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Molecular and Biochemical Parasitology 99 (1999) 89–101
 A tightly regulated inducible expression system for conditionalgene knock-outs and dominant-negative genetics in
 Trypanosoma brucei
 Elizabeth Wirtz, Simone Leal, Claudia Ochatt, George A. M. Cross *
 Laboratory of Molecular Parasitology, The Rockefeller Uni6ersity, 1230 York A6enue, New York, New York 10021-6399, USA
 Received 8 September 1998; received in revised form 17 December 1998; accepted 18 December 1998
 Abstract
 First-generation inducible expression vectors for Trypanosoma brucei utilized a single tetracycline-responsivepromoter to drive expression of an experimental gene, in tandem with a drug-resistance marker gene to select forintegration (Wirtz E, Clayton CE. Science 1995; 268:1179–1183). Because drug resistance and experimental geneexpression both depended upon the activity of the regulated promoter, this approach could not be used for inducibleexpression of toxic products. We have now developed a dual-promoter approach, for expressing highly toxic productsand generating conditional gene knock-outs, using back-to-back constitutive T7 and tetracycline-responsive PARPpromoters to drive expression of the selectable marker and test gene, respectively. Transformants are readily obtainedwith these vectors in the absence of tetracycline, in bloodstream or procyclic T. brucei cell lines co-expressing T7 RNApolymerase and Tet repressor, and consistently show tetracycline-responsive expression through a 103–104-fold range.Uninduced background expression of a luciferase reporter averages no more than one molecule per cell, enablingdominant-negative approaches relying upon inducible expression of toxic products. This tight regulation also permitsthe production of functional gene knock-outs through regulated expression of an experimental gene in a null-mutantbackground. © 1999 Elsevier Science B.V. All rights reserved.
 Keywords: Trypanosoma brucei; Tet-repressor; T7 RNA polymerase; Expression vector; Gene regulation
 Abbre6iations: BLE, product of the Streptoalloteichus hin-dustanus BLE gene; ES, variant surface glycoprotein geneexpression site; HYG, hygromycin phosphotransferase gene;NEO, neomycin phosphotransferase gene; PARP, procyclicacidic repetitive protein; Pol I, RNA polymerase I; Pol II,RNA polymerase II; RNP1, Pol I large-subunit gene;T7RNAP, bacteriophage T7 RNA polymerase; TetR, Tetrepressor; Tc, tetracycline; TUB, ab-tubulin locus; UTR, un-translated region; VSG, variant surface glycoprotein.
 * Corresponding author. Tel: +1-212-3277571; fax: +1-212-3277845; e-mail: [email protected].
 1. Introduction
 Inducible expression of transgenes in Try-panosoma brucei, mediated by the prokaryotic Tetrepressor (TetR) [1] binding to a pair of start-site-proximal tet operator sites inserted into the strong
 0166-6851/99/$ - see front matter © 1999 Elsevier Science B.V. All rights reserved.
 PII: S 0166 -6851 (99 )00002 -X
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 T. brucei PARP promoter, has been describedpreviously [2,3]. Activity of this promoter wasresponsive to tetracycline (Tc) concentration, in T.brucei expressing TetR. Expression of genes linkedto this Tc-responsive PARP promoter could becontrolled with nanomolar amounts of Tc, over a10 000-fold range [2].
 In the prototypal inducible expression vectors,the Tc-responsive PARP promoter drives expres-sion of both the test gene and a tandemly linkedselectable marker [2]. This single-promoter designmade drug resistance and test gene expressiondependent upon the activity of the regulated pro-moter, requiring that cell lines be established underconditions of Tc-induction. This precluded theiruse for regulated expression of toxic products,limiting the utility of this system for dominant-neg-ative genetic approaches. Subsequent attempts toconstruct non-inducing targeting vectors, whichcould be used for regulated expression of toxicproducts, relied upon insertion of a second unreg-ulated T. brucei promoter, upstream of the resis-tance gene, to drive its expression constitutively [3].The resulting dual-promoter vectors typicallyyielded 35–700-fold lower regulation factors,largely as a result of higher background expressionthan was observed in the first-generation single-promoter constructs, for reasons that were not thenapparent ([4] and E. Wirtz, unpublished observa-tions). This compressed regulatory range and highbackground present a problem for conditional geneknock-out strategies based upon regulated expres-sion of an ectopic copy of a gene in a null-mutantbackground. There is also a potential problem forany dominant-negative approach based upon ex-pression of a highly toxic product.
