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ABSTRACT

Based on parameters governing promoter activity and
using regulatory elements of the  lac, ara and tet operon
transcription control sequences were composed which
permit the regulationin  Escherichia coli of several gene
activities independently and quantitatively. The novel
promoter P | ct0.1 allows the regulation of gene express-
ion over an up to 5000-fold range with anhydrotetracy-
cline (aTc) whereas with IPTG and arabinose the activity

of Plac/ara-1 May be controlled 1800-fold.  Escherichia
coli host strains which produce defined amounts of the
regulatory proteins, Lac and Tet repressor as well as
AraC from chromosomally located expression units
provide highly reproducible  in vivo conditions. Control-
ling the expression of the genes encoding luciferase,
the low abundance E.coli protein DnaJ and restriction
endonuclease Cfr9l not only demonstrates that high
levels of expression can be achieved but also suggests
that under conditions of optimal repression only around

one mMRNA every 3rd generation is produced. This
potential of quantitative control will open up new
approaches in the study of gene function in vivo , in
particular with low abundance regulatory gene prod-
ucts. The system will also provide new opportunities for

the controlled expression of heterologous genes.

INTRODUCTION

DDBJ/EMBL/GenBank accession nos U66308-U66313

the repressor cl 857 via a temperature shift. This induction
principle does not permit quantitative control over time and, in
addition, causes pleiotropic effects. Similar limitations exist for
experimental schemes where the introduction of, for example,
phage T7 RNA polymerase into a cell via phage infection
activates a gene). On the other hand, the promoter of e
operon, B¢ a well regulatable promoter of intermediate strength
depends on the activation by CRP/cCAMP. This activating complex
affects, however, many additional operons and thus profoundly
changes the metabolic state of the cell when switched into its
active form by cAMP. The R derivative, Ry (4) and similar
constructs like f or Rjc (9) which do not depend on activation
are repressed to a reasonable extent onlizaatrepressor
concentrations which hardly allow full induction. The more
recently described systems where promoters airth€l0) and
the (Trl0) tetoperon (1) were employed are useful alternatives;
their range of regulation and their tightness in the repressed state
may, however, fall short when compared with the system
described here although we have not performed direct comparisons.
Here we describe a system for the quantitative and independent
control of two transcription units E.coli. The centerpiece of the
system are regulatable promoters which were developed follow-
ing principles described earlietd). They are controlled by
elements of théac, ara or tet (Tn10) operon and, accordingly,
promoter activities are sensitive towards IPTG, arabinose or
tetracycline, respectively. These promoters are tightly repressible
and can be regulated over an up to 5000-fold range. By varying
the plasmid copy number the regulatory range of these promoters

Genetic switches which permit the control of individual gen&2n be shifted to span different windotischerichia colstrains
activities quatitatively and specifically will greatly facilitate the Which produce defined amountslaic andTetrepressorladR,

study of gene functioin viva. They would be particularly useful TeR) as well as of AraC ensure reliable intracellular conditions.
for the analysis of phenotypes which arise through smalih€ tightness of the system is demonstrated by quantitative

perturbations of sensitive equilibria. The signalling pathway dfontrol of a low abundance protein Bfcoli as well as by the

the heat shock respong ¢r the control of cell divisior2j may

be just two of many examples.

stable maintenance of a gene encoding a restriction endonuclease
This endonuclease is upon induction efficiently overproduced

In the past, regulated promoters offiseherichia colsystem ~ despite of the immediate growth arrest of the culture.

such as P of phage lambda and the promoter oflteeoperon

as well as some of its derivatives have been widely used to contMfATERIALS AND METHODS

gene expressioR«5). Moreover, the specialized RNA polymerase/C
promoter system of phages T7 and T3 was applied when

particularly tight control appeared to be requiréd)( While

onstruction of the pZ vector system
Modules Il and Il of the pZ vectors (Fig). were synthesized by

useful in a great number of applications, these systems haR€R (L3) using various templates. The resistance genes were
serious limitations. Thus,; Rs commonly induced by inactivating amplified together with their genuine promoters by primers
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Figure 1. Topography and sequences of promoters. All promoter sequences which are aligned via the —10 hexamer akhfthlesirepgm) anficdR| (downstream)
cleavage sites whose sequences are not shown. The —10 and —33 hexamers are boxed and the transcriptional start site is underlined |Rafad)icate theet

(tetO) operators as well as thel binding site of AraC. O1 denotes the corresponding operator sequendadrofieon, Os is a symmetrical 20 bp synthetic operator
(15). O2 indicates the corresponding operator sequence inlibésracycline resistance operon (50). An additional O1 sequence is indicated further upstream (at —448)
of Rac/ara-1 The central base pair of the operators is indicated. The roman numbers IlI-VI give the positions of the operators relative to the promoter.

which introduced the flanking restriction sitead and Aatll. Construction of E.coli strain DH50Z1
Similarly, ColE1 and p15A origins of replication were produce
to be flanked by restriction sitéwrll and Spe except for the
replication region of pSC101 or pSC101* which contain a
internal Spe site (Fig.2). The following plasmids served as
templates to retrieve various components for the pZ plasm
family: pDS12 {(4) for the ColE1 origin, the terminators T1 of the
rrnB operon andytof phage lambda as well as the gene conferrin
resistance to ampicillin (Ap); pDM1.1%) for the p15A origin
and the kanamycin (Kn) resistance gene; pACYC18/fér the
gene encoding chloramphenicol (Cm) resistance; pBI)ddr
the luciferase gene; pSC108| for the pSC101 origin; pBB1 o o o
(B. Bukau, unpublished) for the gene conferring resistance tetermination of in vivo promoter activities

