
were present in the trtgeminal and thalamic 
nuclei bridging the sensory periphery to the 
cortex (1 1).  Neonatal administration of 
PCPA (300 mg/kg per day, SC)  partly re- 
stored the canacitv to form cortical barrels. 

A ,  

A role for serotonin in barrelfield formation 
could be considered because, for examnle. 
thalamic afferents in the barrels of normal 
pups express large amounts of 5-HTIB re- 
ceptors (22). Tg8 pup cortices that were 
stained for the 5-HTIB receptors did not 
shov.7 the barrel pattern that was found in 
C3H cortices (1 1 ). It will be i~lteresti~lg to 
check for the oresence of the barrelfield in 
the progeny of Tg8 mice mated to diverse 
5-HT receptor kt~ockouts. 

This study shows that MAOA-deficient 
mouse pups have a dramatically altered se- 
rotonin metabolism and severe behavioral 
alterations, both uhetlolne~la being linked. " 
The behavioral traits of adults may be re- 
lated to ~ersistino defects tn monoallline " 

metabolism or to structural alterations such 
as the one we demollstrated in the cerebral 
cortex, an issue that pharmacological inter- 
ventions may help to clarify. The finding 
that MAOA-deficient males with a C3H/ 
HeJ 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 at1 utlusual genetic background or corn- 
plex psychosocial stressors but is a more 
direct consequence of MAOA deficiency. 
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f ranscriptional Activation by Tetracyclines 
in Mammalian Cells 

Manfred Gossen," Sabine Freundlieb, Gabriele Bender, 
Gerhard Miiller, Wolfgang Hillen, Hermann Bujardi- 

A transcriptional 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 HeLa 
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. 

T h e  ability to tightly control individual 
gene activities would greatly facilitate the 
analysis of gene function, particularly i t1  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 
tnducing principle (for example, heat shock, 
heavy metal tons, or ~teroid hormo~les), or 

both. Systems f o ~ ~ ~ l d e d  on  well-defined reg- 
u la to r~  elements from evolutiotlarilv distant 
species have therefore been expected to be 
useful. With the use of the E .  coli lactose 
and tetracycline (tet) resistance operons, 
several transcriptiot1 control circuits have 
been developed and shown to be functional 
in complex eukaryotic cells (1, 2).  One sys- 
tem (3) takes advantage of the high speci- 
ficity of the Tet repressor (TetR)-operator- 
T c  interaction, the notentcv of the heroes 
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minimal promoter, it turns off the tTA-  tives are nontoxic to eukaryotic cells at the 
dependent expression unit. low concentrations required to abolish gene 

Even though Tc  and many Tc  deriva- expression, their continuous presence i s  

Fig. 1. Schematic repre- 
sentation of the reverse 
Tet system. The gene 

P 
rtTA 

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 doxvcvcline (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 rtTA 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 P,,,,-, , which consists of seven tet 
operators located upstream of a minimal sequence of the CMV IE promoter (3). 

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. T o  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). ( i i )  The use of 
fusions between the Tet remessor and cer- 
tain eukaryotic silencer-repressor proteins. 
( i i i )  The modification of TetR or tTA such 
;hat 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 wi th the wild-type Tet 
repressor (4) or wi th tTA (3). This trans- 
activator reauires the Dresence 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 de~endence on Tc for reDres- 

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 Glylo2 is indicated in the gray subunit 
(G102'). Ala7I (A71) refers to the class B wild-type residue and Glu71 (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 (1 l), 
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 ladgene, 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 (1 1). L designates the luciferase and Z the p-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). p-Galactosidase activity was measured in a standard ONPG 
(ortho-nitrophenyl-p-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 

142 179,651 
HR5-CL14 43 44,493 

43 56,274 
Hr5-TL2 56 16,696 

40 16,416 
HR5-TL15 6.8 1,838 

6.5 1,688 
p-Galactosidase activity per milligram of protein per hour 

HR5-CZ18 0.1 7 607 
0.15 801 
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sion has four amino acid exchanges in TetR: 
Glu7'+Lys7', Asp95+Asn95, Leu1''+ 
Ser'", and Gly '02+Asp'02 (4). According 
to the crystal structure of the highly homol- 
ogous class D Tet repressor ( 6 ) ,  none of these 
four amino acids directly contacts Tc. In-  
stead, amino acid 71 i s  a surface residue, 
Asp9' connects the DNA reading head with 
the core of the protein, Leu'" i s  involved in 