 We have redesigned the inducible vector and thegenetic background of the host cell line in ways thattighten regulation and permit conditional knock-outs and inducible expression of toxic products.The test gene, with a regulatable promoter, and themarker gene, with a constitutive promoter, arepositioned back-to-back. We also avoided drivingmarker gene expression with trypanosome poly-merases, which could be subject to endogenousregulation, by creating a genetic background of T7
 RNA polymerase (T7RNAP) expression. Thisbackground was also exploited to yield predictablelevels of repressor protein, independent of endoge-nous transcription levels at the integration site.TetR expression was originally established using apromoter-less cassette targeted to the TUB locus[2]. Optimal expression of the repressor dependedupon fortuituous integration of multiple copies ofthe TetR cassette and polycistronic read-throughtranscription, by RNA polymerase II (Pol II), atthis strongly transcribed locus. We have now linkedTetR transcription to a bacteriophage T7 pro-moter, crippled by a -10 point mutation thatreduces its activity by 90% [5]. This cassette yieldsappropriate TetR levels for tight repression, withcomplete preservation of inducibility, whethertargeted to loci that are transcribed weakly (RNApolymerase I large subunit; RNP1) or strongly(TUB). In frequently encountered schemes, relyingupon regulated ectopic expression of an endoge-nous gene in a null mutant background, this confersthe distinct advantage, from the standpoint ofconservation of selectable markers, of making itpossible to use the TetR cassette to disrupt oneallele of the gene of interest.
 Transformants obtained with these vectors, inthe absence of Tc, in cell lines expressing T7RNAPand TetR, consistently give comparable regulationfactors and even lower background expression thanthose generated using the original single-promotervectors. The dual-promoter arrangement permitsmodulation of test gene expression by Tc duringdrug selection. Selection in the absence of Tc allowsthe introduction of toxic genes. Selection underinducing conditions permits the generation of con-ditional gene knockouts, where it is desirable toapproximate the natural expression level of thetargeted gene, while disrupting its native alleles.
 2. Materials and methods
 2.1. Construction of inducible expression 6ectors
 The inducible expression vectors are illustratedin Fig. 1A. Sequence files of all constructs areavailable upon request, or can be downloaded
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 Fig. 1. Strategy for establishing inducible high-level expression. (A) Anatomy and targeting of inducible expression vectors, designedfor integration into the non-transcribed spacer of the rDNA locus. pHD430 and pHD437 have been described previously [2,3].pLew79 and pLew100 differ only in the length of the 3% ALD region that flanks the luciferase gene. pLew100hyg1 has a HYG geneflanked by transposon sequences inserted between the PARP and T7 promoters, indicated by the white triangle, which is irrelevantto the experiments described here and does not affect the activity of the promoters or the luciferase reporter. In pLew82, theunregulated T7-directed transcription is terminated downstream of the ACT-derived 3% UTR by tandem T7 terminators. (B) Vectorsused to establish T7RNAP and TetR-expressing cell lines. T7* indicates a mutant (10% wild-type activity) T7 promoter.
 from www.rockefeller.edu/labheads/cross/cross-lab.html. The starting point for construction ofpLew20 was pLew2, a derivative of the published
 inducible vector pHD430 [2], in which thepolylinker of pHD308 [6] replaces the LUC gene.The pGEM-derived T7 promoter of pLew2 was
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 deleted by P6u II-Eco RI digestion and self-liga-tion, yielding pLew5. The luciferase coding se-quence was then subcloned, as a Hin dIII-Bam HIfragment from pHD430, into the polylinker ofpLew5, yielding pLew20. The starting point forpLew79 was pLew26 [5], a pLew5 derivative con-taining a T7 promoter-bearing complementaryoligonucleotide cassette inserted in the filled Asp718 site. pLew26 was digested with Srf I and StuI and religated to release the BLE gene and flankingACT-derived UTRs, yielding pLew77. A BLEexpression cassette, consisting of the Srf I-Nhe Ifragment of pLew5, was then cloned in the Age Isite of pLew77, after filling of 5% overhangs, yieldingpLew78. The luciferase coding region was againsubcloned as a Hin dIII-Bam HI fragment frompHD430, in the linker of pLew78, yielding pLew79.pLew100 was made by exchanging the truncatedALD 3% UTR of pLew79 for the longer ALDintergenic region of pHD103 [7], using Bam HI andbackbone site P6u I. pLew100hyg1 contains a HYGinsertion, which is not relevant to the present work,in the Kpn I site of pLew100.
