ng amounts of IPTG. ALS226 cells containing pLAC1
acZ were grown to midlog in rich medium that contain
arying amounts of IPTG and thenb-galactosidase activi

was assayed. These data points are indicated by ope
cles. Also indicated in the graph are the averageb-galacto
sidase activities obtained for strains with a single chro
somal copy of the wild-typelacZ gene that were grow
under different conditions. A filled square indicates
b-galactosidase activity that was obtained when MG165
CSH27 cells were grown in rich medium induced wit
mM IPTG, while a filled diamond indicates theb-galacto
sidase activity that was obtained when MG1655 or CS
cells were grown in M9 minimal lactose medium.
n

-
r
o
-
e

ts
-

s

-

induced conditions where it is expressed
physiologically relevant levels. Figure 5 de
onstrates how a pLAC11–lacZ construct can b
utilized to mimic chromosomally express
lacZ that occurs under various physiologi
conditions by varying the amount of IPTG
ducer added.

Testing Various Sources of LacI for Trans
Repression of pLAC11

Because pLAC11 was designed to be u
with an extraneous source of Lac repres
different episomal or plasmid sources of L
which are routinely employed by research
were tested. Since one of the LacI sources
contained thelacZ gene, a reporter constru
other than pLAC11–lacZ was required and thu
a pLAC11–xylE construct was engineered. T
ble 5 shows the results of this study. All of t
LacI sources that were tested proved to be
equate to repress expression from pLAC
however, some were better than others.
basal level of expression that was observed
F9s which providedlacIQ1 or with the plasmid
pMS421 which providedlacIQ at approximatel
six copies per cell was lower than the basal le
of expression that was observed with F9s which
providedlacIQ all three times that the assay w
performed. Unfortunately, however, thexylE
gene could not be induced as high whenlacIQ1

on a F9 or lacIQ on a plasmid was used as
source of Lac repressor.

DISCUSSION

Most of the routinely employed express
vectors rely on elements of thelac control re-
gion for their regulation. While these vecto
allow for overexpression of the gene produc
interest, they are leaky due to changes that
been introduced into thelac control region an
gene expression cannot be completely shu
under repressed conditions. Numerous rese
ers have noticed this problem with the m
popular expression vectors pKK223-3 (Posfaet
al., 1986; Scruttonet al.,1987), pKK233-2 (Be
remandet al., 1987; Ooki et al., 1994), and

Trc99A (Ranieet al.,1993; Ghosh and Sing
997), as well as the pET series (Eren

ir-

-

r
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149CONSTRUCTION AND CHARACTERIZATION OF PLAC11
Swenson, 1989; Godson, 1991). We desc
here a new vector, pLAC11, which relies on
wild-type lac control region from the auxiliar
lac O3 operator through thelac O1 operator an
thus can be more tightly regulated than the o
available expression vectors. In direct comp
ison studies with pKK223-3, pKK233-
pTrc99A, and pET-21(1), we found that th
owest level of expression under repressed
itions was achievable with the pLAC11 e
ression vector. Under fully induced conditio
LAC11 expressed LacZ protein at lev
hich were comparable to what could
chieved with the other expression vectors.
Induction ratios of 10003 have been ob

served with the wild-typelac operon. Of all the
expression vectors that were tested, o
pLAC11 yielded induction ratios which we
comparable to what has been observed with
wild-type lac operon. It should be noted that t
regulation achievable by pLAC11 is actua
better than the data indicated in Table 3.
causelacZ was used in this test, the auxilia
ac O2 operator which resides in the cod
egion of the lacZ gene was provided to th
KK223-3, pKK233-2, pTrc99A, an

TAB

Catechol 2,3-Dioxygenase Levels Obtaine
Is Provided b

Host
strain

Plasmid
present Source of LacI

ALS224 No None
ALS224 Yes None
ALS535 Yes F9lacIQ D(lacZ)M15 proA1B
ALS527 Yes F9lacIQ D(lacZ)M15 proA1B
ALS227 Yes pMS421lacIQ

