were present in the trigeminal and thalamic
nuclei bridging the sensory periphery to the
cortex (I1). Neonatal administration of
PCPA (300 mg/kg per day, SC) partly re-
stored the capacity to form cortical barrels.
A role for serotonin in barrelfield formation
could be considered because, for example,
thalamic afferents in the barrels of normal
pups express large amounts of 5-HT  re-
ceptors (22). Tg8 pup cortices that were
stained for the 5-HT,g receptors did not
show the barrel pattern that was found in
C3H cortices (11). It will be interesting to
check for the presence of the barrelfield in
the progeny of Tg8 mice mated to diverse
5-HT receptor knockouts.

This study shows that MAOA-deficient
mouse pups have a dramatically altered se-
rotonin metabolism and severe behavioral
alterations, both phenomena being linked.
The behavioral traits of adults may be re-
lated to persisting defects in monoamine
metabolism or to structural alterations such
as the one we demonstrated in the cerebral
cortex, an issue that pharmacological inter-
ventions may help to clarify. The finding
that MAOA-deficient males with a C3H/
He] genetic background display enhanced
aggression under standard rearing condi-
tions supports the idea that the particularly
aggressive behavior of the few known hu-
man males lacking MAOA is not fostered
by an unusual genetic background or com-
plex psychosocial stressors but is a more
direct consequence of MAOA deficiency.
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Transcriptional Activation by Tetracyclines
in Mammalian Cells

Manfred Gossen,* Sabine Freundlieb, Gabriele Bender,
Gerhard Muller, Wolfgang Hillen, Hermann Bujard

Atranscriptional transactivator was developed that fuses the VP16 activation domain with
a mutant Tet repressor from Escherichia coli. This transactivator requires certain tetra-
cycline (Tc) derivatives for specific DNA binding. Thus, addition of doxycycline to HelLa
cells that constitutively synthesized the transactivator and that contained an appropriate,
stably integrated reporter unit rapidly induced gene expression more than a thousandfold.
The specificity of the Tet repressor-operator-effector interaction and the pharmacolog-
ical characteristics of Tc’s make this regulatory system well suited for the control of gene
activities in vivo, such as in transgenic animals and possibly in gene therapy.

The ability to tightly control individual
gene activities would greatly facilitate the
analysis of gene function, particularly in sys-
tems that are not amenable to genetic dis-
section. The achievement of this goal in
more complex eukaryotic cells has been dif-
ficult because of a lack of tightness of con-
trol or to pleiotropic effects caused by the
inducing principle (for example, heat shock,
heavy metal ions, or steroid hormones), or
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both. Systems founded on well-defined reg-
ulatory elements from evolutionarily distant
species have therefore been expected to be
useful. With the use of the E. coli lactose
and tetracycline (tet) resistance operons,
several transcription control circuits have
been developed and shown to be functional
in complex eukaryotic cells (I, 2). One sys-
tem (3) takes advantage of the high speci-
ficity of the Tet repressor (TetR)—operator—
Tc interaction, the potentcy of the herpes
simplex virus (HSV)-VP16 transcription
activation domain, and the favorable prop-
erties of Tc’s. In this system, the Tc-con-
trolled transactivator (tTA) (a fusion be-
tween TetR and the activating domain of
the VP16 protein) can stimulate the expres-
sion of a reporter gene in Hela cells up to
10°-fold (3). Because Tc prevents tTA from
binding to tet operators placed upstream of a



minimal promoter, it turns off the tTA-
dependent expression unit.
Even though Tc¢ and many Tc deriva-

tives are nontoxic to eukaryotic cells at the
low concentrations required to abolish gene
expression, their continuous presence is

