Plasmid44, 138—-151 (2000) ®
doi:10.1006/plas.2000.1477, available online at http://www.idealibrary.corlwnri %I-

Construction and Characterization of a Highly Regulable Expression
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A number of different expression vectors have been developed to facilitate the regulated overpro-
duction of proteins irEscherichia 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-tygac 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 expressiorto the promoter. Repression of ttae promoter
vectors rely orlac control in order to overpro- is observed when glucose is the main carbo
duce a gene of choice (Brosius, 1988; Balbasource because very little c-AMP is present an
and Bolivar, 1990). With the wild-typkac pro- thus low amounts of c-AMP-activated CAP
moter/operator, induction ratios of up to 1000 protein are available. When poor carbon source
have been observed between repressed versugh as lactose or glycerol are used, c-AMF
induced growth conditions (Beckwith andlevels rise, large amounts of c-AMP-activatec
Zipser, 1970). Théac promoter/operator func- CAP protein become available, and thus induc
tions as it does due to the interplay of three maition of thelac promoter can occur. Second, Lac
components (the wild-typkac control region is repressor binds to thiac operator which pre-
shown in Fig. 1; for general reviews, see Glassients transcription of théac operon. Lac re-
1982; and Miuler-Hill, 1996). First, the wild- pressor can be overcome by allolactose which |
type lac —10 region (TATGTT) is very weak. a natural by-product of lactose utilization in the
c-AMP-activated CAP protein is able to bind tocell or by the gratuitous inducer IPTGThird,
the CAP site just upstream of the35 region thelac operator can form stable loop structures
which stimulates binding of RNA polymerasewhich prevents the initiation of transcription
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lacl
stop }
GGCAGTGAGCGCAACGCAATTjAATGTGAGTTAGCTCACTCA#I‘TAGGCACCCCAGGQTTTAC %}( TTTA

03 CAP -35

lacZ
+1 SD start

TGCTTCCGECTCGTATGTTGTCTGGAATTGTGAGCGGATAACAATTTCACAC AGGARACAGCTATG
-10 o1

FIG. 1. Control region of the wild-typdac operon. The region from the O3 auxiliary operator through the
translational start of thiacZ gene is shown. DNA binding sites are indicated below the DNA sequence while
important RNA sites are shown above the DNA sequence. The Shine—Dalgarno ribosome bindingaité for
is indicated by SD.

due to the interaction of the Lac repressor witltlac operator (O1) and lack both the CAP bind-
the lac operator (O1) and one of two auxiliarying site and the O3 auxiliary operator.
operators, O2 which is located downstream ipKK223-3, pKK233-2, and pTrc99 usetg—
the coding region of thtacZ gene or O3 which lac hybrid promoter that contains thep —35
is located just upstream of the CAP binding siteregion and théacUV5 —10 region which con-
While binding of Lac repressor to thiac tains a strong TATAAT site instead of the weak
operator is the major effector ¢dic regulation, TATGTT site. The pET family of vectors uses
the other two components are not dispensabline strong T7 promoter. Given this information,
Unfortunately, most of the routinely usédc- perhaps it is not surprising that researchers hay
regulable vectors contain either mutations diound it is not possible to tightly shut off genes
deletions which alter the effect of the other twdhat are cloned into these vectors. The promote
components. The pKK223-3 (Brosius and Holypperator control regions utilized by these vec
1984), pKK233-2 (Amann and Brosius, 1985)fors are shown in Fig. 2.
pTrc99A (Amannret al.,1988), and pET family = We wanted to design a vector which would
of vectors (Studieet al.,1990) contain only the allow researchers to be able to better regulat

pKK223-3
+1

TEG%CE&P\TTAATCATC GGCTC GE A}‘P:@TFTGTGG AATTGTGAGCGGATAACAATT
-35 tac promoter -10 o1

pKK233-2
+1

TTGAC@ATTAATCATCCGGCTCG{I‘ATAATCTGTGGAATTGTGAGCGGATAACAATT

-35 trc promoter -10 o1
pTrc99A
e +1
TTGACA]ATTAATCATCCGGCTCGE AiAiAiTk;TGTGGAATTGTGAGCGGATAACAATT
-35 trc promoter -10 o1
pET-21(+)