Spectinomycin (Sp); pLDR119) for the lambdattP site. The Promoters Raco-1, Plteto-1 and Rac_ara-1 respectively, were

pSC101* origin is derived from the origin of replication Ofinserted into plasmids of the pZ series and the expression of the

pMPP6 20) by PCR using a proper mismatch primer. eukarvoi . . .
. : ; ryotic luciferase gene of Photinus pyralis(17,26) was
To assemble the integration vector pZS4Int-1lab& allele by monitoring its enzymatic activity. Overnight

vxéals rert]gev?dr;r(imrpDMflr.J%n(S), tggtletRzger_ll?hfrom pDI\r/1|1.700f cultures oft.coli cells DH®Z1 grown at 37C in LB medium
(21) and promoter {gs from p €2). The sequences o containing the appropriate antibiotics were diluted 1:100 in LB

representative members of the pZ vector family were submitt dium in : .
. presence or absence of various inducers [1 mM IPTG,
to the GenBank database (accession numbers U66308-U663 3)-arabinose, anhydrotetracycline] at concentrations indicated.
After 3 h, the Olggpwas measured and the cultures were kept at
Construction of promoters room temperature for 15 min. To determine luciferase activities
in crude extracts of logarithmically growing cultures 3 ml cells
Promoters Haco-1, Patlaco-1_Plteto-1 and Ricjara-1Were ob-  \yere sedimented, resuspended iplBgsis buffer (1 mM EDTA,
tained by total synthesis. THac operatorO1 upstream of 1 mg/m| lysozyme) and incubated at room temperature for 15 min.
Plac/ara-1was introduced via a PCR primer with the correspondmg,pon addition of 30Qul H,O and 300ul buffer | (100 mM
overhang and cloned as'a®atll-Xhd-3' fragment upstream of KH,POy, 1 mM DTT, pH 7.8) 35l were mixed with 25Q
the promoter. The intervening sequence between the promofgfier || (15 mM MgSQ, 25 mM glycylglycin, 2.5 mM ATP) and
and the upstream operator was derived from the hammayc | ciferase activity was measured (10 s, delay 0 s) in a Berthold
gene £3) to minimize recombination and potential transcriptional mat type LB9501. Activities are given as ‘relative light units’
signalling. After cloning, all promoter sequences were verified béRLU) after subtraction of the instrumental background and
dideoxy sequencing{). normalization to the number of viable cellg)(

ciischerichia colistrain DH®Z1 was obtained following the
fescription of Diederickt al (19). For integration of plasmids
of the pZ series into the chromosome, the lambi@site pLDR8
s cloned into théwvrll site of pZS4int. For integration, the

origin of replication was removed by cleavage v@itg and
ﬁvrll (generating compatible cohesive ends) and the religated

agment was transferrediocoli DH50pLDR8 by electroporation.
Cells were incubated for 2 h at“42and then at 3T overnight
and transformants were selected on LB Spfénl] plates.

Cloning of the restriction endonucleas€fr9l Enzymes, antibodies, media and chemicals

The gene encoding restriction endonuclé€xds@l was amplified Standard DNA manipulations were carried out as desci@iid (
from vector pCfr912.3X Z5) by PCR and cloned into vectors All enzymes were purchased from Boehringer Mannheim. DNA
pZS*24 and pZA24, respectively, \Kgnl/Xbd or EcaRI/Xbd.  sequencing reactions were performed using the Pharmacia T7
The utilization of th&pnl cleavage site resulted in a mMRNA with sequencing kit. Synthetic oligonucleotides and sequencing primers
a strong RBS, whereas the RBS generatedtei®Rl was[110  were supplied by the inhouse facility. Antibiotics wellded to
times less efficient. the growth medium at the following concentrations: d§onl
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ampicillin, 40pg/ml kanamycin; 2pig/ml chloramphenicol and ~ Table 1.(a) Induction and repression of £i0-1, Aiaco-1and Rijaco-1in
50 pg/ml spectinomycin. Luciferin, IPTG and standard chemicalsE-coli DH5aZ1. () Induction and repression ofara-1in E.coli DH5aZ1
p.a. grade, were purchased from AppliChdr;arabinose from

Sigma while anhydrotetracycline was obtained from Acros Promoer steength
Radiochemicals were purchased from Amersham & Buchler. | Promoter | replicion | copy (RLUjeell x 1074 Regultory

Anti-DnaJ rabbit serum for immunoblots, prepared in house, Vector | log Phase e +aTe
was diluted 1:7500 for the preparation of immunaoblots. Specifi¢
antibody—DnaJ complexes were detected with alkaline phosphatase- ColEL | 30-70 u 27900 235
conjugated anti-rabbit IgG (Promega) as describéd ( PLeet0-1 pisa | 20-30 35 12850 3670
RESULTS pSC101* | 3-4 0,4 2020 5050
Rational of promoter designs - IPTG + IPTG