 2.2. Construction of targeting 6ectors forexpressing prokaryotic regulatory factors
 The targeting vectors are illustrated in Fig. 1B.To build pLew1, the HYG cassette of pHD328 [6]was released by Spe I-Msc I digestion and replacedwith a Hin dIII-Bam HI fragment of pHD360,bearing the TetR open reading frame, after filling5% overhangs. pLew13 was made from pLew1 byinsertion of a Sma I-Stu I fragment from pHD102[7], bearing a NEO expression cassette, into theSma I site. pLew29 was made by exchange of theAge I fragment of pTHrnp1KO (an RNP1 replace-ment vector containing a TetR-HYG cassette (E.Wirtz and K.M. Gottesdiener, unpublished)) forannealed oligonucleotide pair, EW14 and EW15[5], effectively inserting a T7 promoter, bearing a-10 point mutation, into the 5% targeting segment ofthis knock-out vector. In the parental knock-outvector, this segment consisted of a BamHI-Tth 111Ifragment spanning the upstream region (from −74to −1134 relative to the first ATG codon) ofRNP1. The 3% segment of the parental vector andderivative vector, pLew29, consists of a Sal I-Fsp
 I fragment from 5052–5985. pLew90 was made byinserting the same oligonucleotide pair, comprisinga T7 promoter with a -10 mutation, into the MluI site of pLew88, a derivative of pHD360 in whichthe pGEM-derived T7 promoter had been deletedby P6u II digestion and self-ligation, after filling of5% overhangs. The HYG cassette of pLew90 wasreplaced with a NEO cassette from pHD102 byexchange of Sma I-Stu I fragments to givepLew114. The Hin dIII-Eco RI fragment of HYGin p72hyg72 [8] was blunt-end cloned into pLew114cut with Xho I and Afl III, replacing the TUBtargeting segment and generating pLew114hyg5%.
 2.3. Generation of transgenic procyclic-form celllines
 The procyclic host cell line 29–13, co-expressingT7RNAP and TetR, was derived from wild-type T.brucei 427 procyclic forms by sequential stabletransfection with pLew13 and pLew29 (Fig. 1B),essentially as described previously [2]. Procyclic-form T. brucei were harvested from a log phaseculture (4–8×106 ml−1 in SDM-79 [9]) with agentle spin (B700×g) at 4°C, washed once inice-cold Zimmerman post-fusion medium, resus-pended in 1–3×107 aliquots in 0.5 ml Zimmermanpost-fusion medium and transfected with 10 mg ofNot I-linearized pLew13 DNA per cuvette,usingone pulse from a BTX electroporator set for peakdischarge at 1.6 kV and resistance-timing mode R2(24V). Time constants were typically about 0.3msec. Cell suspensions and cuvettes were kept onice. After electroporation,cells were transferred to9.5 ml of SDM-79 medium and incubatedovernight. After 24 h, transformants were clonedby serial dilution in conditioned SDM-79 contain-ing 15 mg ml−1 G418.
 G418-resistant clones were evaluated forT7RNAP expression using transient reporter plas-mids pHD54 or pHD216, described previously [6],where luciferase is driven by a T7 promoter. Allclones examined expressed levels of T7RNAP lead-ing to luciferase activities equivalent to or exceed-ing those produced by the PARP promoter(transient reporters pHD77 or pHD422) [6] in thesame cell line. One of these clones served as theparental cell line for subsequent transfection with
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 pLew29. Approximately 2.5 mg of a gel-purifiedNot I-Ssp I cassette of pLew29 was used totransfect cell line 13 clone 3. Five clones, resis-tant to 25mg ml−1 hygromycin, were assayed forTetR expression by transient assays usingpLew20 in the presence or absence of Tc aspreviously described [2]. All clones showed morethan 100-fold repression. Clone 6, which rou-tinely showed more than 500-fold repression ofthe Tc-responsive PARP promoter in transientassays, served as the procyclic host cell line forsubsequent transfections. This host cell line isdesignated 29-13. pLew29 was simultaneouslyused to transform double-resistant cell line 20-13,derived by stable transfection of cell line 13,clone 3 by Not I-linearized pLew20. Hy-gromycin-resistant clones were checked for Tc-dependent expression of luciferase. Line29-20-13, clone 3 was used for further analysis.
 Additional cell lines were generated using simi-lar transfection protocols. After electroporation,cells were transferred to 9.5 ml of SDM-79medium with appropriate inhibitors, according tohost background, and incubated overnight. Selec-tion was applied the following day: 15 mg ml−1
 G418 for pLew13; 2.5 mg ml−1 phleomycin plus100 ng ml−1 Tc for pLew20; 2.5 mg ml−1
 phleomycin without Tc for pLew79 and deriva-tives; 25 mg ml−1 hygromycin for pLew29; 50 mgml−1 hygromycin for pLew90 and derivatives.At this time, cells were serially diluted in 24-wellmicrotiter plates, using conditioned medium, tospeed the cloning process and ensure that clonesare independent.