Fig. 3. Northern blot of lacZ RNA from HeLa cells 
expressing tTA or rtTA. Total RNA (1 0 mg) from a 
tTA+ and an rtTA+ cell line stably expressing the 
l a d  gene was loaded per lane. Dox followed by a 
plus or minus sign indicates the presence or ab- 
sence of doxycycline (1 pgh l )  in the culture me- 
dium. The blot was hybridized simultaneously with 
a DNA probe for the l a d  gene and, as control for 
even loading, with a probe of GAPDH (glycerolal- 
dehyde phosphate dehydrogenase) complemen- 
tary DNA. 



subunit ciirnerizatlon, and G1yl" is adjacent 
to an  amino acicl that contacts T c  (Fig. 2) .  
The  latter tl-iree alnil-io aci~ls, n.hrch are 
iilelltical in class B and class D repressors. 
nlost likely are involved in the conforma- 
t iol~al change of TetR cluring induction. 
Their alteration ma!- therefore generate the 
obser\-eil reverse phenotype. W e  refer to this 
mutant as a reverse Tet repressor (rTetR),  
hzcc~use repression of an  inilicator gene un- 
del. Tet control in E. coli is increased ahout 
30-fold in the presence of the inclucer doxy- 
cycline (/). Thus, the effect of T c  is re\-erseil 
in the mutant as compared \\iith the nild- 
tvpe repressor. 

T h e  reverse Tc-controlled transactivator 
( r tTA) was obtained by the exchange of the 
lX.4 secluences that span the  positions of 
the mutated amino acids betn.een t T A  and 
rTetR (8 ) .  T h e  gene for rtTA-nls, n-hich 
encocies a n~iclear 1ocali:ation se~luence at 
tl-ie 5 '  enel, nas  constructed in a n  annlogous 
esperilnel-it (8 ,  9). Both genes were placed 

under the  control of the  human cytomega- 
lovirus IE promoter. \vhicli resulted in  the  
construction of plasmids pUHD17-lneo 
ancl pUHIIl i2-1neo,  \vhicli encode r tTA 
or rtTA-nls, respectrvely (9). \Sthen HeLa 
cells \\.ere cotransfected n i t h  either one of 
these plasnlids as \yell as pUHC13-3 [\vhich 
contains the luciferase gene under the  con- 
trol of a tTA-clependent lninimal promoter 
( 3 ) ] ,  both r tTA and rtTA-111s sho\veLl the 
expected increase in luciferase activity in 
the presence of Tc's ( 1 G). 

Stable HeLa cell lines that produced 
r tTA or rtTA-111s were obtained atter trans- 
fection with pUHD17-lneo and pUHD172- 
lneo,  respectively, ancl selection for G418- 
res~stant clones. These clones ivere screened 
for expression of a functional transactivator 
by transient transfection with pUHC13-3. 
T h e  positive clone HR5, n.l-iic1-i constitu- 
tively produces rtT.4-nls, \\,as chosen for 
stable transfection with reporter units that 
contailled a gene encoding either luciterase 

Fig. 4. (A! D~fferent~al response of HR5-CLI I A 2 - 
cells to various Tc's. HR5-CLI 1 cells were plated 
at adensity of 3 x 1OLceIls per35-mtn dish. After 

5 1000 
t? 

full attachment of the cells, different Tc s were + 2 - 
added to a final concentrat~on of 1 p g / m  n c .  g l o o  
tetracycline-HC: OTc, oxytetracyc~ne-HCI: CTc, - 
clilo~~etracycl~ne; ATc, anhydroietracycine-HC; 

b .- > .- + 
and Dox, doxycycl~tie-HCI. These compounds 0 t o  

(S~glna or ACROS Chimca. Nidderau. Germany) o 

were kept in aqueous souton at a concentration f 
of 1 mg,'ml] Control cultures were grown in the c 1 

absence of anibotics. After 3 days, the luciferase z -I 

activity and the protein content were deterinned 
in cell extracts. The results of two independent Tetracycline derivative 