PLlacO-1 ColE1 50-70 35 21630 620

The decisive parameter for the efficient repression of promoters
where repressors interfere directly with the binding of RNA| Paico1 | CoE1 | 50-70 30 10430 350

polymerase is the rate of complex formatiqs\j between RNA
polymerase and promotet5). Promoters which bind RNA
polymerase at low rates are well repressed since they give the
binding of the repressor a competitive advantage. Such promoters,

however, remain weak upon induction unless they are activated Promoter sirength

as, for example, is the case fiFBy contrast, promoters Which | promoter | ‘oo | 0% ., Ryt xao Regulatory
are strong in the absence of any activator bind RNA polymerase Vector | logphase | -IPTG | +IPTG | 418G range
efficiently and can in general not be well repressed. We have co1 | 50.70 7 s 12400 70
developed two classes of repressible promoters: those which,

after combination with operators, still initiate RNA SynthesiS| piugaa: | p15a | 20-30 2,8 230 4950 1765
efficiently and those which require activation in the derepressed

state. The first class is derived from strong phage promoters such pSCL01* | 3-4 0.6 4 1130 1885

as R of phage lambda&() and R, of phage T732). Members
of the second class fire denvanyegg{ Bequences of tic or Promoters were inserted upstream of the luciferase gene in the pZ vectors
tet operator were inserted within the various promoters atontaining the origin of replication indicated. The various constructs were
positions previously shown to be most effectivg ,(particularly ~  transfered intcE.coli DH50Z1. Overnight cultures of such transformants

in the downstream or within the spacer region, position 1l and I\Mwere diluted 1:100 in LB medium and grown up in presence or absence of aTc
respectively (Figl). Moreover, in some constructs the effect of or IPTG, respectively. The concentration of aTc was 100 ng/ml, of IPTG 1 mM.
auxiliary operators of thiac system was exploited by placing a At ODgoo= 0.5, cells were harvested and luciferase activity was determined.
third lac operator sequence in position VI upstream of the promoteThe luciferase f':lct_ivities given are the mean values of five independent experiments
(Fig. 1). For activating low kon promoters’, AraC has been (standard deviation <10%). The intracellular copy numbers were determined

utilized which in contrast to CRP/CAMP acts highly specifically. Y ¢omparing luciferase activity of cells harbouring the respective plasmids
with the activity in cells containing only a single luciferase expression unit

) integrated in the chromosome (data not shown). They agree well with previously
Construction of promoters controlled byTetR or LacR published data derived from direct copy number measurements (14). In Table 1b,

({ﬁac/ara_lwas induced either by 1 mM IPTG alone or by 1 mM IPTG and
Promoter P of phage lambda has a low homology score an §+)_arabinose (0.05%).

binds RNA polymerase with a moderate forward rate constant o

1.1x 10’ M~t s (31). It is a strong promotén vivo which,  the downstream region (Fitj. This strong promoter binds RNA
nevertheless, can be t|ghtly_ repress_ed by_cl, the lambda repressgfymerase with a relatively high forward rate consta)tgnd

We have replaced the cl binding sites with sequences encodi)éhough théac operator sequence in position Il reduces the rate
the operator ZteQ_tOZ) of the TdOtetracycline resistance operon ¢ promoter clearanc€?), Patjaco-1remains a strong promoter
(39). The resulting 74 bp promoter—operator sequenegofl,  in vivowhen derepressed. Aac repressor concentrations as in

obtained by oligonucleotide synthesis contaite2 sequence g coli DH50Z1, this promoter can be regulated over a 350-fold
in position V and a 18 dptO2 core sequence in the spacer regiofange by IPTG (Tabléa).

(Fig. 1). R teto-1is tightly repressible by thetrepressor and can
be regulated over an up to 5000-fold range by supplying
anhydrotetracycline (aTc) to the culture (Tdlale In an analogous
way, lacO1 sequences were integrated intgfHg. 1): an 18 bp Pz, when derepressed by IPTG and activated by CRP/CAMP, is
sequence in the spacer region (overlapping by 1 bp with the —-8%romoter of intermediate activityvivo (32). Some mutants of
hexamer) and a 22 bp sequence upstream of the promoter cenligg show increased activitiyn vivo but remain susceptible to
around position —43 (overlapping by 2 bp with the —33 hexamergpression as well as activation. One of these mutant promoters
The activity of the resulting promoterR20-1 can be regulated is Rac-ga It differs from the wild type by a single T to A base
over a >600-fold range by IPTG Ehcoli DH50Z1 (Tablela). change at position —8 (Fifj) and has a 3-fold higher promoter
Previously we have modifiedyP of phage T7 in a similar strengthin vivowhen compared with 2 (35). Since R¢.ga has
fashion (Lanzer and Bujard, unpublished) by insertinglago still a low homology score and consequently binds RNA polymerase
operator sequences into position Il and IV, i.e. into the spacer arather slowly, it is tightly repressible and can be activated by

promoter controlled by LacR and AraC
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The pZ vector system

The vectors depicted in Figur2 emerged from our earlier
developments, the pBU(Q), pDS (4) and pUH (Lanzer and
Bujard, unpublished) series. The salient feature of the pZ plasmids
is their modular structure. Module | contains all the regulatory
elements which control the expression of a gene of interest i.e. the
regulatable promoter, a ribosomal binding site (RBS) and a
transcriptional terminator. In the basic pZ plasmid, this module
harbours multiple cloning sites (MCS). The transcriptional signals