ALS225 Yes F9lacIQ1 Z1 Y1 A1

ALS226 Yes F9lacIQ1 Z<Tn5 Y1 A1

Note. The pLAC11–xylE construct was transformed
parental MC1061 strain, without the pLAC11–xylE constru
either rich glucose or rich IPTG medium and grown u

repared and catechol 2,3-dioxygenase assays were p
obtained in three different experiments are listed. Stan
should be noted that some repression is achieved in AL
of glucose prevents the accumulation of high levels of
e

r
-

-

,

y

e

-

ET-21(1) vectors which do not normally co
ain either the O2 or O3 auxiliary operato
hus the repressed states that were observ

he study in Table 3 are lower than what
ormally obtainable with the pKK223-
KK233-2, pTrc99A, and pET-21(1) vectors
he studies with RecA in Table 4 demonstr

his as RecA protein expression could only
ompletely shut off under repressed conditi
sing pLAC11. Significant expression of t
ecA protein occurred in the pKK223-3 a
KK233-2 vectors under repressed conditio
To meet the expression needs required u

ifferent experimental circumstances, we a
esigned two additional expression vec
hich are derivatives of pLAC11. pLAC22 pr
ides lacIQ on the vector and thus unli

pLAC11 does not require an extraneous so
of LacI for its repression. pLAC33 contains t
mutated ColE1 replicon from pUC8 and th
allows proteins to be expressed at much hig
levels due to the increase in the copy numbe
the vector. Of all the expression vectors that
evaluated in direct comparison studies,
highest level of protein expression under fu
induced conditions was achieved using

5

r a pLAC11–xylE Construct When Lac Repressor
arious Sources

Catechol 2,3-dioxygenase activity
in milliunits/mg

Repressed conditions
(rich glucose)

Induced condition
(rich IPTG)

0.2 0.2
32.7 432.8

n10 0.3 204.4
0.3 243.3
0.2 90.9
0.2 107.4
0.2 85.1

each of the MC1061 derivative strains listed. ALS22
erved as a control. Rich overnights were diluted 1 to 2
they reached midlog (OD550 5 0.5). Cell extracts were the
rmed as described by Zukowskiet al. (1983). The average valu
d deviation is not shown but was less than 10% in ea
4 pLAC11–xylEunder repressed conditions, because the add
MP.
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150 WARREN ET AL.
pLAC33 vector. Because the cloning regio
are identical in pLAC11, pLAC22, an
pLAC33, genes that are cloned into one of th
vectors can be subcloned into one of the o
two vectors depending on experimental circu
stances. For physiological studies, pLAC11
the best suited of the three vectors. If, howe
the bacterial strain of choice cannot be modi
to introduce elevated levels of Lac repres
protein which can be achieved by F9s or com
patible plasmids that providelacIQ or lacIQ1, the
pLAC22 vector can be utilized. If maxim
overexpression of a gene product is the g
then the pLAC33 vector should be utilized.

Numerous experiments call for expression
a cloned gene product at physiological lev
i.e., at expression levels that are equivalen
the expression levels observed for the chro
somal copy of the gene. While this is not ea
achievable with any of the commonly utiliz
expression vectors, these kinds of experim
can be done with the pLAC11 expression v
tor. By varying the IPTG concentrations, e
pression from the pLAC11 vector can be
justed to match the expression levels that o
under different physiological conditions for t
chromosomal copy of the gene.

Because the use of Lac repressor is an es
tial component of any expression vector t
utilizes thelac operon for its regulation, we al
nvestigated the ability of different sources
acI to repress the pLAC11 vector. Researc
ave historically utilized eitherlacIQ construct
hich make 10-fold more Lac repressor th
ild-type lacI or lacIQ1 constructs which mak

100-fold more Lac repressor than wild-typelacI
(Müller-Hill, 1975). We found that the greate
level of repression of pLAC11 constructs co
be achieved using F9s which provided approx
mately one copy of thelacIQ1 gene or a multi-
copy compatible plasmid which provided a
proximately six copies of thelacIQ gene
However, the induction that was achievable
ing these LacI sources was significantly low
than the induction that could be achieved w
F9s which provided approximately one copy
the lacIQ gene were used to repress the pLAC
construct. Thus if physiological studies are
goal of an investigation, then F9s which provide
e
r
-

r,

r

l,

f
,
o
-

ts
-

-
r

n-
t

s

-
r
n

approximately one copy of thelacIQ1 gene or a
multicopy compatible plasmid which provid
approximately six copies of thelacIQ gene
should be used to regulate the pLAC11 vec
However, if maximal expression is desired, t
F9s which provide approximately one copy
the lacIQ gene should be utilized. Alternative
if a bacterial strain can tolerate prolonged ov
expression of an expressed gene and ove
pression of a gene product is the desired g
then maximal expression under induced co
tions is obtained when a bacteria strain la
any source of Lac repressor.
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