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ABSTRACT

Several tetracycline-controlled transactivators (tTA)

were generated which differ in their activation potential

by >3 orders of magnitude. The transactivators are
fusions between the Tet repressor and minimal trans-
criptional activation domains derived from Herpes

simplex virus protein 16 (VP16). By reducing the VP16
moiety of the previously described tTA to 12 amino
acids, potential targets for interactions with various

cellular transcription factors were eliminated, as were

potential epitopes which may elicit a cellular immune

response. When compared with the originally d
tTA, these new transactivators are tolerated at higher
intracellular concentrations. This will facilitate estab-

lishment of tet regulatory systems under a variety of
conditions, but particularly when cell type-restricted

tetracycline-controlled gene expression is to be
achieved in transgenic organisms via homologous
recombination.

INTRODUCTION

escribed

tTA, functions in the opposite fashion: it requires Tc derivatives,
like doxycycline or anhydrotetracycline, for binding to its operator
and thus activates transcription only in the presence but not in the
absence of the tet effector. Transcriptional regulation via rtTA has
been shown in mammalian cel§ &nd in mice4). Despite their
widespread application, the present tet regulatory systems may
still be developed further to fulfil specific experimentadjuize-
ments. Here, we focus on modification of the activation domains
of tTA and rtTA which, when overexpressed, can be deleterious
to cell metabolism.

The intracellular concentration of transcriptional activators
appears well controlled, as expected for regulatory proteins.
Overexpression of transcription factors results in ‘squelching’
(7), which is seen as a consequence of titrating components of the
transcriptional machinery from their respective intracellular
pools. For VP16, as one of the most potent transactivators, it has
been demonstrated that its overexpression, e.g. as a fusion protein
with GAL4, is not tolerated by cell8,0). Considering that VP16
interacts with a variety of essential components of the transcriptional
machinery, including the adaptor/co-activator protein ADA2 in
Saccharomyces cerevisi@ie)) and its human homolo@X), with
TFIIB (12), TFIID (13), TFIH (14) and dTAFII40 {5), this is
not surprising.

The tetracycline-controlled transcription activation system described Accordingly, Gilbert and co-workersl§) found a correlation
previously () was shown to function as an efficient geneticbetween squelching and growth arrest, which indicates that toxicity
switch in a variety of eukaryotic cells, including mammalign (  through squelching is a quantitative problem where the intracellular
plant 3) and yeast (Gari,E., personal communication) cells. itoncentration and the strength of the activation domains are
also allows effective control of gene activities at the level of therucial parameters.