MCs1
Ry b as well as the RBS can be exchanged using unique cleavage sites
Q[ Eow Module Il contains an origin of replication which is protected from

e outside transcriptional readthroudghf) by two terminators. Four
) o origins of replication were adjusted to fit into the system via unique
> i cleavage sites. This permits the variation of the plasmid copy
pLSA colt psciore s number as well as of the compatibility group. Thus, when the ColE1,
Nt the p15A or the pSC101 origin of replication is used, intracellular
) Not present n plasmids containing & pSCIOT or pSC101 origin copy numbers of 50-70, 20-30 and 10-12, respectively, are

established. Particularly low copy numbers are achieved with the
origin of pMPP6 20), a derivative of pSC101 which gives rise to

® only three to four plasmids per cell and is referred to in our system
o ' N as pSC101* origin. Finally, module Il carries a resistance marker
origin ofreplicaion - resistance marker s It etor and the genes encoding ampicillin, kanamycin, chloramphenicol and
E ColEl 1 Ampicillin 1 PLeo DZELL- spectinomycin resistance together with their genuine transcription
A pisa 2 Kanemyein 2 Pluol  pzaz and translation signals were again adjusted to fit into the constructs
A via unique cleavage sites. The nomenclature of the pZ plasmid
S pSCi01 3 Chloramphenicol 3 PAllacO-1 PpZS33- R R R a . . K
: family is explained in Figurg. Of particular interest for the study
S$*  pSC101* 4 Spectinomycin 4 Plac/ara-1 DpZS*44-

here were the plasmids which contain a modified luciferase gene
(17) as reporter for promoter activity. The effect of using different
Figure 2. The pZ vector systema) Overall outlay. The plasmids are  origins of replication led to a 15-20-fold shift of the regulatory

composed of three modules which are separated by the unique cleavage sitgindow. This is m learl monstr mparing th
Xhd/Aatl, Xba andSad as indicated in the scheme in the upper part. Module dow. S Is most clearly demonstrated by comparing the

| contains the signals for transcriptional regulation, i.e. promoter/operatorlucn‘er‘r_’Ise aCtIVItIQS in the repressed StaieLQf[CEl and Rcjara-1
constructs as well as a ribosomal binding site (RBS) which both can bewhen integrated into pZE, pZA and pZS* (Table

exchanged by unique cleavage sit¥td(Aatl)/EcoRl or EcaRI/Kpnl,

respectively]. This module contains also one of two multiple cloning sites . .

(MCS 1, 2) for the integration of a gene of interest. Module Il harbours one ofThe E.coli host strain DHSZ1

four origins of replication (ColE1, pl15A, pSC101, pSC101*). They are . . .
shielded from readthrough transcription by terminajoofftherrnB operon To ensure stable and defined conditions for the SyntheSIS and

and  of phage lambda. Module 11l contains one of four antibiotic resistance Maintenance of the regulatory protelek andLacR, the genes

markers which carry their genuine promoters and ribosomal binding sites. Th@ncoding these two repressor molecules were placed under the

|0W<I%r_ p?jrt_ S(T)c))ws Nsome Sltindarti tEZ pzlasm:ds Witth th‘;irf] deSignfétiIOft\t agontrol of the two constitutive promotergJe and thelaci

explained in . omenclature or the vector system. e second letter H H H H

of Fhe pZ plasmig)denotes the origin of rgplication (I%/through S*) and the firstpromoter R (41)’ resp_ectwe]y, and mtegrated in tandem into the

number indicates the resistance marker (1-4). The second number (1_lghromosome. ofE.coli Str_am DH@ at the ph.age lambda

defines the promoter controlling the transcription of the gene of interest. Theattachment site4@) as outlined in Figur8. Analysis of several

MCS or the description of the gene of interest follows this code as exemplifiedspectinomycin-resistant colonies by Southern blot analysis (data

for the three plasmids in (a). not shown) showed that the two transcription units encdeiRg

andLacR as well as the spectinomycin resistance marker were

CRP/cAMP §5). To convert Rc.ga into a well regulatable stably integrated in the Did5genome. The resulting strain,
promoter, we have introduced three modifications. First, BH50Z1, produce$sB000 molecules dfacR and around 7000
symmetrical 20 bfac operator sequence (Os, Fiywas placed molecules offeR per cell as determined by ELISA and Western
in the spacer region. Second, a 35 bp wild-type operator sequepfist (data not shown). SinEecoliDH5aZ1 is a genuine pducer
(lacO1) was integrated upstream of the promoter at position —448 AraC, all regulatory proteins required are constitutively syn-
following principles described previousl$6-38). Third, the  thesized in the cells which were used throughout the experiments
CRP/cAMP binding site was deleted and replaced by the I1/iescribed here. The entire unit encodiagR, TeR and Spcan
recognition site of AraC, the repressor—inducer of the BAe readily transferred to othé.coli strains by phagél
promoter of thara operon 89). To maintain the —~35 hexamer of transduction as exemplified for the widely used W3110 strain
Plac-ga and to centre tha/l, sequence around 53 as ind@  which led toE.coliW3110Z1 (data not shown).
operon, 5 bp of the kite were abolished. The resulting:Rra-1
was examined for its regulatory potentiaEirtoli as described ; o
below. As shown in Tablb, this promoter can be regulated Overgegulatlogn%f Itqhe activity of promoters Reeto-1, PLiaco-1
an [11800-fold range whereby derepression via IPTG causes af- 201 aclara-1
[(1100-fold and activation via arabinose a 15—-20-fold increase Promoter Peio-1is controlled by the operator repressor system

promoter activity. of the TriO-derived tet resistance operon. Accordingly it is
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arabinose allows a high degree of differentiation. The induction
curve of promoter Reto-1SUggests a strong cooperative effect in
the binding of the inducer aTc to thet repressor. The same
phenomenon was observed with several ofied®® regulated
constructs (data not shown). The lower part of Figstews the
controlled expression of DnaJ. Western blots demonstrate that the
repressed state is hardly different from the cellular background