 2.4. Generation of transgenic bloodstream-formcell lines
 To generate a bloodstream-form host cell lineco-expressing T7RNAP and TetR, wild-type 427cells expressing VSG 221 were harvested from alog-phase culture with a gentle room-temperaturespin (B700×g in a tabletop centrifuge), washedonce in Cytomix [10] at 37°C, and resuspendedat 2×107 ml−1. Aliquots of 1×107 cells wereelectroporated with 10 mg of Not I-linearizedpLew13, as for the procyclic form, except thatthe cuvettes were kept at room temperature. Fol-
 lowing electroporation, cells were transferred to9.5 ml of HMI-9 and survivors, typically 10% orless, were counted. 24-well microtiter plates wereseeded with 3–10×104 living cells per well, in avolume of 0.5–1 ml. Selection was applied thefollowing day by adding the same volume ofHMI-9 containing 5 mg ml−1 of G418, for afinal concentration of 2.5 mg ml−1 of G418. Us-ing pLew82 (see Fig. 1A and [5]), a small num-ber of G418-resistant clones were tested forT7RNAP expression in a transient transfection.The clone yielding the highest level of T7-medi-ated luciferase activity was transfected with NotI-linearized pLew90 and transformants were se-lected with 5 mg ml-1 hygromycin. One double-re-sistant clone, 90-13 clone 4, showing greater than1000-fold regulation of luciferase expression froman integrated pLew20 reporter (selected with 2.5mg ml−1 phleomycin plus 100 ng ml−1 Tc, inaddition to 5 mg ml−1 hygromycin and 2.5 mgml−1 G418, to ensure retention of the T7RNAPand TetR transgenes) served as the originalbloodstream-form host cell line. For transforma-tion of this cell line and a single-marker host (seebelow) with pLew79 or pLew100 and derivatives,selection was carried out as for pLew20 butwithout Tc.
 To generate a bloodstream-form host cell lineco-expressing TetR and T7RNAP, with the ex-penditure of a single selectable marker, wild-type427 cells expressing VSG 221 were transfectedwith Not I-linearized pHD328 [6]. Hygromycin-resistant transformants were checked forT7RNAP texpression in transient assays usingpLew82 [5]. One clone, in which transient luci-ferase activities surpassed the levels achieved, inparallel transfec-ions, by the PARP and ES pro-moters of pLew20 and pLew92 (an analog ofpLew20 containing an ES promoter in place ofthe PARP promoter), respectively, was stablytransfected with Aat II-digested pLew114hyg5%.Neomycin-resistant clones were checked for hy-gromycin sensitivity. In roughly 25% of theclones, hygromycin resistance had been lost.Three such clones were chosen at random forstable transfection with pLew82 or pLew100hyg1reporters, to assess regulation of Tc-responsivepromoters.
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 2.5. Luciferase assays of stable cell lines
 For luciferase assays from stable expressers, aPromega luciferase assay system was used. 2×106
 cells were gently pelleted and lysed with 100 ml ofthe Promega lysis buffer on ice. Cell debris wasremoved by a 3–5 min microfuge spin at 4°C. 5 mlof the cleared supernatant was added to 45 ml ofPromega assay buffer containing luciferin, atroom temperature, and samples were read imme-diately in a Turner model TD-20e luminometer.All stable cell lines were assayed in duplicatemultiple times and results from representative ex-periments are shown.
 3. Results
 3.1. Altering genetic background of a host cellline for optimal and reproducible TetR expression6ia the T7RNAP
 To conserve drug-resistance genes, when gener-ating conditional null mutants, it became neces-sary to use the TetR cassette to disrupt one alleleof the gene of interest. Tight repression could notbe achieved by integrating the TetR gene intoweakly transcribed loci like RNP1 [11] (E. Wirtz,unpublished observations). Indeed, single-copy in-tegrations into TUB, as with pHD360 [2] orpLew13 (Fig. 1B) led to repression factors of lessthan 13-fold. This became an increasing concernas we and other investigators sought to regulateectopic copies of different genes in null-mutantbackgrounds. The need for reproducible levels ofTetR expression, independent of local transcrip-tional read-through levels at the integration site,made it necessary to incoporate a promoter intothe design of the TetR cassette. The lack oftrypanosome Pol II promoters and the desire notto use T. brucei Pol I promoters, which are verystrong, subject to endogenous regulation, and ap-peared to generate toxic levels of TetR (Wirtz,unpublished observations), led us to explore theuse of bacteriophage promoters.