Fig. 1. Schematic repre-
sentation of the reverse
Tet system. The gene
encoding rtTA is com-
posed of rtetR and the
VP16 moiety, driven by
an appropriate promoter
(P) and followed by a
polyadenylate (A,) site. In
the absence of the effec-
tor doxycycline (Dox),
the transactivator does not recognize its specific DNA target sequence (tetO); therefore, transcriptional
activation of gene X will not occur (broken arrow). Addition of the effector Dox results in binding of TA to
tetO, which allows the activation of the reporter unit (shaded arrow). The minimal promoter-tet operator
construct used here is identical to the tTA-responsive promoter Py \-_4, Which consists of seven tet
operators located upstream of a minimal sequence of the CMV IE promoter (3).

rtTA

P
ey | BT

F— A —

Fig. 2. Stereo plot of the TetR structure showing the backbone of the two subunits (yellow and gray) and
the location of the four amino acids altered in the TetR mutant protein exhibiting the reverse phenotype.
The van der Waals radii of the wild-type amino acids are indicated in red for the yellow subunit and in
green for the gray subunit. For reasons of clarity, the position of Gly'°2 is indicated in the gray subunit
(G102"). Ala”" (A71) refers to the class B wild-type residue and Glu”' (E71) to the class D wild-type
residue. Tc is shown as a blue stick model.

Table 1. Doxycycline-dependent enzyme activity in various double-stable HR5-derived clones. Out of 21
hygromycin-resistant clones obtained after the transfection of HR5 cells with a luciferase reporter unit (77),
10 showed inducible luciferase activity on addition of Tc or doxycycline to the culture medium. Four of those
clones, as well as one cell line stably expressing an rtTA regulated lacZ gene, are shown. Enzyme activities
in cell extracts were determined after 60 hours of growth. HR5 clones with a CMV minimal promoter in front
of the reporter gene are referred to as HR5-C, and those with the TK minimal promoter are referred to as
HR5-T (17). L designates the Iuciferase and Z the B-galactosidase reporter gene. The data show that the
CMV-based minimal promoter can be activated to greater amounts than can the HSV-TK-based minimal
promoter. However, the TK-derived promoter gives a consistently lower background activity. Luciferase
activity was determined as described (3). B-Galactosidase activity was measured in a standard ONPG
(ortho-nitrophenyl-B-D-galactopyranoside) assay from serial dilutions of cell extracts.

Clone —Doxycycline +Doxycycline Activation factor
Luciferase activity (relative light units per microgram of protein)
HR5-CL11 100 165,671 1,660
142 179,651 1,270
HR5-CL14 43 44,493 1,030
43 56,274 1,310
Hr5-TL2 56 16,696 298
40 16,416 410
HR5-TL15 6.8 1,838 270
6.5 1,688 260
B-Galactosidase activity per milligram of protein per hour
HR5-CZ18 0.17 607 3,570
0.15 801 5,340
SCIENCE ¢ VOL. 268 = 23 JUNE 1995
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suboptimal in a variety of experimental set-
ups; for example, in the breeding of trans-
genic animals or in gene therapy. Moreover,
the induction of gene expression may be
slower when an effector needs to be re-
moved, a problem relevant to studies in
which kinetic parameters play a role, such
as in developmental processes. To exploit
Tc as an inducing effector substance, we
envisioned three scenarios: (i) The devel-
opment of a repression system utilizing the
Tet repressor. Limitations of such a system
have been outlined (2). (ii) The use of
fusions between the Tet repressor and cer-
tain eukaryotic silencer-repressor proteins.
(iii) The modification of TetR or tTA such
that Tc induces rather than abolishes bind-
ing to the operator. Here we pursued the
third concept and developed a transactiva-
tor that has reversed DNA binding proper-
ties when compared with the wild-type Tet
repressor (4) or with tTA (3). This trans-
activator requires the presence of Tc for
binding to tet operator sequences (Fig. 1).
Rapid induction and a wide range of regu-
lation of gene activity are achieved with the
use of this regulatory system.