1. Digest with
Spel/Avrlk

Int1 fragment PN25

pZSdlatl

—_—
% 2. Religate
Vector

3. Transform
DH5apLDRS

Pal Eooli (100 DnaJ molecules/celd§) whereas full induction yields
- arB high levels of expression with all three promoters.
Tl s B s G i Cloning and expression of a gene encoding restriction

endonucleaseCfrol

Figure 3. Integration of transcription units encodibacR andTeR into the nl%ased on earlier results4§45) it can be estimated that under

E.coli genome. The two repressor-encoding genes arranged in tandem a . diti i I d h
controlled by the promoter, Rd and Rips respectively were inserted into | PI€SSION CONAIUONS promoters ikgeld-1 and Rac/ara-1when

pZS4intl carrying the phage lambda attachment sitéPalpon cleavage by~ placed on a low copy number plasmid such as pZS* produce less
Spéd/Avrll and removal of the origin of replication, the compatible ends were than one mRNA per cell. This should permit the cloning of genes
ligated.Escherichia colcells containing plasmid pLDR8, a thermosensitive ncoding highly toxic products. To test this prediction, the gene of

plasmid encoding lambda integrase (19), were transformed with the ligate P . .
DNA and after incubation at non-permissive temperatures spectinomycin—he Cfrol restriction endonuclease was cloned in absence of its

resistant clones were selected and examined for the presendaihdtetR cognate methyltransferase. The coding sequencefref was
transcription unit. The arrangement of these units in the chromosome is showjalaced under the control of;Rara-1in plasmids pZS*24RBS,
inthe lower part. Terminatorgdnd T, prevent transcription from the integrated pPZA24ARBS (where RBSII was deleted) and pZA24. In all three
Uit can be readiy wansierted o ool srains by phageLnansducton,  PIASTIdS: the gene could be stably maintained indZ45and
" growth rates of cells harbouring pZSHRBS-cfr were indistin-
guishable from cells without any plasmid (FHg). However, cells

induced by tetracyclines of which anhydrotetracycline is presentntaining pZA24-cfr formed colonies with a mucoid phenotype.
the most suitable one. The other promoters are all induced Igluction of transcription by IPTG or by IPTG and arabinose led
IPTG and Ryara-1€an, in addition, be activated b+)arabinose.  t0 immediate growth arrest of the culture (Bigand c). Since in
The regulatory range of all promoters was determined using thecoli protein synthesis can continue for some time after the
luciferase gene as reporter unit in absence and presence ofdggtruction of chromosomal DNAG) the feasibility of producing
respective inducers. To assess the influence of the intracellufalf9! endonuclease in DidZ1 was examined. Indeed using
p|asmid copy number,LFéto_l and H)ac/ara_lwere inserted in pZA24-Cfr, the endonuclease could be produce.d to a .IeVel
plasmids of the pZ-family containing the replication origin ofcorresponding tol2% of the total cellular protein, despite
plasmids ColE1, p15A and pSC101*, respectively. The hodmediate growth arrest of the culture upon induction Gelp.
strain in all experiments was DHB1. The most highly repressed
state and the largest regulation factor exceeding a 5000-fold rang&cuUSSION
was found with Beio-1 when carried on a low copy number
plasmid (Tablela). Higher intracellular plasmid numbers increased he transcription control systems described here expand our
the luciferase activity accordingly (7-fold for p15A and 15-foldcapabilities of studying gene functian vivo. First, gene
for ColE1). The luciferase activities in the repressed state didgctivities can be regulated over a wide range spanning more than
however, correlate only qualitatively with the copy number. Botthree orders of magnitude but more importantly they can be
PLiaco-1 and R1jaco-1 are repressed to about the same levetepressed extremely tightly. This opens up the possibility of
However, since upon induction Ro.1 produces twice the varying the concentrations of regulatory proteins which, under
amount of luciferase, its regulation factor is higher (620- versyshysiological conditions, are present at very low levels. Examples
350-fold). Examining Rcara-1 @ regulatory range of for such proteins may be the central heat shock reguldtoradf
1700-1800-fold is found irrespective of the intracellular plasmid32, the chaperone DnaJ or ftsZ, a crucial component in the
copy number which, nevertheless, affects the absolute valuessafnalling pathway of cell division. Second, by exploiting the three
repression and induction (Taldle). The lowest luciferase activity regulatory principlesLacR/O, TeR/O and AraCA#-l,, several
in the repressed state was again observed with plasmids of geme activities can be independently regulated. This will allow the
pZS* series as expected. For all promoters, the activity in the fulnalysis of intracellular equilibria by varying the concentrations of
induced state was identical to their activity in the repressor-frggarticipants and elucidate their contribution to a phenotype.
strain DH% (data not shown). The crucial developments for the expression system described
The potential to quantitatively control a gene activity with thénere were the promoter—operator combinations which were
promoters described is exemplified by experiments depicted @onceived following principles described earlie?,{5). Accord-
Figured. The luciferase gene as well as the gene encoding the lawgly, promoters were selected which exhibit low or intermediate
abundancé&.coli chaperone DnaJ were placed under the controates of complex formation with RNA polymerase. Moreover,
of PLteto-1, PLiaco-1and Ryc/ara-1 respectively and the activity of operators were positioned in regions shown to be most effective.
the promoters was analyzed at various concentrations of inducérsus, provided a 17-19 bp operator sequence binds a repressol
The dose response curves show that partial induction can sgficiently tightly, it can be accommodated in the spacer region
achieved with all promoters and thatcRra-1 can be tuned of a promoter where it interferes with RNA polymerase binding
particularly well since induction with IPTG and activation withmost efficiently (5) and where it perturbs least the functional
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Figure 4. Regulation of the activity of\Rt0-1, PLiaco-1and Ryc/ara-1 All promoters were inserted in pZE2 plasmids where they directed the synthesis of luciferase or
DnaJ, respectively. The resulting plasmids (pZE21-luc, pZE21-dnaJ; pZE22-luc, pZE22-dnaJ; pZE24-luc, pZE24-dnaJ) were trarsfliddHbnZ1 and
luciferase activity as well as DnaJ synthesis were monitored at different states of induction. The upper part in all three panels shows a dose response curve de
the luciferase activity in dependence of the inducer. In the part below, Coomassie stained polyacrylamide gels (12%) obtained after electrophoresis of total cellular p
show the synthesis of DnaJ (asterisk) under the conditions indicated. The lowest panel depicts Western blots obtained from such gels (1/50 of the protein appliec
anti DnaJ antibodiesa)Induction of luciferase activity and DnaJ under the contrekgfi?; at aTc concentrations indicatdg). $ame as in (a) but controlled hy:Ro-1