organism, as shown in plant8),( mice @) and Drosophila We attribute the fact that tTA and rtTA were nevertheless shown
(Gehring,W., personal communication). One of the key componertts function well in numerous systems to the exceptional specificity
of the tet system is the tetracycline-controlled transactivat@f the Tet repressor/operator interactid)( This specificity
(tTA), a fusion protein between the repressor of thel@n warrants a high occupancytefOsequences by the transactivator
tetracycline resistance operonksicherichia coliand a C-terminal  at low intracellular concentrations of tTA/TA. Random integration
portion of VP16 that contains domains capable of activatingf tTA/rtTA expression units into chromosomes allows screening
transcription §). In the absence of the effector tetracycline (Tc)for integration sites where the synthesis of tTA/MTA is sufficiently
tTA will activate transcription from a suitably engineeredhigh to yield good activation but low enough to prevent the
minimal promoter by binding to an array tet operator {fetO)  deleterious effects of squelching. For example, we estimate the
sequences positioned upstream. In the presence of Tc, tTAcisncentration of tTA in our HeLa X1 cell line to @000
prevented from binding to its target and thus transcription isolecules/cell 18), hardly sufficient to seriously affect pools of
abolished. Using a TetR mutant, a transactivator with a reverbasal transcription factors but nevertheless capable of activating a
phenotype (rtTA) was generated which, when compared witthromosomally integrated tTA responsive promoter°sfaldl.
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This cell line, like numerous others, as well as several tTA- antbntrolled by the human cytomegalovirus IE promao?ey.(To
rtTA-producing mouse lines, is perfectly stable in our laboratorgllow insertion of DNA in-frame with the-2nd of theetRopen
and over several years has demonstrated that the intracelluleading frame via&Xmd cleavage, pUHD141-1 was linearized
concentration of the transactivator lies within a ‘physiologicalwith Aflll, whose site overlaps thetR stop codon. Protruding
window. DNA 5-ends were removed by mung bean nuclease and the
There are, however, experimental strategies where screeningsgnthetic oligonucleotidd £ZCCGGGTAACTAAGTAA-3 was
selection for an appropriate intracellular concentration of thigated into the vector using standard cloning procedures. The
transactivator is not possible. For example, to achieve cell typeesulting plasmid, YHD141-1/X, containing &Xmd cleavage
specific regulation of a gene in transgenic organisms it appeaite at the very'aend of theetRgene, was verified by sequence
attractive to place, via homologous recombination, a tTA/rtTAanalysis.
gene under the control of the promoter which directs expression
of the gene of interest. Given the proper design of the vector usgd|| culture and transient transfections
for recombination, the integration event will, at the same time, o . )
inactivate the target gene; its coding sequence controlled byHgLa X1/6 cells containing chromosomally integrated copies of
tTA/ItTA responsive promoter can be provided independentiyhe luciferase reporter construct pUHC13L8)(and HeLa (wt)
While such an experimental ‘knock in/knock out’ strategy would€lls were maintained at 3¢ and 5% C@in Earl's modified
allow for cell type-specific expression of tTA/ItTA and thus forEagles medium (E-MEM; Gibco) supplemented with 10% fetal
an equally specific Tc-controlled regulation of the gene of interegtalf serum. Transfections by calcium phosphate co-precipitation
the effective intracellular concentration of the transactivator will bwere performed according to standard protocols with the
primarily a function of the transcriptional activity of a particularfollowing modifications. HeLa X1/6 cells were grown in 35 mm
locus, a parameter which appears unpredictable and impossibléltghes to 50-60% confluency. One hour prior to transfection, the
control. One way to overcome these limitations would be to adaplture medium was renewed and the cells were incubated at
the activation potential of the transactivator to the expressio?°C and 6% CQ. The calcium phosphate/DNA precipitate
level of a specific locus. contains 1.fug plasmid DNA [consisting of 0j&g transactivator
Here we describe a panel of novel Tc-controlled transactivatog@nstruct, 0.4ig lacZ expression vector (pbUHD16-1), included
which contain VP16-derived minimal activation domains andor normalization of transfection efficiency, and AgpUC18 as
which possess a graded transactivation potential spanning B@n-specific carrier DNA]. The precipitate (1p@'dish) was
orders of magnitude. These transactivators are tolerated in ceddded to X1/6 cells which were then further incubated &€37

at higher concentrations and, therefore, appear suitable faRd 6% CQ for 30 h. Transfection efficiency, as determined by
experimental approaches as described above. in situ B-galactosidase staining of parallel cultures, was between

60 and 80%.

MATERIALS AND METHODS _
Luciferase assay

Dishes (35 mm) containing transfected X1/6 cells were washed
with 3 ml phosphate-buffered saline (PBS) and lysed ingd25
The minimal activation domains of this study were derived fronysis buffer containing 25 mM Tris—phosphate, pH 7.8, 2 mM
VP16 and comprise positions 436—447 according to Sefgl  dithiothreitol, 2 mM diaminocyclohexane tetraacetic acid, 10%
(19). Synthetic oligonucleotides encoding this domain andjlycerol and 1% Triton X-100 for 10 min at room temperature.
variations thereof were designated [F], [GF], [FG], [GG] and [Y]The lysates were scraped off the dishes and centrifuged for 10 s
respectively, whereby the letters designate the amino acidsiatan Eppendorf centrifuge. Luciferase activity in these extracts
position 442 (triplets underlined). Sequences of the codingas measured as describet) é@nd luciferase values were
strands are given. The oligonucleotides encode one or twmrmalized toB-galactosidase activity by performing standard
minimal domains as indicated by the letters in brackets. liquid O-nitrophenylB-galactopyranoside assays).