+1
EAATACGACTCAC TATAJGGGGAATTGTGAGCGGATAACAATT

T7 promoter o1

FIG. 2. Control regions of routinely employed expression vectors. The region from the promoter through the
lac O1 operator for the pKK223-3, pKK233-2, pTrc99A, and pET-2){ectors is shown. DNA binding sites
are indicated below the DNA sequence while important RNA sites are shown above the DNA sequence. The
pET-21(+) control region is typical of the control region that is found in other pET expression vectors. Note that
the pKK223-3, pKK233-2, pTrc99A, and pET-2#] expression vectors do not contain a CAP binding site and
lack an auxiliarylac operator.
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their cloned genes in order to conduct physidected on a rich LB plate that contained strep
logical experiments. The expression vectors déemycin and tetracycline. To construct ALS533,
scribed here were designed utilizing the wilda P1 lysate prepared from ALS213 was used t
type lac promoter/operator to accomplish thistransduce ALS224 and tetracycline-resistan
purpose and include all of tHac control region transductants were selected. To constru
that is contained between the start of the OBLS535, ALS533 was mated with ALS498 and
auxiliary operator through the end of the Oletracycline-resistant recombinants were se
operator (see Fig. 1). As with albc-based lected on a minimal M9 glucose plate that con
vectors, the pLAC11, pLAC22, and pLAC33tained tetracycline, leucine, and thiamine,\B

expression vectors that we have constructed cdio construct ALS611, a P1 lysate prepare
be turned on or off by the presence or absendeom ALS420 was used to transduce ALS41C(

of the gratuitous inducer IPTG. and tetracycline-resistant white transductant
were selected on a rich LB plate that containe
MATERIALS AND METHODS tetracycline, XGal, and IPTG. To construct

] ALS749, a P1 lysate prepared from ALS611

Media was used to transduce ALS221 and tetracycline

Minimal M9 and rich LB media used in this resistant white transductants were selected on
study were prepared as described by Millefich LB plate that contained tetracycline, XGal,
(1972). The antibiotics ampicillin, kanamycin,@nd IPTG.
streptomycin, and tetracycline were used in rich
media at final concentrations of 100, 40, 200Construction of the pLAC11, pLAC22, and
and 20ug/ml, respectively. When used in min- pLAC33 Expression Vectors
imal media, tetracycline was added at a final .
concentration of 1Qug/ml. XGal was added to _ 10 construct pLAC11, primers 1 and 2 (see
media at a final concentration of 4@g/ml, 1able 2) were used to PCR amplify a 953-by
glucose was added to media at a final conceffdgment from the plasmid pBH20 which con-
tration of 0.2%, and unless otherwise notedfins the wild-typelac operon. Primer 2 intro-

IPTG was added to media at a final concentrdluced two different base-pair mutations into the
tion of 1 mM. seven-base spacer region between the Shin

Dalgarno site and the ATG start site of thaeZ
which converted it from AACAGCT to AA-
GATCT, thus placing &glll site between the
The bacterial strains and plasmids that werBhine—Dalgarno and the start codon of theZ
used in this study are listed in Table 1. Tayene. The resulting fragment was gel isolatec
construct ALS225, ALS224 was mated withdigested withPst and EcoRlI, and then ligated
ALS216 and streptomycin-resistant, blue reinto the 3613-bp fragment from the plasmid
combinants were selected on a rich LB platpBR322\Avd (described below) which had
that contained streptomycin, XGal, and IPTGbeen digested with the same two restrictior
To construct ALS226, ALS224 was mated withenzymes. To construct pBR322&va, pBR322
ALS217 and streptomycin-resistant, kanamywas digested wittval, filled in using Klenow,
cin-resistant recombinants were selected onamd then religated.
rich LB plate that contained streptomycin and To construct pLAC22, a 1291-bpNcd,
kanamycin. To construct ALS515, ALS514 wasEcaRl| fragment was gel isolated from pLAC21
mated with ALS216 and streptomycin-resistanidescribed below) and ligated to a 4361-by
blue recombinants were selected on a rich LBIcd, Ecarl fragment which was gel isolated
plate that contained streptomycin, XGal, androm pBR322Ncd (described below). To con-
IPTG. To construct ALS527, ALS524 wasstruct pLAC21, primers 2 and 3 (see Table 2
mated with ALS224 and streptomycin-resistantyvere used to PCR amplify a 1310-bp fragmen
tetracycline-resistant recombinants were sdrom the plasmid pMS421 which contains the

Bacterial Strains and Plasmids
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TABLE 1

Bacterial Strains and Plasmids Used in this Work

141

Laboratory name

Original name

Genotype

Reference or source

ALS213

ALS216

ALS217

ALS221

ALS224

ALS225
ALS226
ALS269
ALS410
ALS413
ALS420

ALS498

ALS514
ALS515
ALS524

ALS527
ALS533
ALS535

ALS598

ALS611
ALS749

Plasmid name

Bacterial strainsk. coli)

Miller and Friedman
(1980)
Altman et al. (1990)

S. Emr

Studier and Moffatt
(1986)

Casadaban and Cohen
(1980)

This work

This work

Miller (1972)

Miller (1972)

Guyeret al. (1980)

R. Simons

Yanisch-Perron (1985)