and IPTG. €) Control of luciferase and DnaJ synthesis |y da-1 The differential regulation by IPTG and by IPTG af¥)-arabinose is shown. Lane h in (b) denotes

a protein extract of plasmid free host cells. For unknown reasons the electrophoretic pattern of DnaJ occasionally exhibits a double band with varying stoichiornr

program of a promoter. The second best choice for placing armich can be regulated over a >600-fold range. From the results
operator is position Il where thec operator sequence, however, shown in Tablel, we anticipate that placing this promoter into
diminishes promoter clearance by RNA polymerag ( low copy number plasmids, it will permit a similar tight
For the first class of regulatable promoteysofphage lambda repression of transcription agi&o-1 and will therefore also be
served as a paradigm. It is a strong and highly repressitdaitable for controlling gene products at very low intracellular
promoterin vivowhich, however, binds RNA polymerase with alevels. Promoter B|5c0-1 contains one of itfac operators in
moderate forward rate constant. By combining this promoter witosition 1l (Fig.1) which limits the rate of promoter clearance by
tet operators, Reio-1 Was obtained whose activity can beRNA polymerase. Thus, it is a somewhat weal@npter which,
controlled viaTeR and anhydrotetracycline. It is a strongnevertheless, is well regulatable (Talzé.
promoterin vivo and can, nevertheless, be repressed up toWhile R is an example for a highly repressible, strong
5000-fold in E.coli DH50Z1. This is the widest range of promoter with a moderakg)y, Racis an example for a promoter
regulation measured for arg.coli promoter so far using the whose high repressibility is due to its low rate of polymerase
Luciferase reporter system. Partial induction ¢feB.1 is  binding. This, however, limits its activity in the derepressed state.
achieved by varying the concentration of aTc @ag.In contrast  For full activity it requires the upstream binding of CRP/CAMP.
to tetracycline, anhydrotetracycline is a particularly usefuBut even when fully activated;jPremains a moderately strong
inducer. It bindSfeR with an[B5-fold higher binding constant promoter. Examining a number gffmutants, RB.-ga exhibited
and thus allows to operate at very low concentrations. At the samgeresting features: ita vivo strength when derepressed but not
time, its antibiotic activity i&1L00-fold lower {7) and concentra- activated was 16 times buthtsy only three times higher than that
tions of <50 ng/ml as required for the full induction pffd-.1  of Pae It also could still be activated by CRP/cAMP. The
have no effect on the growthBicoli. The finding that repression repressibility of this promoter was optimized by introducing a
is less effective at higher plasmid copy numbers may be due to #ygnmetrical 20 bfacO sequence into the spacer region (overlap-
different ratio of operators to repressors as well as to the incregieg with the —10 and the —35 hexamer by 1 bp each) and by
in unspecific binding sites which affects the concentration of frgaacing a third operator at position VI (Fig. To avoid pleiotropic
repressor. Following the same strategy but usinigttaperator  effects by CRP/cAMP activation, the AraC binding site bf the
sequences, |Rco-1 was constructed. It is a strong promoterara BAD promoter replaced the CRP/cAMP site. The resulting
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) fine tuning of Rc/ara-1is facilitated by a two step mechanism:

(a) increasing the IPTG concentration in the medium up to 0.2 mM
leads to anl100-fold induction which can be enhanced 15-20-fold
by adding arabinose to a final concentration of 0.03% 4E)g.