The TnlO-tetR gene that codes for the
class B Tet repressor (4) was randomly mu-
tagenized and screened for the Tc depen-
dence of repression in vivo (5). One mutant
that exhibits a dependence on Tc for repres-
sion has four amino acid exchanges in TetR:
Glu”'=Lys”!, Asp”®>—>Asn”, Leu'9'—
Ser'®!, and Gly'%2— Asp'®? (4). According
to the crystal structure of the highly homol-
ogous class D Tet repressor (6), none of these
four amino acids directly contacts Tec. In-
stead, amino acid 71 is a surface residue,
Asp® connects the DNA reading head with
the core of the protein, Leu'®! is involved in

{TA*-lacZ*

riTA*-lacZ*

Dox - + - +

Fig. 3. Northern blot of lacZ RNA from Hela cells
expressing tTA or tTA. Total RNA (10 mg) from a
tTA* and an rtTA* cell line stably expressing the
lacZ gene was loaded per lane. Dox followed by a
plus or minus sign indicates the presence or ab-
sence of doxycycline (1 ng/ml) in the culture me-
dium. The blot was hybridized simultaneously with
a DNA probe for the lacZ gene and, as control for
even loading, with a probe of GAPDH (glycerolal-
dehyde phosphate dehydrogenase) complemen-
tary DNA.
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subunit dimerization, and Gly'®? is adjacent

to an amino acid that contacts Tc (Fig. 2).
The latter three amino acids, which are
identical in class B and class D repressors,
most likely are involved in the conforma-
tional change of TetR during induction.
Their alteration may therefore generate the
observed reverse phenotype. We refer to this
mutant as a reverse Tet repressor (rTetR),
because repression of an indicator gene un-
der Tet control in E. coli is increased about
30-fold in the presence of the inducer doxy-
cycline (7). Thus, the effect of Tc is reversed
in the mutant as compared with the wild-
type repressor.

The reverse Tc-controlled transactivator
(rtTA) was obtained by the exchange of the
DNA sequences that span the positions of
the murtated amino acids between tTA and
rTetR (8). The gene for rtTA-nls, which
encodes a nuclear localization sequence at
the 5’ end, was constructed in an analogous
experiment (8, 9). Both genes were placed

Fig. 4. (A) Differential response of HR5-CL11
cells to various Tc's. HR5-CL 11 cells were plated
atadensity of 3 X 104 cells per 35-mm dish. After
full attachment of the cells, different Tc's were
added to a final concentration of 1 wg/ml [Tc,
tetracycline-HCI; OTc, oxytetracycline-HCI; CTc,
chlortetracycline; ATc, anhydrotetracycline-HCI;
and Dox, doxycycline-HCI. These compounds
(Sigma or ACROS Chimica, Nidderau, Germany)
were kept in agueous solution at a concentration
of 1 mg/ml]. Control cultures were grown in the
absence of antibiotics. After 3 days, the luciferase
activity and the protein content were determined
in cell extracts. The results of two independent
experiments (solid and hatched bars) are shown.
Each bar represents the luciferase activity normal-
ized to the protein content of a single culture. The
mean of the luciferase activites from two cultures
grown without Tc's was defined as 1. (B) and (C)
show induction of Iuciferase activity in HR5-CL11
cells by doxycycline. (B) Dose-response analysis
of doxycycline on the HR5-CL11 clone. HR5-
CL11 cells were plated at a density of 3 X 104
cells per 35-mm dish. After attachment of the
cells, doxycycline was added to the final concen-
trations indicated. (Doxycycline has a slight cyto-
toxic effect at concentrations greater than 3 pg/
ml.) Control cultures were grown without doxycy-
cline. After 3 days, cell extracts were analyzed for
luciferase activity and protein content. For each
concentration of doxycycline, relative luciferase
activities from three independently grown cultures
are shown. The mean of the Iuciferase activities
from the cultures grown without doxycycline was
defined as 1. (C) Kinetics of luciferase induction in
HR5-CL11 cells after activation with doxycycline.
HR5-CL11 cells were plated at a density of 5 X
104 cells per 35-mm dish. After attachment of the
cells, the medium of all cultures was renewed
[time (t ) = O], whereby half of the cultures received
prewarmed antibiotic-free medium (solid circles)
whereas the other half (open circles) received me-
dium supplemented with doxycycline (1 pg/ml).
Each point represents the normalized luciferase
activity from one of these cultures harvested at the