Raleighet al. (1988)
This work
Stratagene

This work
This work
This work

K5096 proAB:: Tn10
SE9100 araD13A(lac)U169 thi f1bB5301 deoC7
ptsF25 rpsEF'lacl® Z© Y*© A*
SE9100.1 araD139A(lac)U169 thi f1bB5301 deoC7
ptsF25 rpsEF lacl® Z::Tn5 Y+ A+
BL21(DE3) ompT hsd®) (R—M—) gal dcm(DE3)
MC1061 araD139 A(araABOIC-le) 7679 A(lac)X74
galU galK rpsL hsr hsmt
MC1061/Hacl®'z* Y* A*
MC1061/Hacl®" Z::Tn5 Y" A"
CSH27 F trpA33 thi
CSH1 F trp lacZ rpsL thi
MG1655 E. coli wild-type F A~
RS1071 leuB6 fhuA2zah-281:Tn10 gInV44AS) gal-6
lambda- trp-31 hisG@Fs) argG6 rpsL104
malTX(lambda reskylA7 mtlIA2 metB1
JM101 SupE thiA(lac-proAB/F’ traD36 proA'B*
lacl? A(lacZ2M15
NM554 MC1061recA13
MC1061recA13F'lacl®'Z” Y* A"
XL1-Blue recAl endAl gyrA96 thil hsdR17 supE44
relAl lacF’ proAB lacR A(laczM15 Tn10
MC1061/F proAB lacR A(lacZ)M15 Tn10
MC1061proAB:: Tn10
MC1061proAB:: Tn10/Flacl® A(lacM15
proA+B+
CAG18615 zjb-3179Tn10dKan lambdarph-1

CSH1 zah-281Tn10
BL21(DE3)lacZ zah-281:Tn10

Plasmids

Relevant characteristics

Singeret al. (1989)
This work
This work

Reference or source

pBH20

pBR322
pET-21(+)
pGE226
pKK223-3
pKK233-2
pLysE
pLysS
pmMS421

pTer7
pTrc99A
puCs
pXEG0

Wild-typelac promoter/operator, Anip Tet®, ColE1
replicon

Amp, Tef?, ColE1 replicon

T7 promoterlac operator,acl, Amp®, ColE1 replicon

Wild-typerecA gene, Amf

tac promoter/operator, Anfp ColE1 replicon

trc promoter/operator, Arify ColE1 replicon

T7 lysozyme, Caff) P15A replicon

T7 lysozyme, Cafp P15A replicon

Wild-typelac promoter/operatodacl®, Streg’, Speé,
SC101 replicon

Wild-typelacZ coding region, Amp

trc promoter/operatorac!®, Amp®, ColE1 replicon

lac promoter/operator, Anflp ColE1 replicon

Wild-type TOL pWWOxyIE gene, Amf

Itakuraet al. (1977)

Bolivar et al. (1977)

Novagen

Weisemann and Weinstock (1985)
Brosius and Holy (1984)

Amann and Brosius (1985)
Studier (1991)

Studier (1991)

Grara et al. (1988)

R. Young

Amannet al. (1988)

Vieira and Messing (1982)
J. Westpheling
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TABLE 2

Primers Employed to PCR Amplify DNA Fragments That Were Used in the Construction
of the Various Plasmids Described in This Study

pLAC11 and pLAC22

1 (for) GTT GCC ATT GCTGCA GGC AT
2 (rev) ATT GAA TTC ATA AGA TCT TTC CTG TGT GAA ATT GTT ATC CGC
3 (for) ATT GAA TTC TTC ACC ATG gAC ACC ATC GAA TGG TGC AAA A
pBR322Ncd
4 (for) GTT GTT GCC ATT GCTGCA G
5 (rev) TGT ATGAAT TCC CGG GTA CCATGG TTG AAG ACG AAA GGG CCT C
Bglll-lacZz—Hindlll
6 (for) TAC TAT AGA TCT ATG ACC ATG ATT ACG GAT TCA CTG
7 (rev) TAC ATA AAG CTT GGC CTG CCC GGT TAT TAT TAT TTT
Pst—-lacz—Hindlll
8 (for) TAT CAT CTG CAG AGG AAA CAG CTA TGA CCA TGA TTA CGG ATT CAC TG
9 (rev) TAC ATA CTC GAG CAG GAAAGC TTG GCC TGC CCG GTT ATT ATT ATT TT

BamHI-lacZ-Hindlll (also uses primer #9)

10 (for) TAT CAT GGA TCC AGG AAA CAG CTA TGA CCA TGA TTA CGG ATT CAC TG
Bglll-recA-HirdllI

11 (for) TAC TAT AGA TCT ATG GCT ATC GAC GAA AAC AAA CAG

12 (rev) ATA TAT AAG CTT TTA AAA ATC TTC GTT AGT TTC TGC TAC G

Hindlll-recA-HirdIIl
13 (for) TAC TAT AAG CTT AGG AAA CAG CTA TGG CTA TCG ACG AAA ACA AAC AG