Oligonucleotides encoding minimal activation domains

Oligo [F, 5-CCGGCCGACGCCCTGGACGBTITOGACCTGGACATGCTG-3 ,
Oligo [GF], 5-CCGGCCGACGCCCTGGACGBGGMACCTGGACATGCTGe-  DNA retardation assay

CTGCTGATGCTCTCGATGAITT@GATCTCGATATGCTCC-3, Hela cells were grown in 10 cm dishes to 50-60% confluency and
Oligo [FG], 8-CCGGCCGACGCCCTGGACGBTTAGACCTGGACATGCTGCC-  transfected via the calcium phosphate procedure witly plasmid
TGCTGATGCTCTCGATGATGGIGATCTCGATATGCTCC-3, DNA encoding the various tTAs. Thirty hours post-transfection
Oligo [GG], 3-CCGGCCGACGCCCTGGACGBGGUSACCTGGACATGCTGCE-  totg| cell extracts were prepared as follows. CERs{(10°) were
TGCTGATGCTCTCGATGALGGIGATCTCGATATGCTCCS, washed with PBS, centrifuged, resuspended in |#50uffer
Oligo [Y], 5-CCGGCCGACGCCCTGGACGACTAGACCTGGACATCCTC-3 containing 10 mM HEPES, 1.5 mM M%;H.O mM KCl, 0.5 mM

The protruding 5ends of the double-stranded oligonucleotideglithiothreitol and 1 mM phenylmethylsulfonyl fluoride and

are compatible with the cleavage site of restriction endonuclea§éubated for 20 min at'@ before they were quickly frozen and
Xm4. thawed. NaCl was added to a final concentration of 250 mM and,

after incubation for 20 min aC, the samples were centrifuged
in a Beckman TL-100 ultracentrifuge at 435 @dand O C for

10 min. Aliquots of the extracts (10) were mixed with 1Qul

The ColEl-based plasmid pUHD141-A0) contains the TetR binding buffer (20 mM MgG, 20 mM Tris, pH 7.5, 10%
coding sequence which is optimized at therd for efficient  glycerol, 2 mg/ml herring sperm DNA and 1 mg/ml bovine serum
initiation of translation Z1). Transcription of theetR gene is albumin) and 2 fmol3?P-labeled tetO DNA isolated from

Plasmids
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Figure 1.Fusions between TetR and minimal acidic activation domains. TetR was fused to minimal activation domains derived frora &t atid sequence

of the domains is outlined at right. [F] denotes the wild-type sequence between position 436 and 447 of VP16 which temglmiamine at positon 442. In the
mutated minimal domains [G] or [Y], PH&is substituted by glycine and tyrosine respectively. Various combinations of the minimal domains were fused to TetR,
resulting in the panel of fusion proteins outlined at left.

pUHC13-3 () as a 42 bprad fragment after filling in the from cell pools were prepared and DNA retardation assays were
protruding ends with T4 DNA polymerase in the presence afarried out as described above. Total protein content of the
[a-32P]dCTP. After 25 min, the reaction mixture was loaded ontextracts was determined according to Bradfa#s). (Protein-DNA

a 5% polyacrylamide/0.13% bisacrylamide gel containing 5%omplexes were detected and quantified by a phosphoimager. In
glycerol. Electrophoresis was carried out in 45 mM Tris basea|l HeLa cell extracts a protein with some affinity to DNA was

45 mM boric acid and 1 mM EDTA at 7 V/icm. observed. This protein, marked with an asterisk in Figueas
used as an internal marker for quantitation of the various
transactivators.

Generation of stably transfected cell lines

HelLa X1/6 cells were grown in 35 mm dishes and transfecteRESULTS

with 2 pg linearized plasmid DNA as described above. The . o _
transfection mixture contained plasmid pHMR2Z2(carrying Fuspns between TetR and minimal activation domains
thehyggene, and plasmid pUHD15-1, pUHD19-1 or pUHD26-1d€rived from VP16