experments (solid and hatched bars) are shown. 
Each bar represents the luciferase actviy norma- 
zed to the proten content of a single culture. The 
Ineati of the luciferase act~v~tes froln tb~o cultures 
grown \0~1thout Tc's was defned as 1. (B) and (C) 
sho?i; nducton of c~c~ferase act~v~ty in HR5-CL1 1 
cells by doxycycne. (B) Dose-response analysis 
of doxycycline on the HR5-CLI I clone. HR5- 
CL1 1 cells were plated at a density of 3 X 10" 
cells per 35-mm d~sh. After attachment of the 
cells, doxycycne was added to the f ~ n a  concen- 
trations ~tidicated, (Doxycycl~tie has a slght cyto- 
toxc effect at concentrations greater than 3 kg: 
m j Control cultures were grown w~thout doxycy- 
cline. Afier 3 days, cell extracts were analyzed for Doxycycline (ngtml) 

uc~ferase act~itity and proten content. For each 
concentration of doxycycne, relat~ve uc~ferase 
activites from three ndependeniy grown cultures o , O O O - O - ~ - ~  

are shown. The mean of the clciferase activ~ties 
from the cultures grown v,~~thout doxycycne was 
deftied as 1. (C) Kinetcs of ucferase nduction in 
HR5-CLI 1 cells after actlvat~on ~0~1 th  doxycycline. 
HR5-CL1 I cells were plated at a density of 5 X 

1 Okel ls per 35-tnm dsh. After attachment of the 
cells, tile med~uni of a cultures was renewed 
[time (t I = 01, whereby half of the cultures received e 0 0- 

prewarmed atitibot~c-free meduli i  (solid circles) e P 

whereas the other half (open c~rclesi received me- -1 

dum supplemented w ~ i h  doxycyc~ne (1 ~~.g/mlj. o 10 20 30 40 so 

Each point represents the normalized uc~ferase Time after addition of doxycycline (hours) 

act~i~ity froln one of these cultures harjlested at the 
t ~ n e  indicated. Mean uciferase :lalues of the cultures analyzed at 1 = 83 were defned as 1 

or p-galactosidase that \vas under the con- 
trol of a tTA-clenenclent promoter (1 1 ) .  , , 

Se\:eral of the clones that expresseii the  
reporter gene exhibited the  expectecl in- 
crease in enzyme acti\:ity o n  aclclition of 
iloxvc.i.cline. Ivlore than 1000-fold incluction , , 

\vas achieved \vith these double-stable cell 
lines (Table 1) .  Activation of gene eupres- 
sion hy doxycycline ivas also lnonitored at 
the level of R N A  synthesis (1 2 ) .  O n  aiicli- 
tion of the  efkctor. P-galactosidase n-iRNA 
increased clramatically in a rtTA7-lacZ' 
cell line (Fig. 3). T h e  opposite effect was 
obser\.ed \vhen doxycycline ivas gi\:en to 
cells that express the lncZ pene ilnder con- 
trol of the authentic transactivator tTA.  
Tl-iese data reveal the comnlementarv mode 
of action of these two transact~vators. 

Several T c  Jerivatives ivere examined for 
the ability to activate luciferase espression it1 
HR5-CL1 1 cells. Whereas closycycline ancl 
anliyclrotetracycline l-iighly stimulated lucif- 
erase activity, Tc,  chlortetracycline, and 
oxytetracycline ivere less effective (Fig. 4A).  
T h e  niost potent effector, iloxycycline. was 
used in all further exreriments. At-ialvsis of 
the dose-response clep'endence revealeh that 
cloxycycline \\as apparently ineffecti\:e at 
conce~ltratio~ls below 10 nglml. Ho\ve\:er, 
lvlien tl-ie concentration was raised, an  al- 
most linear increase in the expressloll of 
luciferase was observed, a n J  maximal activa- 
tion was achieved at 1 kg/n-il (Fig. 4B). 
Finally, the kinetics of dox\-c\-cline-mcillated 
act ivat~c~n of ecnc exnrcssic~n was rneasureil 
by ~nonltoril-ig the time course of luciferase 
a c t i ~ ~ i t v  in HRS-CL11 cells after the addi- 
tion of Jox\-c\-cline to the mediunl. Lucif- 
erase acti-\.ltv was iniluced 100-fc~ld after 5.5 
houn  and rcacl-icJ f~llly induced levels in less 
than 24 hours (Frg. 4C) .  