 We have recently shown that T7RNAP canefficiently transcribe T. brucei chromatin tem-plates, driving very high-level gene expression in
 bloodstream and procyclic forms, and that T7promoters of different intrinsic strength could begenerated, using point mutations [5]. Based on theoriginal tightly regulating cell line, bearing 2–4copies of the TetR cassette in the TUB locus [2],and our observations that a single-copy was inad-equate, transcription equivalent to about twicePol II read-through appeared to be necessary foradequate TetR expression. A bacteriophage T7promoter, reduced to 10% of wild-type activity bya -10 A to T point mutation, was shown to driveluciferase expression, in trypanosomes expressingT7RNAP, at approximately twice the level of PolII read-through at the TUB locus [5].
 The 10% T7 promoter was inserted upstream ofthe 5% UTR of the TetR expression cassette, in avector designed for targeted disruption of RNP1(Fig. 1B; pLew29). This construct was transfectedinto a procyclic cell line in which T7RNAP ex-pression had been established by transfection withpLew13 (Fig. 1B). Hygromycin-resistant 29-13transformants were checked for regulation, bytransient transfection with the luciferase reporterconstruct pLew20 (Fig. 1A). pLew29 was simulta-neously introduced into cell line 20-13 (T7RNAP-expressing cell line 13 containing the stablyintegrated luciferase reporter pLew20), in order tomonitor regulation of the Tc-responsive PARPpromoter in a chromosomal context. Comparedto using a promoter-less TetR cassette in theRNP1 locus, in which regulation factors did notexceed 10-fold with transient or stably integratedreporters, pLew29 gave 200–800-fold regulationin transient assays (cell line 29-13) and \1000-fold regulation in stably transformed (29-20-13)clones (Fig. 2). Background expression remainedlow and Tc-inducibility remained high during pro-longed subculture. Under the conditions of thisexperiment, luciferase returns to baseline levelswithin 5 days of removing Tc from the medium.Although there appears to be some variation inthe uninduced levels, it should be noted that theselevels represent about 1 molecule of luciferase percell (see later). Driving TetR expression with a T7promoter furnished predictable and effective lev-els of TetR, regardless of the low level of endoge-nous transcription of the targeted locus. Itresulted in dramatic increase in repression rates,
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 without loss of inducibility or development oftoxicity. This also confirmed that the low regula-tion in some earlier cell lines (13, for example)was a result of insufficient TetR expression.
 3.2. Regulation and kinetics of Tc-induced geneexpression for a back-to-back dual-promoter6ector
 Previous efforts to develop dual-promoter vec-tors, for expression of toxic products, relied uponinsertion of ES or rRNA promoters into pHD430[2], to yield pHD437 and derivatives (Fig. 1A) [3].This approach resulted in a marked loss of regula-tion and led to speculation that interaction be-tween two strong endogenous promoters [12]interfered with repression [3]. However, insertinga heterologous promoter in the same position, orusing two tandem heterologous promoters (E.Wirtz, unpublished observations), led to the samedramatic reduction in repression rate for the up-stream Tc-responsive promoter. This implicatedthe tandem arrangement rather than an interac-tion between endogenous promoters as the basisfor the loss of repression. We therefore tried a
 Fig. 3. Regulation of dual-promoter reporter constructs by Tcin procyclic-form T7RNAP/TetR background. pLew79-trans-fected 29-13 host cells were selected with phleomycin in theabsence of Tc. Luciferase activities are shown for the first fourrandomly selected independent clones (A–D), cultured for 3days in the presence or absence of Tc. Data for one 29-13 cellline, stably transformed with pLew20, the prototypical single-promoter construct [2], are shown for comparison (E). Thehorizontal gray bar labeled Pol II indicates the range ofluciferase activity obtained by Pol II read-through transcrip-tion in the TUB array.
 Fig. 2. Regulation of the Tc-sensitive PARP promoter in 29-13procyclic T. brucei. The 20-29-13 triple-transformed cell linewas continuously cultivated in SDM-79 in the absence of Tcand inhibitor selection for 6 weeks. At intervals, Tc was addedand luciferase measured. The side panel indicates the luciferaselevels induced 4 h and 12 h after Tc addition. The horizontalgray bar labeled Pol II indicates the range of luciferase activityobtained by Pol II read-through transcription in the TUBarray (for details see [5]). The background RLU for wild-typecells is 0.
 back-to-back configuration of the constitutive andinducible promoters (Fig. 1A). The new vector,pLew79, was tested in procyclic forms with the29-13 background. Transformants were selected inthe absence of Tc. The regulation afforded by thisvector is shown in Fig. 3, for four independent5 randomly selected clones. Examples of unregu-lated clones probably represent cases where re-porter cassettes failed to integrate into thetranscriptionally silent target.