14 (rev) ATA TAT CCC GGG CAAGCT TTT AAA AAT CCT CGT TAG TTT CTG CTA CG

BanmHI—xylE-Ecdrl
15 (for) TAC TAT AGA TCT ATG AAC AAA GGT GTA ATG CGA CcC

16 (rev) ATT AGT GAA TTC GCA CAA TCT CTG CAATAA GTC GT

Note. The regions of the primers that are homologous to the DNA target template are indicated with a double ul
line, while the relevant restriction sites are indicated with a single underline. All primers are listed irf the35
orientation.

wild-type lac operon as well as thacl® repres into the 3609-bp fragment from the plasmid
sor. The resulting fragment was gel isolated)BR322, which had been digested with the
digested with EcaRI, and then ligated into same two restriction enzymes. The pBR322
pBR322 which had also been digested witiNcd vector also contains adddé<pnl and Sma
EcaRl. To construct pBR32Rlcd, primers 4 sites in addition to the newcd site.

and 5 (see Table 2) were used to PCR amplify To construct pLAC33, a 2778-bp fragment
a 789-bp fragment from the plasmid pBR322was gel isolated from pLAC12 (described be-
The resulting fragment was gel isolated, ditow) which had been digested witdsaBl and
gested withPst and EcadRl, and then ligated Bsd and ligated to a 960-bp fragment from
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pUC8 which had been digested withfllll, ing with the O3 auxiliary operator and ending
filled in with Klenow, and then digested with with the O1 operator as per Mer-Hill (1996).
Bsd. To construct pLAC12, a 1311-bpst,

BanHI fragment was gel isolated from pLAC11 Construction of the pLAC11—, pLAC22—,

and ligated to a 3232-bpst, BanrHI fragment pLAC33-, pKK223-3—, pKK233-2—,

which was gel isolated from pBR322. pTrc99A—, and pET-2H)—lacZ Plasmids

To construct pLAC11kacZ, pLAC22-acZ,
Compilation of the DNA Sequences for the  and pLAC334acz, primers 6 and 7 (see Table
PLAC11, pLAC22, and pLAC33 Expression2) were used to PCR amplify a 3116-bp frag:
Vectors ment from the plasmid pTer7 which contains
the wild-typelacZ gene. The resulting fragment

All of the DNA that is contained in the was gel isolated, digested witgglll and Hin-
pLAC11, pLAC22, and, pLAC33 vectors has !I’ and then ligated into the pLACIA,
AC

been sequenced. The sequence for the pLACf 22, or pLAC33 vectors which had been

vector which is 4547-bp can be compiled agigested with the same two restriction enzymes
follows: bp 1-15 is AGATCTTATGAATTC To construct pKK223-3acZ and pKK233-2

from primer 2 (Table 2); bp 16-1434 is bp ;
. lacZ, primers 8 and 9 (see Table 2) were used t
4-1422 from pBR322 (Accession No. ‘]01749)PCR amplify a 3138-bp fragment from the plas-

bp 1435-1442 is TCGGTCGG, caused by fill, iy o7 The resulting fragment was gel iso:
ing in theAva site in pBR32AAva; bp 1443— plers. >sulting frag 9

. lated, digested withPst and HindlIl, and then
4375 is bp 1427-4359 from pBR322 (ACCES) 10 into the pkK223-3 or pKK233-2 vectors
sion No. J01749): and bp 4376—4547 is by P P

1106-1277 from the wild-typEscherichia coli rezltiihcti?)?wd ebnie%g;geitsdcgvrzgraif S??;ggtxﬁ
lac operon (Accession No. J01636). y ' P

. lacZ and pET-21¢)-acZ, primers 9 and 10
The sequence for the pLAC22 vector Wh'c%ee Table 2) were used to PCR amplify ¢

is 5652-bp can be compiled as follows: bp 1-1 .
is AGAT(?TTATGAAT‘IPC from primer 2 (Rl'a- 138-bp fragment from the plasmid pTer7. The
éesulting fragment was gel isolated, digestet

ble 2); bp 164370 is bp 44358 from pBRgz.with BanHl| and Hindlll, and then ligated into

(Accession No. J01749); bp 4371-4376 I3 .
o . e pTrc99A or pET-21{) vectors which had
CCATGG which is theNcd site from pBR322/ ebeen digested with the same two restrictior