(containing the Kozak sequence upstream of the tTA gene). Thg16 contains two distinct transcriptional activation domains
molar ratio between the plasmid in question and the selectigfracterized by bulky, hydrophobic amino acids positioned in a
marker was 40:1. After 24 h, cells were transferred to 10 cm dlshﬁ®h|y negatively charged environme@#). Each domain was

and maintained in medium containing 309/ml hygromycin.  shown to activate transcription when fused to a heterologous DNA
ReS|st{:1nt clones were isolated, expgndeq separately and analyglﬁging domain such as that of GALZ}. An oligonucleotide [F]

for luciferase activity 1). To further investigate tTA-dependent g, oding the acidic domain delineated by positions 436—447 was
activation of the luciferase gene in those clones, cells were seedgfiihesized (Figl) and inserted into plasmid pUHD141-1/X

at a density of 10 000 cells/35 mm dish and grown in the presenggrame with the 3end of thetetR gene. Due to multiple

or absence of Tc (lig/ml). After S days, cell extracts were jneqgrations, sequences were generated which encode transactivator:
prepared as described above and luciferase activity was measu taining one, two, three or four activation modules. They were

The protein content of the lysates was determined according (ﬁ‘ésignated TetR—F, TetR—FF, TetR—FFF, TEFRF respectively.

Bradford €3). To reduce possible structural constraints induced by the repeat

units, the individual domains were joined by a proline, which also
Generation of cell pools stably expressing various connects the first domain to TetR. Each transactivator construct
transactivators and quantitation of relative was verified by sequence analysis.

intracellular tTA concentrations

Plasmids pUHD15-1, pUHD19-1, pUHD20-1 and pUHDZG—Q?;gfgiggﬁgtntggnsdmg of the novel TetR fusion proteins

were modified by inserting a selectable marker gene. In each case
an expression cassette containingrthegene was inserted into Binding of the new TetR chimerastedOwas examined by DNA
the Xhd site located upstream of,&uv (1). The resulting retardation experiments. The various proteins were produced by
plasmids were designated pUHDlBety pUHD19-hheq  transient expression of plasmids pUHD141-1/X and pUHD18-1
pUHD20-Inheoand pUHD26-heorespectively. to pUHD21-1 (Tablel) in HelLa cells. Thirty hours after
Hela cells were grown in 10 cm dishes to 50% confluency artdansfection, extracts were prepared and incubated with radiolabeled
transfected with 2Qug linearized plasmid DNA as described tetO DNA. Electrophoretic separation of the protein-DNA
above. After 24 h, cells were transferred to 14.5 cm dishes andmplexes shows that the new fusion proteins tet@ DNA
maintained in medium containing 5@@/ml G418. Resistant with an efficiency comparable with that of TetR (F24\) and
clones were then pooled, seeded into 14.5 cm dishes and groferm complexes which migrate according to the molecular
under selective pressure until they reached confluency. Extraetgight of the respective fusion proteins. Presence of Tc in the
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Figure 2. Characterization of the various TetR fusions by DNA retardation assays. HeLa cells grown in 10 cm dishes to 40% conduentsiendy transfected
with plasmid DNA encoding either TetR or one of the fusion proteins shown in Figure 1. Cell extracts prepared after 8ribinecevath radiolabeledtODNA

in the presence or absence of Tc. Protein—~DNA complexes were separated electrophoretically and detected using a phoghdabilitgeshift of TetR—[F]
fusions; b) fusions between TetR and [F], [G] and [Y] domains. Mock-transfected cells contained vector DNA without a tTA encoding insert.
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Figure 3. Comparison of intracellular concentrations of transactivators. Protein extracts prepared from cells stably expressiransadtivators were subjected

to electrophoretic mobility shift assays with radioactively labs#ad DNA. Protein and DNA were mixed in the presence or absence sidchiefore comparable
amounts were applied to the polyacrylamide @€l Extracts from pools of HeLa cells stably transfected with DNA encoding tTA, tTA2, tTA3 and tTA4 respectively
under the control of i2mv: (B) Analysis of individual clones producing tTA or tTA3. tTA: lane 1, extract from X1/5 cells (1); lane 2, extract of the XtS8HT

line in Table 2; lane 3, extract of a clone picked from the tTA-transfected HeLa cell pool described in (A). tTA3: larizsektearts of the tTA3-producing cell
lines in Table 2; lane 3, extract of a clone picked from the tTA3-producing HelLa cell pool described in (A). *A markerausantifation of the signals.

binding assay prevents complex formation. Furthermore, thishserved whereby TetR-FF reacli@®%, TetR—FFF almost

analysis suggests that the new fusion proteins are stable, asl9% and TetR—FFFE230% of the activity conferred by tTA.

degradation products are detectable. Interestingly, TetR—F containing a single minimal domain does
not activate under these conditions.