 Induction kinetics for the Tc-responsive PARPpromoter in the context of the new vector wereinvestigated. Fig. 4 shows results for representa-tive procyclic clones derived from stable transfec-tion of 29-13 with either pLew79 or, forcomparison, the single-promoter reporterpLew20. Induction kinetics for the two vectorswere similar. Luciferase increased about 1000-foldin 12 h and levels did not increase after 48 h, athigh Tc concentrations. Expression levels equiva-
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 Fig. 4. Kinetics of luciferase induction by Tc concentrations ranging from 1 ng ml−1 to 1 mg ml−1, in transformed procyclic T.brucei. (A) One of the four dual-promoter pLew79 clones from Fig. 3. (B) Single-promoter pLew20. The horizontal gray bar labeledPol II indicates the range of luciferase activity obtained by Pol II read-through transcription in the TUB array.
 lent to Pol II transcription were reached in about4 h. Steady-state expression in the Pol II rangewas induced by 10 ng ml−1 Tc for pLew79 andabout 3 ng ml−1 Tc for pLew20.
 A bloodstream-form host cell line co-expressingTetR and T7RNAP was constructed by sequentialtransfection of wild-type T. brucei with pLew13and pLew90 (Fig. 1B). In this bloodstream-formline (90-13), harboring essentially the same expres-sion cassettes as 29-13 procyclic host, but with theTetR cassette targeted to TUB instead of RNP1,luciferase expression from stably integratedpLew79 (cell line 79-90-13) was strictly Tc depen-dent (Fig. 5). Regulation factors were again in therange of 104-fold. Thus regulation was very tight,but the maximum expression level that can beattained in bloodstream forms is constrained bythe developmental regulation of the PARP pro-moter [13]. pLew79 also contains a short ALD 3%UTR that is unfavorable (relative to the longerone used in pLew100) in the bloodstream form[14], giving about 6-fold lower expression (com-pare this with pLew100hyg1 in Fig. 8A). Theinitial overshoot, after adding Tc, is often seen.
 Transcriptional repression by TetR is expected tobe fast, but will depend upon the rate at which Tcis eliminated from the cells, and may be atypically
 Fig. 5. Kinetics of luciferase induction and decay in blood-stream-form 79-90-13 T. brucei following addition and re-moval of Tc. Cells were initially grown in the presence of 1 mgml−1 Tc. After 48 h, the culture was split and half wastransferred to medium lacking Tc. After 144 h, 1 mg ml−1 Tcwas added back to this culture.
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 Fig. 6. Relation of luciferase light units to molecules per cell. Standard curves were constructed by adding known amounts ofluciferase to extracts of 90-13 bloodstream-form (data not shown) or 29-13 procyclic-form T. brucei and measuring luciferase asdescribed in Materials and Methods. Standard deviations lie within the range embraced by the point markers (�). Expression levelsachieved+/−Tc by (A) dual-promoter pLew79 and (B) single-promoter pLew20, in molecules per cell, are indicated. Theexpression level of luciferase achieved by read-through transcription in TUB, using the construct pHD421 [2] in procyclic forms isalso indicated.
 slow in this experiment, where a large excess (1 mgml−1) of Tc was used. The rate at which thereporter disappears will depend upon several ad-ditional factors.
 3.3. Background expression in the absence of Tcin terms of molecules per cell
 To anticipate whether functional knock-out ofgenes can be achieved, using a conditional-null-mutant strategy, we needed to quantify back-ground expression levels for these vectors in termsof molecules per cell. We generated standardcurves by adding known amounts of luciferase toextracts of 90-13 bloodstream or 29-13 procycliccell lines in order to translate luciferase light unitsinto molecules per cell (Fig. 6). Although therecould be factors that we are unaware of, such as
 cell-specific posttranslational modifications, lead-ing to differences between the specific activity ofluciferase synthesized in T. brucei and that addedto the cell extracts, this was the best approachthat we could conceive for estimating moleculesper cell. The results confirmed that regulation ofthe dual-promoter (pLew79 and derivatives) con-structs is actually better than the original(pHD430 [2] and pLew20) single-promoter sys-tem, with respect to background expression in theabsence of Tc. The ‘off’ state corresponded to lessthan one molecule of luciferase per cell and thefully induced level to around 104 molecules percell. The activity of standard amounts of luci-ferase was reduced about two-fold in blood-stream-form extracts (data not shown). This maycontribute to the lower levels of luciferase inbloodstream forms. We attribute the majority of
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 Fig. 7. Targeting strategy for constructing a cell line expressing T7RNAP and TetR with the final expenditure of only one selectablemarker. In the example shown, a T7RNAP cassette was first targeted to TUB in bloodstream-form T. brucei. In the second step,after cloning the T7RNAP cell line, the TetR cassette was targeted to the HYG and plasmid sequences inserted in the first step,eliminating hygromycin resistance, but not the entire HYG gene.
 this effect to thermolability of luciferase [15,16] at37°C relative to 27°C.