W e  have recently Jernonstrated the 
funct~onality of the  prcvio~~sly  I le~cr ibe~l  
t T A  system In transgenic plants (13) anil 
lnicc ( l l . ) ,  and large regulation iactors have 
heen monitored in the mclusc rnodcl (15) .  
First espcrimcnts with li-iice transgenic for 
r tTA reveal comparable ranges c ~ f  regula- 
tion in response to doxycycline (15) .  Thus, 
the  placc~nent  of gcl-ics irncler the control of 
r tTA may lcail to the  gel-icratio~l c ~ f  co~idi-  
tlonal mutants n.l-icrchv a ecnc of interest , L> 

can he kept silent thrc~ughout cmbryc~nic 
dc\~cloprncnt in the absence of any effector. 
T h e  excellent dose-response characteristics 
of the system would then allow not only a 

off-on transition hut alsc~ a fine 
tuning c ~ f  gcne expressic~n and the study of 
quantltatlvc aspects of gcne activity. T h e  
design of partial induction experiments, 
particularl\- in the  mc~usc model, may he 
tac~litated by the use c ~ f  differe~it T c  dcriv- 
atives, which activate r tTA to different ex- 
t c~ l t s  at iilcntlcal concentrations (Fig. 4A) .  
Finall\-, the  properties of the reverse Tct  
rcgulatc~ry s\-stem ilescrihed here appear par- 



ticularl\- ad\-antagcclus for in \.ivcl stuilies in 
\vhich the rapld activation of a gene is 
rcq~~i red ,  because, in cclntrast to the au- 
thentic tTA system, the kinetics of indue- 
tion docs not dcpenil on the biological half- 
life of the ei'fcctor. 
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Bacrei~o.'. 175, 1206 ( -  393)] 
6 W. Hnr~chs eia!.  Sc,e.qce 264 i ' 8  (199L). 
7, G Muer  t i iess  Uni~.ersit$t Erlangen-Nuriberg 

Gamany 11 935). 
8. To tral-sier the reverse DNA bindng b e h a o r  of 

rTetR to tTH 3 ) ,  a 393-base pa'r Xba I-Ecoi7 I l l  
'ragment containing the rele?ant mutat ons o' tne 
rTeri7 ga-e $was exchanged for the correspond'ng 
restrcton fragment In pUHD' 5.- neo ran express'on 
vector for tTA cons~st~ng o' a cytolnegalo~~rus 
ICMV) promoter-enhancer the gene encod ,ig tTA, 
a ~ d  an SVLO poyadenyation s t e  1 3  In addto.1, tne 
;ector contains a pSV2neo-der1\ved neomyc ,i ress- 
tance cassette !P. , Soutliern and Berg d .  PVio! 
Asp.'. Get-er 1 .  327 1 -  982)] to f a c  tate seecton o' 
trans'ected ce Is Stable clones  ere selected at 500 
vg  o' G1'8 per ~ n l  t a .  The result , ig expresslo.1 
?ector fol -iTA vias named pUHD- 7-1 neo. 

9, A , l i~cear  oca zed tTA prote n tTA-,Is  as con- 
structed c: fuson at the DNA I s e l  of a nuclear o c a -  
iraton seql-lence to tiie NH,-ternnus of tTH The 
fl-lnct onaty  of tiie prote n i.i~tn respect to t s  tl.ans- 
actl?.atlon capaclt: and enr1cn1:-lent n tiie nucIe~.s 
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pUHDl72-1 s a der~?.at~?.e of pUHDl52-1 that en- 
codes tTA-'11s 
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'rias at 300 11,g of i-:g,.orn:c n cer 1-1 Ill ter 
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cordng to standard plocedures 11. S a ~ ~ b r o o < ,  E. F. 
Fr~tsc i ,  T M a n a t s  :.~c:ec~~.'aj, Clor:.lg, k Laboraic,:,/ 
ivlai;,!a: (Cold Scrng Harbor Labolatory Cold Splng 
Harbol NY. 1989l]. RNA  as transferred onto 
NMRHN nembra,ies ( S c i l e ~ c l i ~ r  and S c i i u  Cas- 
sel, Germany a i d  Ii:br~dzed at 65 C [G Ci~ . rc i -  and 
W. Gllbelt, Ptcc. ,'.'a?. Pcao. Sci. US .k .  81 1991 
i1 38111 vd~t i  crobes precared by ti-e randon crimer 
teci-nclue [A =enberg and B. Vogelsten, k . W  Blc- 
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bvas 0.2X sodlam c i io r~de sodium cltrate buyer 
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tiie :acZ gene and a GAPCH complementary DNA 
;\ere s ~ m ~ ~ l i a ~ i e o ~ ~ s l v  ,ivbridzed , , 
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Construction of a Soluble Adenylyl Cyclase 
Activated by G,a and Forskolin 

Wei-Jen Tang* and Alfred G. Gilman 

A soluble adenylyl cyclase was constructed by linkage of portions of the cytosolic 
domains of the mammalian type I and type II enzymes. The soluble enzyme was 
stimulated by both forskolin and the a 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. 