Ncd; and bp 4377-5652 is bp 2-1277 from th 2nzymes
wild-type E. coli lac operon (Accession No. '
J01636), except that bp 4391 of the pLAC2
sequence or bp 16 from the wild-tyge coli lac
operon sequence has been changed from a “C”
to a “T” to reflect the presence of thiacl® To construct pLAC11recA, primers 11 and
mutation (Calos, 1978). 12 (see Table 2) were used to PCR amplify
The sequence for the pLAC33 vector whicHL086-bp fragment from the plasmid pGE22€
is 3742-bp can be compiled as follows: bp 1-1%hich contains the wild-typeecA gene. The
is AGATCTTATGAATTC from primer 2 (Ta- resulting fragment was gel isolated, digeste
ble 2); bp 16-1684 is bp 4-1672 from pBR322vith Bglll and Hindlll, and then ligated into the
(Accession No. J01749); bp 1685-2638 is bpLAC11 vector which had been digested with
786-1739 from pUCS8 (Accession No. L09132)the same two restriction enzymes. To construc
bp 2639-3570 is bp 3428—-4359 from pBR32pKK223-3+ecA and pKK233-2+recA, primers
(Accession No. J01749); and bp 3571-3742 i3 and 14 (see Table 2) were used to PCI
bp 1106-1277 from the wild-typ&. coli lac amplify a 1104-bp fragment from the plasmid
operon (Accession No. J01636). In the maps f@GE226. The resulting fragment was gel iso
these vectors theri is identified as per Ballsa lated, digested wittHindlll, and then ligated
et al. (1986), while thdacPO is indicated start- into either the pKK223-3 or pKK233-2 vector

?Construction of the pLAC11-recA and —xylE
Plasmids
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TABLE 3

B-Galactosidase levels Obtained in Different Expression Vectors Grown under Either Repressed or Induced Cond

No. of Miller units observed

Host Source Fold

strain Vector of Lacl Repressed conditions Induced conditions induction
ALS224 None None 3 6 —
ALS226 None F 4 7 —
ALS226 pLAC11 F 19 11,209 59&
ALS224 pLAC22 Plasmid 152 13,315 88
ALS226 pLAC33 F 322 23,443 7X
ALS226 pKK223-3 F 92 11,037 12
ALS226 pKK233-2 F 85 10,371 12%
ALS224 pTrc99A Plasmid 261 21,381 82
ALS749 None None 3 4 —
ALS749 pET-21¢) Plasmid 2929 16,803 6
ALS749 pET-21()/pLysE Plasmid 4085 19,558 x5
ALS749 pET-21¢)/pLysS Plasmid 1598 20,268 X3

Note.The average values obtained for the four clones that were tested from each vector in two different experimer
listed. Standard deviation is not shown but was less than 5% in each case. Induction ratios are expressed as the 1
enzymatic activity observed under fully induced conditions versus fully repressed conditions. Because pLysE vyi
unexpected results, we restriction mapped both of the pLysE and pLysS plasmids to make sure that they were cor

which had been digested witHindlll and de- concentration of 1 mM (induced conditions).
phosphorylated with alkaline phosphatase. Téhe overnights were diluted 1 to 10 into the
construct pLAC11xyIE,primers 15 and 16 (see same medium which contained calcium chlo
Table 2) were used to PCR amplify a 980-bpide added to a final concentration of 10 mM
fragment from the plasmid pXEG0 which con-and aerated fio2 h to makethem competent
tains the wild-typePseudomonas putida xylEfor transduction with P1 phage. A 0.1-ml vol-
gene isolated from the TOL pWWO plasmid.ume of cells at an OR,of 1.0 was transduced
The resulting fragment was gel isolated, diwith either 0.1 ml of P1 lysate which had been
gested withBglll and EcoRl, and then ligated adjusted to yield a maximal number of trans-
into the pLAC11 vector which had been di-ductants or 0.1 ml of a 1G dilution of the
gested with the same two restriction enzymeslysate. After a 25-min incubation at 37°C, 0.2
ml of 0.1 M sodium citrate was added to the
B-Galactosidase and Catechol 2,3- cell/phage mixtures and 0.2 ml of the final
Dioxygenase Assays mixtures was plated onto rich kanamycin

p-Galactosidase assays were performed Isates and incubated overnight at 37°C. Th

described by Miller (1972), while catechol 2,3- otal number of kanamycin-resistant colonie:
dorygenase assays were peromed a5 dfF2 (120 COUEd, As revared 1 Tabe ¢
scribed by Zukowsket al. (1983). the transductions which used the f@iluted
phage, while ALS51%ecA™ data points were
taken from the transductions which used the
Overnights were prepared from each of theoncentrated phage. The data points fo
strains to be tested using either rich mediumALS515 recA  strains containing arecA’
to which glucose was added at a final concemplasmid were taken from transductions whict
tration of 0.2% (repressed conditions) or richused the concentrated phage when cells wel

medium to which IPTG was added at a finagrown under repressed conditions and trans

P1 Transduction Assay
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TABLE 4