 3.4. Co-expression of T7RNAP and TetR using asingle-marker
 Establishment of T7RNAP/TetR co-expressionhas been streamlined for the expenditure of asingle selectable marker. The previously describedstrategy for establishing T7RNAP/TetR co-ex-pression, by sequential transfection with pLew13and pLew29, relied upon Pol II read-throughtranscription of the T7RNAP gene, in the TUBlocus. pLew13 (Fig. 1B) represented our originalattempt to establish T7RNAP/TetR co-expressionsimultaneously, using a single-marker. This ap-pears to produce adequate amounts of T7RNAPbut, as previously discussed, this read-throughtranscription of TetR in pLew13 was inadequatefor tight repression. Efforts to insert the 10% T7promoter into pLew13 were complicated by
 difficulties propagating the plasmid in Escherichiacoli, where circular transcription broughtT7RNAP under the control of its own promoter,a situation that is toxic to E. coli [17]. Thesedifficulties could not be overcome by inserting T7terminators downstream of T7RNAP or bycloning in a background of T7 lysozyme expres-sion. We therefore decided to link the T7RNAPand TetR expression cassettes directly in T. bru-cei, by a two-step transfection approach (Fig. 7).The second transfection eliminates the markerused in the first step. In principle, the same strat-egy can be used to target other loci. Regulation inthese bloodstream-form single-marker clones re-mained tight, as illustrated in Fig. 8A, for luci-ferase expressed via the PARP promoter(pLew100hyg1 expression cassette). Introductionof pLew82, in which LUC is driven by a full-strength T7 promoter, showed that sufficientTetR was produced to adequately regulate thisstrong promoter (Fig. 8B). Targeting strategies
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 that placed T7RNAP downstream from its ownpromoter (even the 10% promoter) were not com-patible with stable expression of the polymerase in
 T. brucei (S. Leal, unpublished observations), andappeared to result in mutations in either theT7RNAP or the T7 promoter.
 Single-marker bloodstream-form cells were sub-sequently differentiated to procyclic forms, whichcould be cultured indefinitely in DTM [18]. How-ever, during several months of continuous cultiva-tion, the transfection efficiency of these derivedprocyclic forms remained similar to that of blood-stream forms, and much lower than procyclicforms that have been maintained in continuousculture for several years. Tc regulation was lowerand variable. We are unable to explain this behav-ior, which makes subsequent transformation ofthis host cell line extremely difficult, when lowtransfection efficiency is combined with thedifficulties of cloning procyclic forms. One featureof procyclic forms that has been reported to vary,during culture, is the relative abundance of thetwo distinct forms of the surface coat proteinPARP (also known as Procyclin) [19,20]. Differ-ences in surface coats could affect membrane sta-bility and influence killing by electroporation, towhich bloodstream forms were previously thoughtto be more susceptible [21]. We are thereforeattempting to establish a single-marker procycliccell line by directly transfecting procyclic cells thathave a long history of continuous culture.
 4. Discussion
 Producing adequate levels of the TetR was thecritical factor in obtaining tight regulation ofTc-inducible promoters. Providing the TetR cas-sette with a promoter made expression levels pre-dictable and independent of endogenous tran-scription at the target locus. This permitsintegration at loci where read-through transcrip-tion is very low, making it more useful for geneknock-outs, where using this cassette to disruptone allele helps to conserve marker genes. Gener-ation of a conditional knock-out, using the TetRand T7RNAP cassettes of pLew90 and pLew13,will be described elsewhere (Ochatt, C et al.,manuscript in preparation).
 Earlier dual-promoter vectors for inducible ex-pression of toxic products [3] were re-designed,
 Fig. 8. Regulation of luciferase activity in the single-markerT7RNAP/TetR bloodstream-form cell line. (A) Activities areshown for 6 independent clones, in which pLew100hyg1 wastransfected into the single-marker cell line described in Fig. 7.Clones were selected in the absence of Tc then grown for 2days with or without Tc. Regulation of pLew100hyg1 in thebloodstream-form 90-13 cell line, in which T7RNAP and 10%T7-driven TetR cassettes analogous to those shown in Fig. 1,but both targeted independently to TUB, is shown for com-parison. (B) Regulation of luciferase driven by a full-strengthT7 promoter of pLew82 in the single-marker cell line. Resultsare shown for three independent clones and, for comparison,for pLew82 in the 90-13 line. The horizontal gray bars indicatethe range of luciferase activity obtained by Pol II read-throughtranscription in the TUB array in bloodstream forms.