Activation potential of the new TetR—[F] fusions

To assess the activation potential of the new TetR fusions, HellatR fusions containing mutated minimal domains

X1/6 cells were transiently transfected with plasmids encoding

the respective proteins. Luciferase activity in this cell line idMutational analysis of the acidic activation domains of VP16 has
barely detectable but can be greatly increased by transieewealed that the phenylalanine at position 442 is crucial for
expression of a tTA-encoding gene; this activity is abolished bignction £6). When replaced by aromatic amino acids like Tyr
Tc (Tablel). Induction of the luciferase gene is entirely dependentr Trp or by hydrophobic amino acids such as Leu, lle or Ala the
on the activation domain fused to TetR, as TetR alone has activation potential of truncated VP16 was redut&d and
effect (Tablel). When the different TetR—[F] fusions were 10-fold respectively. All other substitutions caused an even larger
examined in this assay, a gradual increase in luciferase activitylss of activity.
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Table 1. Transcription activation by fusions between TetR and various minimal domains

TetR fusion Arbitrary luciferase activity Relative Designation Plasmids encoding
activation (%) of transactivator TetR and TetR fusions
+Tc -Tc
TetR-VP16 20 265 410 100 tTA pUHD15-1
TetR 26 32 0 pUHD141-1/X
TetR-F 21 21 02 pUHD18-1
TetR—-FF 27 102 828 39 tTA3 pUHD19-1
TetR—-FFF 33 259 556 98 tTA2 pUHD20-1
TetR—-FFFF 33 607 264 230 tTA1 pUHD21-1
TetR-GG 28 30 0 pUHD22-1
TetR-FG 24 88 0.03 tTA7 pUHD23-1
TetR-GF 28 1500 0.6 tTA6 pUHD24-1
TetR-FGY 16 12 080 4.6 tTAS pUHD25-1
TetR-GFY 25 37 217 14 tTA4 pUHD26-1

HelLa cell line X1/6, which contains the luciferase gene under transcriptional control of the chromosomally integratedd@Atgeperoter
Phcmv—1 (1), was grown in 35 mm dishes to 50% confluency. Cells were transiently transfected with DNA encoding either TetR, tTA
or one of the new fusion proteins. Cultures were incubated in the presence or absencegfii} {@r 30 h before luciferase activity

was measured and standardizetgalactosidase activity (introduced by co-transfection with pUHD16-1). The measurements of two independent
transfection experiments are shown and related to the activity of tTA (100%).

Table 2. Analysis of HeLa X1/6 cell clones stably expressing tTA, tTA3 or tTA4

Cell line Luciferase activity (RLUAg protein) Regulation factor
+Tc —Tc

X1/6-tTA (clone 1) 4 (£0.2) 1 062 283£44221) 2.5x 1P

X1/6-tTA3 (clone 1) 1£0.3) 228 363%£15608) R.2x 1P

X1/6-tTA3 (clone 3) 340.1) 462 184421585) .5x 10P

X1/6-tTA4 (clone 7) 240.2) 89 010£3220) H.4x 104

X1/6 1 (*0.2) 1 (0.4)

Hela cell line X1/6 was transfected with pHMR272 and plasmids encoding the respective transactivators. Clones resistant to
hygromycin were analyzed for Tc-dependent luciferase activity. Cells of four clones selected for efficient regulationedest seed
density of 10 000 cells/ 35 mm dish and grown in the presence or absence pf/foljTor 5 days. Values given are arithmetic

means of five independent cultures.