Addition of glucose (0.6%) to the growth medium decreased
the activation potential of AraC 2—3-fold (data not shown). This
is most likely due to the reductionafC transcription which is
controlled by CRP/cAMP4@). This glucose effect can of course

® be avoided by replacing glucose with glycerol or other non-PTS
paeLn sugars as a primary carbon source when, for example, minimal
sl medium is required for culturing.

Repression and induction depend on a number of parameters
such as the concentration of free repressor and the increment by
which an inducer decreases the affinity of a repressor to its
operator. Free repressor concentration is also a function of the
number of unspecific (and specific) DNA binding sites and may

(c} thus be affected by plasmid copy number and size although this
is a minor parameter with the plasmids described herein. A simple
increase of the intracellular repressor concentration on the other
hand does not necessarily compensate for this effect since the
residual affinity of the repressor—inducer complex to the respective
operator sequence prevents full induction as seen for both TetR

! and LacR (data not shown). Moreover, high repressor concentrations

e & o | may be toxic for the cell as is the case for TetR {@and our

t (min) unpublished results). Incomplete induction is frequently encountered
with the widely used tac or trc type promoter systems because
these high ‘N’ promoters are reasonably well repressed only at
very high intracellular repressor concentrations. When examined

; under conditions as defined in Tahlerepression of these

mieaion |42 2[4 2 2[4 2 2 promoters is only 10-20-fold (data not shown). It is therefore

il TR LIRS L important to establish stable intracellular conditions where the

e s i relevant regulatory proteins are present in defined concentrations

s e e which warrant a reliable control of promoters under various

st boed ; physiological conditions. This was achieved by integrating the
laci as well as thetetR gene controlled by promoters of
appropriatén vivostrength into the.colichromosome. The high

‘KoN' constitutive promoters ;@ and Ri2s5 ensure efficient

transcription even under conditions of reduced concentration of

) Sz L activea’ORNA polymerase e.g. in stationary phase. The resulting

“ 8 sl E.coli strains DH&Z1 and W3110Z1 produce constitutively

4 : 2 v around 3000 tetrameri@ac and 7000 dimeriGetrepressors per

a0 [ : cell during logarithmic growth. Sufficient AraC is supplied by its

= natural autoregulated pathway as its overproduction from a

plasmid did not lead to increased activation gfif,-1(data not
shown). ThusE.coli strains of the DH&Z1 type provide all

Figure 5. (a) Controlling the gene encoding the restriction endonuciziEge regulatory proteins required in appropriate amounts for tight

Overnight cultures of E.coli DH50Z1 or E.coli DH50Z1 harbouring repression and full induction (which is indistinguishable from

pZ+S*24AbRBS-Cfr were diluted 1210fO| ;1% grO\INn gfeﬂré absence of IPTfGIPaTng repressor-free host strains; data not shown) at different plasmid

L(+)-arabinose (a), In presence O on and In presence Ol an 0 H H H H H

L§+§-arabinose ((c)) as iﬁdicated. IPTG or IPTé Ea(r)\d-arabingse were added at %op_y numbers. The . tlght rgpressmn is maintained also_in

time zero and aliquots of cells (diluted 1:1000) were plated on LB-8g[5(] stationary phase and in Ovem[ght culltures (data not shown). The
plates at the times indicated. After 16 h, the number of colonies was determineplacement of repressor encoding units onto the chromosome has

Circles depict the control culture of DédB1, squares show cultures of plasmid  also simplified the vector constructs and increased the degree of

containing cellsd) Electrophoretic analysis of cell extracts after inductiafrof freedom of the system.

;g?zejgisg_ Eﬁzrtspﬁtli,e&a\mgggwﬁﬁg;fb.SmeBSC/ ‘a::;_lv?;‘g AIthpugh the reg_ulatory range of the promoters dt_ascrlbed is
induced by IPTG and+)-arabinose as indicated. Cells were harvested after 2 and@rge, it may not satisfy all needs. For example for the tight control
4 h and proteins were electrophoretically separated in a 12% SDS polyacrylamidgf a low abundance or toxic gene product, even the fully repressed
gel. The position of the restriction endonuclease is indicated. PLteto-1 May generate a too high background when contained in

a ColEl-type plasmid. The vector system therefore offers still
promoter (Rc/ara-1 is regulatable over dnl800-fold range and another degree of freedom. By utilizing different origins of
when fully induced and activated it exceedsrnhavostrength of  replication, the intracellular number of plasmids can be varied

Piac6-fold. Thus, itis a strong and highly regulatable promoter. THeetweeri¥4 and 60, which permits to shift the regulatory window

300

1| 0mM IPTG
0 % Arab.

‘:;hJ
g s

=
|
!

viable cells {r.lllc'.'ml]

| mM IFTG
(L5 % Arab,

200

1004

VEsnT

PZAZ4- ’,J?.ﬁl—‘lf.‘;ll]]ﬁ-pl.’i'ld_ﬂlllib- (d)
ctr cir

45

R.Cfri] =




1210 Nucleic Acids Research, 1997, \ol. 25, No. 6

of a promoter within ahll5-fold range. Thus, by fully exploiting 6 Giordano,T.J., Deuschle,U., Bujard,H. and McAllister, W.T. (1&89)e
the potential of the system using, for examplgi®.1, a gene’s 84,209-219. _

activity can be controlled over db0 000-fold range. The ' Ig;’iﬁfd?gd Richardson,C.C. (19Bfjc. Natl. Acad. Sci. US#2,
controlled _synthe_sis of a r(_astriction endonuclease, a I_o_w abury Studier’F‘W'. . Rosenberg,A.H., Dunn,J.J. and Dubendorff,J.W. (1990)
danceE.coli protein and luciferase under different conditions as  Methods EnzymoL85 60-89.

exemplified in Figured and5 illustrates some of these aspects. 9 Brosius,J., Erfle,M. and Storella,J. (1985Biol. Chem.260, 3539-3541.
Needless to say that three of the replication origins adjusted toff¢ Guzman,L., Belin,D., Carson,M.J. and Beckwith,J. (199Bpcteriol.
the vector system belong to different plasmid compatibilit;i 177, 4121-4130.