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 leading to significantly tighter regulation and lessvariability among clones. The previous tandemarrangement, of the Tc-responsive promoter driv-ing test gene expression and the constitutive pro-moter driving selectable marker expression, wasabandoned for a back-to-back arrangement, inwhich constitutive T7 and Tc-responsive PARPpromoters drive selectable marker and test geneexpression, respectively, making marker expres-sion independent of Tc. In a genetic backgroundof TetR/T7RNAP co-expression, transformantswere readily obtained in the absence of Tc in bothprocyclic and bloodstream-form host cell lines.These consistently showed regulation factors inthe 103–104-fold range and very low backgroundexpression. Steady-state expression levels can bemodulated by adjusting Tc concentration. In theabsence of inducer, all clones examined expressedless than 1 molecule of luciferase per cell. This ismore than an order of magnitude below back-grounds observed with the previous tandem pro-moter arrangement [3] (E. Wirtz, unpublishedobservations). Regulation appears even tighter inbloodstream forms, but the maximum inducedlevel of luciferase is lower, being constrained bythe developmental down-regulation of the PARPpromoter.
 Compared to the original single-promoter vec-tors, maximum expression levels are somewhatlower and induction kinetics slower (about half asfast as for pHD430 or pLew20). The presence ofthe T7 promoter appears to debilitate the PARPpromoter and facilitate its repression. Propaga-tion of torsional changes from the initiation re-gion of the constitutive T7 promoter into theoppositely oriented Tc-responsive PARP pro-moter seems to favor formation of repressor-oper-ator complexes at the expense of competentpreinitiation complexes, in the competition forbinding sites in the promoter. On the other hand,a downstream promoter in the same orientationas the Tc-responsive PARP promoter, as in thetandem arrangement of pHD437, seems to en-hance the capacity of the operator-bearing pro-moter for transcription relative to repression [3].The basis for this reduced repression has been thesubject of speculation invoking an interaction be-tween two Pol I promoters, akin to that described
 for the PARP and VSG expression site promoters[12]. However, a similar effect was seen whenvectors were engineered with two tandem T7 pro-moters (E. Wirtz, unpublished observations). Inany case, repression is tighter for the new back-to-back promoter vector than for either the single ordual-promoter vector prototypes.
 Ultimately, the maximum expression levels thatcan be achieved under induction, and the back-ground expression that will remain under repres-sion, will vary from one gene to another, asdifferent coding sequences and 3% untranslatedregions confer different stability characteristics onRNA and protein products. Depending upon theextent to which signals mediating endogenous reg-ulation are embedded in the coding sequence, orany other sequence included in the expressioncassette, a gene product may or may not beamenable to over-expression or rapid depletion.
 To address the issue of down regulation of thePARP promoter in bloodstream forms, we haveengineered vectors based on an inducible T7 pro-moter, which are described elsewhere [5].T7RNAP-driven expression in procyclic forms is2 to 5-fold higher than that driven by the PARPpromoter. In both stages, T7 and rRNA pro-moters have similar activities, more than 20-foldabove expression levels that can be attained withthe PARP promoter in bloodstream forms. Whilethe T7 system was designed for high-level expres-sion, it is not appropriate for regulated expressionof highly toxic products, because of transcrip-tional leakage. In both procyclic and blood-stream-form cultures, T7-driven expression levelsunder repression amounted to about 20% of PolII read-through [5]. While this will not present aproblem for many dominant-negative approaches,it could preclude establishment of cell lines bearinggenes encoding highly toxic products. For thesesorts of applications, the dual-promoter vector willbe required. The appropriate vector and hostcombination for a particular application will de-pend upon the maximum level of expression de-sired, the developmental stage(s) in which analysesare to be carried out, and the level of backgroundexpression that can be tolerated.
 The best strategy for achieving a conditionalknock-out will depend upon genomic organization.
  George Cross
 Not mentioned here, unfortunately, is that the single-promoter pLew82 construct has only one Tet operator versus 2 in the PARP promoter pLew79/100 constructs.
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 Modular design of the T7RNAP and TetR expres-sion cassettes, pLew13 and pLew90, facilitates theiruse for replacement of any gene or locus of interest,by adding appropriate targeting sequences. Forsingle-copy genes or multi-copy genes that arelinked in tandem arrays, it should be possible toestablish regulated ectopic expression in a nullmutant background. For multi-copy genes presentat dispersed loci, dominant-negative approachesbased on toxic RNA or protein products must berelied upon. In some cases, even with single-copygenes, a dominant-negative approach will be valu-able in identifying possible functions of thetargeted gene.
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