under the control of the human cytomega-
lovirus IE promoter, which resulted in the
construction of plasmids pUHDI17-1neo
and pUHD172-1neo, which encode rtTA
or rtTA-nls, respectively (9). When HeLa
cells were cotransfected with either one of
these plasmids as well as pUHC13-3 [which
contains the luciferase gene under the con-
trol of a tTA-dependent minimal promoter
(3)], both rtTA and rtTA-nls showed the
expected increase in luciferase activity in
the presence of Tc’s (10).

Stable HeLa cell lines that produced
rtTA or rtTA-nls were obtained after trans-
fection with pUHD17-1neo and pUHD172-
Ineo, respectively, and selection for G418-
resistant clones. These clones were screened
for expression of a functional transactivator
by transient transfection with pUHC13-3.
The positive clone HR5, which constitu-
tively produces rtTA-nls, was chosen for
stable transfection with reporter units that
contained a gene encoding either luciferase
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or B-galactosidase that was under the con-
trol of a tTA-dependent promoter (I1).
Several of the clones that expressed the
reporter gene exhibited the expected in-
crease in enzyme activity on addition of
doxycycline. More than 1000-fold induction
was achieved with these double-stable cell
lines (Table 1). Activation of gene expres-
sion by doxycycline was also monitored at
the level of RNA synthesis (12). On addi-
tion of the effector, B-galactosidase mRNA
increased dramatically in a rtTA™-lacZ*
cell line (Fig. 3). The opposite effect was
observed when doxycycline was given to
cells that express the lacZ gene under con-
trol of the authentic transactivator tTA.
These data reveal the complementary mode
of action of these two transactivators.

Several Tc derivatives were examined for
the ability to activate luciferase expression in
HRS5-CLI11 cells. Whereas doxycycline and
anhydrotetracycline highly stimulated lucif-
erase activity, Tc, chlortetracycline, and
oxytetracycline were less effective (Fig. 4A).
The most potent effector, doxycycline, was
used in all further experiments. Analysis of
the dose-response dependence revealed that
doxycycline was apparently ineffective at
concentrations below 10 ng/ml. However,
when the concentration was raised, an al-
most linear increase in the expression of
luciferase was observed, and maximal activa-
tion was achieved at 1 pg/ml (Fig. 4B).
Finally, the kinetics of doxycycline-mediated
activation of gene expression was measured
by monitoring the time course of luciferase
activity in HR5-CL11 cells after the addi-
tion of doxycycline to the medium. Lucif-
erase activity was induced 100-fold after 5.5
hours and reached fully induced levels in less
than 24 hours (Fig. 4C).

We have recently demonstrated the
functionality of the previously described
tTA system in transgenic plants (13) and
mice (14), and large regulation factors have
been monitored in the mouse model (15).
First experiments with mice transgenic for
rtTA reveal comparable ranges of regula-
tion in response to doxycycline (15). Thus,
the placement of genes under the control of
rtTA may lead to the generation of condi-
tional mutants whereby a gene of interest
can be kept silent throughout embryonic
development in the absence of any effector.
The excellent dose-response characteristics
of the system would then allow not only a
qualitative off-on transition but also a fine
tuning of gene expression and the study of
quantitative aspects of gene activity. The
design of partial induction experiments,
particularly in the mouse model, may be
facilitated by the use of different Tc deriv-
atives, which activate rtTA to different ex-
tents at identical concentrations (Fig. 4A).
Finally, the properties of the reverse Tet
regulatory system described here appear par-



ticularly advantageous for in vivo studies in
which the rapid activation of a gene is
required, because, in contrast to the au-
thentic tTA system, the kinetics of induc-
tion does not depend on the biological half-
life of the effector.
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Construction of a Soluble Adenylyl Cyclase
Activated by G_« and Forskolin