The Phenotype of acA Null Mutant Strain Can Be Preserved with a pLACtdeA (Wild-Type)
Construct under Repressed Conditions

Repressed conditions Induced conditions
Number of Karf Number of Kaif
Strain transductants transductants
ALS225 (ecA") 178,000 182,000
ALS515 (ecA) 5 4
ALS515 fecA pLAC1l+ech) 4 174,000
ALS515 (fecA pKK223-3techA) 146 179,000
ALS515 (fecA pKK233-2+ech) 143 158,000

Note. The data presented are the numbers of kanamycin-resistanf)(kansductants that were obtained from the
different isogenic strains when they were transduced with a P1 lysate prepared from strain ALS598 which harbc
Tnl10dKan transposon insertion. Cells were grown in rich medium under either repressed or induced conditions, trans
with equal amounts of the P1 lysate, plated onto rich kanamycin plates, and incubated overnight at 37°C as describec
Materials and Methods. The total number of kanamycin-resistant colonies was then counted.

ductions which used the 10 diluted phage lacl® and thus a source of Lac repressor doe
when cells were grown under induced condinot have to be provided itrans. pLAC33 is a

tions. derivative of pLAC11 which utilizes the mu-
tated ColE1 origin of replication from pUCS8
Chemicals and Reagents (Lin-Chao et al., 1992) and thus pLAC33’s

£opy number is significantly higher than

When amplified DNA was used to construc .
the plasmids that were generated in this stud ,LACll and is comparable to that of other pUC

the PCR was carried out using natiRfu ectors. Because the cloning regions of thes

polymerase from Stratagene. XGal and |PT§1ree vectors are identical, cloned genes can |
were purchased from Diagnostic Chemical€asily shuffled between these three vectors d

Limited. pending on the expression demands of the e
periment in question.
RESULTS To clone into _pLA_Cll_, pLAC22, or
pLAC33, PCR amplification is performed with
Construction and Features of pLAC11, primers that are designed to introduce uniqu
pLAC22, and pLAC33 restriction sites just upstream and downstrear

The construction of pLAC11, pLAC22, and©f the gene of interest (see Fig. 4). Usually ¢
pLAC33 is described under Materials andBalll site is introduced immediately in front of
Methods and plasmid maps which indicate thi!e ATG start codon and acaRl site is intro-
unique restriction sites, drug resistances, origirfiiced immediately following the stop codon.
of replication, and other relevant regions thaf\fter amplification the dsDNA is restricted with
are contained in these vectors are shown in Figglll and EcoRl and cloned into the vector
3. Sequences of these three vectors can be cowhich has also been restricted with the sam
piled as described under Materials and MetHwo enzymes. If the gene of interest contains
ods. pLACL11 utilizes the ColE1 origin of rep-Bglll site, then BanHI or Bcll can be used
lication from pBR322 and Lac repressor ignstead since they generate overhangs which a
provided in trans from either an episome or compatible withBglll. If the gene of interest
another compatible plasmid. pLAC22 is verycontains arEccdRl site, then a site downstream
similar to pLAC11; however, it also containsof EcaRl in the vector (such allindlll) can be
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Bglll EcoR I

Bglll

XEXXXXXAGATCTRATGXXXXXXXX XX Primer #1 —»

Qé extra bases are included so that Bgl 1I will digest efficiently

@—— Primer #2 XX XXXXXXX ATT KXXXX
EcoR 1
6 extra bases are included so that EcoR I will digest efficiently

The end result is a gene which is regulated by the wild-type lac promoter/operator

lacPO—AGGAAAGATCTATG - GeneX oo TAAGAATTC
SD 7bp

spacer

FIG. 4. Cloning into pLAC11, pLAC22, or pLAC33. The coding region of interest can be PCR amplified,
cloned into pLAC11, pLAC22, or pLAC33, and placed undier control.

substituted. As shown in Fig. 4, we place amndgB-galactosidase assays were performed as [
additional six extra bases at both ends of thKliller (1972). Table 3 shows the results of these
oligonucleotide in order to ensure that completstudies and also lists the induction ratio that wa

digestion occurs. determined for each of the expression vectors. A
the data clearly indicate, pLAC11 is the mos

Comparison of pLAC11, pLAC22, and regulable of these expression vectors and its ir
pLAC33 to Other Expression Vectors duction ratio is close to that which can be achieve

In order to demonstrate how regulable the. ith the wild-typelac operon. The vector which
PLAC11, pLAC22, and pLAC33 expr(gssion Vec_yielded the lowest level of expression under re