T h e  structures of G protein-regulatcii ail- 
cnylyl cyclascs arc cclmplcx, consisting of 
two intensely h\-ilropl-iohic domains (M, 
and M.), each hyporhesi:cil tcl contain six 
transmclilbrane helices, and t~vcl -40-kD 
cytosolic ilclmains (C, anL{ C:). The C, ani{ 
C1 domain> contain >eiluence> (C,,,  anil 
C?i)  that are similar to each other, to the 
ci>rresronding regions of related ai1enylT-l 
cyclaseb, anil to the catalytic domain? of 
me~nI?rane-bo~~~~ii l  and > o l ~ ~ b l e  guanylyl cy- 
c l a m  ( 1 ,  2) .  Analysis (lf a berm of rrunca- 
tlon anil alanine- canning lv-iLltants of mam- 
malian adenylyl cycla>e~ indicates that both 
C , ,  anii C1, (hut not C,,. and Cz,-) are 
necesary for catalytic actlvity (3. 4) .  HOLY- 
ever, by analogy with the guanylyl eyelase?, 
the hydrophobic  domain^ are thought not to 
he so requireil. Mernhrane-bound ader-iylyl 
cyclases are expreseil in s l ~ ~ a l l  amount>, and 
the enzvme? are labile and difficult to ma- 
nipulate in detergent-containillg sol~~tion>.  
\Ye have rl-i~~s attemnteil to construct a >ol- 
uble aden)-lyl cycla~e that retains regulatory 
propertie> of interebr anil that is amer-iable to 
both biochelilical and genetic analysis. 

Concurrent expression of the NH,-ter- 
~n ina l  half of type I aiienylyl cyclase and the 
COOH-terminal half of type I1 aden)-lyl 
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$viestern Medca Center, D a  as, TX 75235, USA. 

^Present address. Depannent of Piiarmacolog~cal and 
Pi'ys~olog~cal Sciences, Uncerst: of Cilcago, C i~cago ,  
L 60!?37 USA 

cyclase results in the formation of a nonco- 
valcnt chilucra that remains sensitive to 
both G,oc anil forskolin, despite extremely 
low basal activity (4) .  We l-ia\re thus l~gated 
comr~lcmcntarv DNAs (cDNAs) that en- 
cclile C 1 ~ ,  from t\-pc I aiicnylyl cyclasc and 
CZi from type I1 adenylyl cT-cl,l>e with short 
linker> between them, re~ulting in cc711- 
srructs iieslgnate~l IC,IIC,-L,, ICIIICI-L,, 
and IC,IIC,-L, (Fig. 1 ~ ) -  (5). T o  ~nvesti- 
gate n-hether thebe constr~~cts  encode f~lnc- 
rlollal adenylyl cycla>cs, n.e te~recl comple- 
lnentarion of the catahol~c defect 111 E ,  coli 
Icya  TP2000, which lacks a~lenyl~-l  cl-clase 
actlviry (6) .  Thib deficient bacterial ?train 
cannot u>e malro>e a> a carbon source: col- 
onies thus fa11 to turn red on McConkeT- 
agar and do not grow on millillla1 medium 
(7). T o  actil-are adenylyl cyclase in E .  coli, 
lve coexpre>>ed the cyclase construct> with 
either vvllcl-type G.a or a mutant G 3 a  (in 
\$-hich GIII''~ is replaced n.it1-i Leu; de~ig-  
nared G,oc':') that i> deficient in guanosine 
rripho~pharase (GTP;ve) activity ;III~I IF  

thus con>titutively active (8). Esclie~ichin 
coli TP2000 expressing either G,a or G>a:': 
re~naineii pale ye l lo~ .  on McConkeT- agar 
>uppler"ented with maltose anii failed to 
grow on rnlnl~nal ~nedium (M63 medium 
conrailling arginine anii maltose) (Fig. 1B). 
However, hacterla expreslng G-a':: a ~ l d  any 
of the three chi~neric aden~lv l  c ~ c l a ~ e  con- , .  , 

strucrs rurr-ieii red on McConkel- a g x  and 
grew on lninlmal I ~ ~ L ~ I L I I I - ~  (Fig. 1B). (\YlliI- 
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