To broaden the range of activation potential of fusions betwedPontrol of luciferase activity in HeLa X1/6 cells
TetR- and VP16-derived minimal domains, we have varied theonstitutively producing tTA3 and tTA4
sequence of the latter by replacing Phe with Gly or Tyr. Several

TetR fusions containing various combinations of mutated (G, Yjo characterize the properties of some of the novel transactivators
and wild-type (F) domains were generated (Ey@nd examined in stably transfected cells, the genes encoding tTA3 or tTA4
for their tetO binding as well as for their ability to activate controlled by Rcmv were transferred into HeLa X1/6 cells.
transcription from Remy+-1 in X1/6 cells. When produced in Co-transfection with pUHD19-1 or pUHD26-1 (Takl and
HeLa cells, all fusion proteins appear to efficiently et as  pHMR272, which conveys hygromycin resistari¢é) (leads to
evidenced by DNA retardation experiments (EB). Whentheir  the isolation of resistant clones, which were examined for
activation potential was analyzed (Tab)eno activity was found |uciferase activity in the presence and absence of Tc. In the
for TetR—GG. However, by combining a [G] with an [F] domain resistant clones luciferase activity in the presence of Tc is
low but distinct activation is produced, amountingd®03 indistinguishable from the activity of non-transfected X1/6 cells
(TetR-FG) and 0.6% (TetR—GF) of the activation potential of tTATable 2), whereas in the absence of the effector it can be
respectively. Higher levels of activation are conferred by thetimulated >1#fold. These data confirm the functionality of the
combinations FGY and GFY, which correspond to 4.6 and 14%wo new transactivators tTA3 and tTA4 under stable cellular
of the tTA activity. Together with the [F] domain-containing TetRconditions. They both allow tight regulation of transcription via
fusions described above, these combinations establish a panehdTA/rtTA-responsive promoter. It should be emphasized that in
Tc-controlled transactivators which covers a range of activatioime clones tested the level of activation conveyed by TetR—FF and
strength of >3 orders of magnitude. For simplicity, the TetRletR—-GFY cannot be compared with the data obtained in
fusions capable of activating transcription are designateiansient transfections (Tablg. In the latter experiments the
tTA1TA7, as indicated in Table same amount of transactivator-encoding DNA was introduced
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into the cells, resulting in comparable intracellular concentratiorlown to interact with cellular transcription factors were
of the tTA proteins. Therefore, the different levels of activatioreliminated. Thus, when compared with VP16, tTA1-tTA7 have
reflect the properties of the respective TetR fusions. In contrasbst sites which contact Oct-27%) and the host cell factor HCF

in stably transfected cells the genes encoding the transactivat¢s), both required for formation of the C1 complex comprising
are randomly integrated into the genome. Their expression is ba@itt-1, HCF, VP16 and DNAZ2({). Similarly, deletion of the
copy number and locus dependent and, consequently, the#cond C-terminal acidic activation domain of VP16, known to
intracellular concentration will differ from clone to clone. Thesecontact TAFII40 {5) and ADA2 (L0), is expected to further
concentration differences, rather than the properties of theduce the interaction of the new transactivators with those
respective transactivators, are thus reflected in the different levédgtors. Therefore, we assume that these tTA proteins have gained
of activation. specificity while their capacity for squelching is reduced. This
assumption is supported by the finding that tTA2 is tolerated in
HelLa cells at 3-fold higher concentrations than the original
TetR—VP16 fusion (tTA), although both transactivators possess
the same activation potential (Taklg It thus appears that