. pressed conditions was pLAC11, while the vecto
tors were, the wild-typdacZ gene was cloned which yielded the highest level of expression un
into pLACLL, pLAC22, pLACS3, pKK223-3, der induced conditions was pLAC33
pKK233-2, pTrc99A, and pET-2%). Constructs '
which required an extraneous source of Lacl fol5
their repression were transformed into strain
ALS226, while constructs which contained a
source of Lacl on the vector were transformed into To further demonstrate the utility of pLAC11
strain ALS224. pET-21{) constructs were trans- for physiological experiments, theecA gene
formed into strain ALS749 because they requireras cloned into the pLAC11, pKK223-3, and
T7 RNA polymerase for their expression. FoupKK233-2 vectors and transformed into cells
independentacZ clones were chosen from eachwhich contained a nultecA allele in the chro-
vector. The plasmids pLysE and pLysS whictmosome. The pKK223-3 and pKK233-2 vectors
make T7 lysozyme and thus lower the amount offere chosen as controls because aside fro
available T7 polymerase were also transformgalAC11, they were the most tightly regulable
into each of the four pET-2%) clones. Rich of all the vectors that were examined in the
ampicillin overnights were diluted 1 to 200 inexperiments withacZ shown in Table 2. As the
either rich ampicillin glucose medium (repressedata in Table 4 clearly show, recombinatior
conditions) or rich ampicillin IPTG medium (in- cannot occur in a host strain which contains
duced conditions) and grown until they reachedonfunctional RecA protein and thus P1 lysate
midlog (ODs5, = 0.5). Cell extracts were preparedwhich provide a Tnl0dKan transposon canna

emonstrating That pLAC11 Constructs Can
Be Tightly Regulated
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12000 . ° induced conditions where it is expressed a
11000 physiologically relevant levels. Figure 5 dem-
10000 - . onstrates how a pLAC11acZ construct can be
utilized to mimic chromosomally expressed
9000 lacZ that occurs under various physiological
8000 conditions by varying the amount of IPTG in-
2 70004 © ducer added.
:;3 6000
= Testing Various Sources of Lacl for Trans
= 50007 Repression of pLAC11
jzzz_ N .Because pLAC11 was designed to be use
with an extraneous source of Lac repressol
20009, different episomal or plasmid sources of Lacl
1000 ¢ which are routinely employed by researcher
o+ r—r——r———  Were tested. Since one of the Lacl sources als
°©g8g8828gg88g8s8 contained thelacZ gene, a reporter construct
—  other than pLAC11llacZ was required and thus
uM IPTG

a pLAC11xylE construct was engineered. Ta-
FIG. 5. Response of the pLAC11acZ construct to vary- ble 5 shows the results of this study. All of the
ing amounts of IPTG. ALS226 cells containing pLAC11-L acl sources that were tested proved to be ac
lacZ were grown to midlog in rich medium that containedequate to repress expression from pLAC11
varying amounts of IPTG and thegigalactosidase activity however. some were better than others. Th
was assayed. These data points are indicated by open gir- ! . o
cles. Also indicated in the graph are the avergegalacto- asal level of expression that was observed wit
sidase activities obtained for strains with a single chromde’S which providedacIQl or with the plasmid
somal copy of the wild-typdacZ gene that were grown pMS421 which providedacl® at approximately
under different conditions. A filled square indicates thesjy copies per cell was lower than the basal leve
B-galactosidase activity that was obtained when MG1655 OCSf expression that was observed withs Fvhich

CSH27 cells were grown in rich medium induced with 1 . 0 .
mM IPTG, while a filled diamond indicates thegalacto- Providediaci™ all three times that the assay was

sidase activity that was obtained when MG1655 or csHzperformed. Unfortunately, however, the/lE
cells were grown in M9 minimal lactose medium. gene could not be induced as high wHaol?*

on a F or lacl® on a plasmid was used as the

be used to transduce the strain to kanamycﬁwource of Lac repressor.

resistance at a high frequency.rAcA  strain
which also contains the pLAC1iecA con- DISCUSSION
struct can be transduced to kanamycin resis- Most of the routinely employed expression
tance at a high frequency when grown underectors rely on elements of tHac control re-
induced conditions but cannot be transduced tion for their regulation. While these vectors
kanamycin resistance when grown under reallow for overexpression of the gene product o
pressed conditions. This is not the case for thaterest, they are leaky due to changes that hay
pKK223-3+ecA and pKK233-2recA con- been introduced into thiac control region and
structs as a significant number of transductanggene expression cannot be completely shut o
above background can be obtained under render repressed conditions. Numerous researc
pressed conditions. ers have noticed this problem with the more
pLAC11 was designed to provide researchergopular expression vectors pKK223-3 (Pogfhi
with an expression vector that could be utilizedl., 1986; Scruttoret al.,1987), pKK233-2 (Be-
to conduct physiological experiments in whichremandet al., 1987; Ookiet al., 1994), and
a cloned gene is studied under completely rgTrc99A (Ranieet al., 1993; Ghosh and Singh,
pressed conditions where it is off or partiallyl997), as well as the pET series (Eren an
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TABLE 5