. Lo Skerra,A. (1994¢enel51, 131-135.
groups and thus permit to maintain two or even three vecto % Knaus,R. and Bujard,H. (1990) In Eckstein,F. and Lilley,D.M.J. (eds)

within DH5aZ1 (?e”S if reqUirEd- . Nucleic Acids and Molecular Biologyol. 4, Springer Verlag, Heidelberg.
It may be of interest to speculate on the absolute tightnegs saikiR.K., Scharf,S., Faloona,F., Mullis,K.B., Horn,G.T., Erlich,H.A. and
achieved, for example, with 0.1 in DH5aZ1 cells. When Arnheim,N. (19855cience23Q 1350-1354.

fully induced, this promoter has an activity 80 Ry units @5) 14 Stueber,D. and Bujard,H. (198)1BO J.1, 1399-1404.
and is estimated to initiate transcriptidsfold less frequently 15 LanzerM. and Bujard,H. (198BJoc. Natl. Acad. Sci. USB6, 8973-8977.
than the fuIIy activatedrnBP1 promoter :(2) The rrmBP1 16 Cha_ng,A.C.Y. and Cohen,S.N._(1938)3acter|ol.134, 1141-1156.

. . s ’ . 7 Bonin,A.L., Gossen,M. and Bujard,H. (19®8nel4l, 75-77.
promoter is estimated to initiate 1.5 mRNAs/s at maximal grovvth Cohen,S.N. and Chang,A.C. (1937Bacteriol 132, 734-737.
rates during logarithmic growtk4). Hence, it can be estimated 19 Diederich,L., Rasmussen,L.J. and Messer,W. (1R@2)nid28, 14-24.
that R teto-1initiates 0.3 mRNAs/s. Given a generation time of 220 Manen,D., Xia,G. and Caro,L. (1994)l. Microbiol. 11, 875-884.
min for E.coliin log phase cultures a 5000-fold repression of thig! Wang,F. (1992) Thesis. Universitat Heidelberg.
promoter would reduce this rate to &8.05 mRNAs/s or in 22 KammererW., Deuschle,U., Gentz,R. and Bujard,H. (I8BHO J.5,

. 2995-3000.
other words one MRNA every 10th generation would b§3 Philipp,A., Schneider,A., Vaesrik,l., Finke,K., Xiong,Y., Beach,D.,

synthesized in a single copy situation. Thyg:&.1located on a Alitalo,K. and Eilers,M. (1994Mol. Cell. Biol.14, 4032-4043.

plasmid of the pZS*-type giving rise to three to four copies/cell wilk4 Sanger,F., Nicklen,S. and Coulsen,A.R. (1%a}. Natl. Acad. Sci. USA

produce one mRNA about every 3rd generation. The luciferase 74 5463-5467.

activity monitored with Beto-1 in the repressed state which 25 (Lllé;%}f)é” Mfzjlfegseciiglgssq Timinskas,A., Butkus,V. and Janulaitis,A.
H ene. —0Y.

_corr_esponds toan 'c_lverage of 12. enzyme m0|eCUIeS per cellis tde Wet,J.R., Wood,K.V., de Luca,M., Helinski,D.R. and Subramani,S.

in dlsagreement with .these estimates. _Th|s suggests that at €(1987)Mol. Cell. Biol.7, 725-737.

repression levels achieved only a fraction of a cell populatiofy Beriin,m. (1993). Thesis. Universitat Heidelberg.

synthesizes a given gene product at any one time. Populati@ss Laemmli,U.K. (1974Nature227, 680-685.

would therefore survive if this gene product was highly poisonow® Harlow,E. and Lane,D. (1988tibodies: A Laboratory ManuaCold

as for example the restriction enzyme Cfrl since only a mingr zp””g HaggOTF'-?‘tbOLaéorFyr C‘(’j'dMSPf_i”tQ '}'ar?;;;gNY' o Cloning: A
portion of cells would die. ambrook,J., Fritsch,E.F. and Maniatis,T. ( ecular Cloning:

. _— . Laboratory Manual2nd Edn. Cold Spring Harbor Laboratory Press, Cold
The tight control of transcription, the potential to regulate gene  ging Ha{bor N? pring i

activities quantitatively over wide ranges and the possibility t81 Knaus,R. and Bujard,H. (1988MBO J.7, 2910-2932.

control independently several transcription units in a cell are th3¢ Deuschle,U., Kammerer,W., Gentz,R. and Bujard,H. (18880 J.5,
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other commonly used promoter/vector combinations. It thu® HillenW. and Berens,C. (1994hnu. Rev. Microbiolt8, 345-369.
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