Wei-den Tang* and Alfred G. Gilman

A soluble adenylyl cyclase was constructed by linkage of portions of the cytosolic
domains of the mammalian type | and type Il enzymes. The soluble enzyme was
stimulated by both forskolin and the « subunit of the heterotrimeric guanine nucleotide—
binding protein (G protein) G, (G,a). Expression of the construct complemented the
catabolic defect in a strain of Escherichia coli that is deficient in adenylyl cyclase
activity. The active, approximately 60-kilodalton enzyme accumulated in the cytoplas-
mic fraction of E. coli to yield activities in excess of 1 nanomole per minute per milligram
of protein. The two sets of transmembrane helices of mammalian adenylyl cyclases are
thus not necessary for the catalytic or the most characteristic regulatory activities of
the enzyme. This system may be useful for both genetic and biochemical analysis of

G protein-regulated adenylyl cyclases.

The structures of G protein-regulated ad-
enylyl cyclases are complex, consisting of
two intensely hydrophobic domains (M,
and M,), each hypothesized to contain six
transmembrane helices, and two ~40-kD
cytosolic domains (C; and C,). The C, and
C, domains contain sequences (C,, and
C,,) that are similar to each other, to the
corresponding regions of related adenylyl
cyclases, and to the catalytic domains of
membrane-bound and soluble guanylyl cy-
clases (I, 2). Analysis of a series of trunca-
tion and alanine-scanning mutants of mam-
malian adenylyl cyclases indicates that both
C,, and C,, (but not C,, and C,) are
necessary for catalytic activity (3, 4). How-
ever, by analogy with the guanylyl cyclases,
the hydrophobic domains are thought not to
be so required. Membrane-bound adenylyl
cyclases are expressed in small amounts, and
the enzymes are labile and difficult to ma-
nipulate in detergent-containing solutions.
We have thus attempted to construct a sol-
uble adenylyl cyclase that retains regulatory
properties of interest and that is amenable to
both biochemical and genetic analysis.
Concurrent expression of the NH,-ter-
minal half of type I adenylyl cyclase and the

COOH-terminal half of type II adenylyl
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cyclase results in the formation of a nonco-
valent chimera that remains sensitive to
both G and forskolin, despite extremely
low basal activity (4). We have thus ligated
complementary DNAs (cDNAs) that en-
code C,, from type [ adenylyl cyclase and
C,, from type Il adenylyl cyclase with short
linkers between them, resulting in con-
structs designated IC,IIC,-L,, IC/IIC,-L;,
and IC/IIC,-L, (Fig. 1A) (5). To investi-
gate whether these constructs encode func-
tional adenylyl cyclases, we tested comple-
mentation of the catabolic defect in E. coli
Acya TP2000, which lacks adenylyl cyclase
activity (6). This deficient bacterial strain
cannot use maltose as a carbon source; col-
onies thus fail to turn red on McConkey
agar and do not grow on minimal medium
(7). To activate adenylyl cyclase in E. coli,
we coexpressed the cyclase constructs with
either wild-type G, or a mutant G (in
which GIn??7 is replaced with Leu; desig-
nated Go*) that is deficient in guanosine
triphosphatase (GTPase) activity and is
thus constitutively active (8). Escherichia
coli TP2000 expressing either G or G a*
remained pale yellow on McConkey agar
supplemented with maltose and failed to
grow on minimal medium (M63 medium
containing arginine and maltose) (Fig. 1B).
However, bacteria expressing G a* and any
of the three chimeric adenylyl cyclase con-
structs turned red on McConkey agar and
grew on minimal medium (Fig. 1B). (Wild-
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