Catechol 2,3-Dioxygenase Levels Obtained for a pLAG3/AE Construct When Lac Repressor
Is Provided by Various Sources

Catechol 2,3-dioxygenase activity
in milliunits/mg

Host Plasmid Repressed conditions  Induced conditions

strain present Source of Lacl (rich glucose) (rich IPTG)
ALS224 No None 0.2 0.2
ALS224 Yes None 32.7 432.8
ALS535 Yes Flacl? A(lac2M15 proA+B+ Tnl0 0.3 204.4
ALS527 Yes Flacl? A(lacZM15 proA+B+ 0.3 243.3
ALS227 Yes pMS421acl® 0.2 90.9
ALS225 Yes Flacl®* z* Y* A* 0.2 107.4
ALS226 Yes Flacl®* Z::Tn5 Y* A* 0.2 85.1

Note. The pLAC11xylE construct was transformed into each of the MC1061 derivative strains listed. ALS224,
parental MC1061 strain, without the pLACDAAE construct served as a control. Rich overnights were diluted 1 to 200
either rich glucose or rich IPTG medium and grown until they reached midlog,(G® 0.5). Cell extracts were then
prepared and catechol 2,3-dioxygenase assays were performed as described by Zetkaw@@83). The average values
obtained in three different experiments are listed. Standard deviation is not shown but was less than 10% in each ¢
should be noted that some repression is achieved in ALS224 pLA@Hunder repressed conditions, because the additio
of glucose prevents the accumulation of high levels of c-AMP.

Swenson, 1989; Godson, 1991). We descrigET-21(+) vectors which do not normally con-
here a new vector, pLAC11, which relies on theain either the O2 or O3 auxiliary operators.
wild-type lac control region from the auxiliary Thus the repressed states that were observed
lac O3 operator through tHac O1 operator and the study in Table 3 are lower than what is
thus can be more tightly regulated than the otherormally obtainable with the pKK223-3,
available expression vectors. In direct compapKK233-2, pTrc99A, and pET-21) vectors.
ison studies with pKK223-3, pKK233-2, The studies with RecA in Table 4 demonstrate
pTrc99A, and pET-21{), we found that the this as RecA protein expression could only be
lowest level of expression under repressed conempletely shut off under repressed condition
ditions was achievable with the pLAC11 ex-using pLAC11. Significant expression of the
pression vector. Under fully induced conditionsRecA protein occurred in the pKK223-3 and
pPLAC11 expressed LacZ protein at levelgpKK233-2 vectors under repressed conditions
which were comparable to what could be To meetthe expression needs required und
achieved with the other expression vectors. different experimental circumstances, we als
Induction ratios of 1008 have been ob- designed two additional expression vector:
served with the wild-typéac operon. Of all the which are derivatives of pLAC11. pLAC22 pro-
expression vectors that were tested, onlyides lacl® on the vector and thus unlike
pLAC11 vyielded induction ratios which werepLAC11 does not require an extraneous sourc
comparable to what has been observed with thw Lacl for its repression. pLAC33 contains the
wild-type lac operon. It should be noted that themutated ColE1 replicon from pUC8 and thus
regulation achievable by pLAC11 is actuallyallows proteins to be expressed at much highe
better than the data indicated in Table 3. Bdevels due to the increase in the copy number c
causelacZ was used in this test, the auxiliarythe vector. Of all the expression vectors that wi
lac O2 operator which resides in the codingevaluated in direct comparison studies, the
region of thelacZ gene was provided to thehighest level of protein expression under fully
pKK223-3, pKK233-2, pTrc99A, and induced conditions was achieved using the
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pLAC33 vector. Because the cloning regionspproximately one copy of thacl® gene or a
are identical in pLAC11, pLAC22, and multicopy compatible plasmid which provides
pLAC33, genes that are cloned into one of thesapproximately six copies of théacl® gene
vectors can be subcloned into one of the otheshould be used to regulate the pLAC11 vector
two vectors depending on experimental circumHowever, if maximal expression is desired, ther
stances. For physiological studies, pLAC11 i§’s which provide approximately one copy of
the best suited of the three vectors. If, howevethelacl® gene should be utilized. Alternatively,
the bacterial strain of choice cannot be modified a bacterial strain can tolerate prolonged over
to introduce elevated levels of Lac repressaexpression of an expressed gene and overe
protein which can be achieved bys-or com- pression of a gene product is the desired goa
patible plasmids that providacl® or lacl®*, the then maximal expression under induced condi
pLAC22 vector can be utilized. If maximaltions is obtained when a bacteria strain lack
overexpression of a gene product is the goahny source of Lac repressor.
then the pLAC33 vector should be utilized.
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