To examine whether transactivators with minimal domains arelements of VP16 were removed which limit expression to a
tolerated at higher intracellular concentrations than tTA, HeLlwer level. When the intracellular concentrations of tTA2, tTA3
cells were transfected in parallel with plasmids encoding tTAand tTA4 are compared, an inverse correlation with the respective
tTA2, tTA3 or tTA4. The corresponding plasmids (Tablevere  activation potential is revealed. It thus appears feasible to use the
equipped with aneo resistance marker (see Materials andpanel of transactivators described here for the adjustment of
Methods) to ensure that clones resistant to G418 would al§@nsactivating capacities to expression signals of different strength.
express the transactivator gene. Selection for G418 resistance leBusion of acidic domains to DNA binding proteins as described
to pools of 300-500 colonies. Such pools were grown up arieere increases the negative charge of the molecule and thus may
protein extracts were analyzed for transactivator protein bgffect its affinity for DNA. However, DNA retardation experiments
electrophoretic mobility shift experiments with radioactivelyshown herein demonstrate that all TetR fusions bintett®
labeledtetO DNA. As shown in Figur&A, all transactivators sequences with comparable efficiency, although minor differences
consisting of TetR and minimal activation domains are present between the various binding constants would not be revealed by
the cell at higher concentrations than the TetR—VP16 fusiahis assay. This is in contrast to findings by others (Schaffner,W.,
protein tTA. Interestingly, tTA2, which has the same activatiopersonal communication) and indicates a low susdipti the
potential as tTA (Tabl&), is nevertheless tolerated at a 3-fold TetR/DNA interaction to C-terminally located negative charges.
higher concentration. Among the new transactivators, however,Fusing a single [F] domain to TetR yielded a protein that does
the intracellular concentration increases inversely with theot activate transcription. However, fusing a second minimal
respective activation potential. Thus, tTA3 and tTA4 concentratiorgctivation domain to TetR-F, resulting in TetR—FF (tTA3),
are 5- and 9-fold higher respectively than that of tTA. Whemenerates a transactivator which reack#96 of the activity of
individual clones producing either tTA or tTA3 were analyzed fotTA. Adding further [F] domains to tTAS increases the activation
relative abundance of the transactivators, again by DNA retardatioapacity[2.5-fold per domain, as seen for tTA2 and tTA1. There
assay, the same picture emerged: the intracellular concentratimay be several reasons why TetR—F is not effective in transactiva-
of tTA3 was again about five times higher than that of tTA@BY.  tion. Either the single activation domain, which is only 12 amino
Extracts from Hela cells expressing tTA show a secondcids in length, is burried within the TetR protein and has to be
protein-DNA complex in the DNA retardation assay, whichplaced at a distance from TetR to make physical contact with the
appears to be a degradation product of tTA @)igThis product  transcription initiation apparatus at the promoter or, alternatively,
is also found to a variable extent in other cell lines. From thghis negatively charged domain may become neutralized by the
mobility of this complex it can be estimated thi40 amino acids positively charged amino acid residues at the C-terminus of TetR.
have been cleaved off, most likely from the C-terminus, since Einally, it may be possible that a single acidic activation domain
deletion of this size from the N-terminus would abolish theslone is not sufficient to stimulate transcription and full activation
operator binding capacity of the transactivator. Therefore, thigquires two modular activation domains, as the data presented
degradation product has most likely lost the second (C-terminaigrein suggest.

activation domain of the VP16 moiety. It is not clear whether such Comparing TetR—F with TetR—GF (tTA6) indicates that adding

Intracellular concentrations of transactivators

a truncated protein will still act as a transactivator. a [G] domain, which by itself is transcriptionally inactive, since
TetR—GG is ineffective, suffices to generate a functional trans-
DISCUSSION activator, tTA6. The transactivator with the inverse order of the

two minimal domains, TetR—FG (TA7), is less active than tTAG,
The transcriptional transactivators described herein are fusioimslicating that steric factors contribute to a functional arrangement
between the Tet repressor and minimal activation domairef activating domains. Since tTA7 nevertheless has a measurable
derived from a 12 amino acid ‘acidic activation domain’ of VP16activity we must conclude that the negative charges of the [G]
Combination of several of these minimal domains using wild-typdomain contribute to transcriptional activity as well. tTA6 and
as well as mutated sequences yielded a panel of transactivatdia7 are both very weak transactivators. By simply exchanging
(tTA1—TA7, Tablel) which differ in their activation potential by the glycine for a phenylalanine the activation potential of the
>3 orders of magnitude, whereby tTA1l exceeds the activatiaresulting transactivator (tTA3) is increasaa0-fold (tTA6) or
strength of the previously described tTA 2.3-fold. The neweven >1000-fold (tTA7). From this we conclude that in our system
transactivators activate the previously described tTA responsiat least two minimal activation modules acting synergistically are
promoter Bcmv+—1 (1), despite the fact that a number of sitesrequired for efficient stimulation of transcription. The activation
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properties of tTA5 and tTA4 may again be explained by sterican@ Weinmann,P., Gossen,M., Hillen,W., Bujard,H. and Gatz,C. (1384.
synergistic effects exerted by the combination of the respective f{is?hgng_Sggésen ML Zimmermann E.. Jerecic... Ulimer.C.. Libbert H
minimal domams, whereby addl_tlon_ of the [Y]_ domain to both * , Bujard,H. (1996roc. Natl. Acad. Sci. USA3, 10933-10938. ’
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