
Fig. 4. Depletion of ET-like immunoreactive 
products in the posterior lobe of the rat pituitary 
gland after water deprivation. Male Wistar rats 
weighmg about 300 g were used. (A) Numerous 
dot-like immunoreactive products are observed in 
the posterior pituitary supplied with food and 
water ad libitum. (8)  Four days after water 
deprivation. Body weight decreased from 290 g 
to 230 g (21% loss). ET-like immunoreactive 
products in the posterior pituitary are largely 
depleted. All animals were perfused just before 
noon. Cryostat sections (10 pm thick) were 
processed as described in Fig. 1 .  Bars, 150 pm. 

with a sensitive sandwich-type enzyme im- 
munoassay was reported to be around 1.59 
pg/ml (19), suggesting the presence of the 
circulating pool of ET. These data are con- 
sistent with the possibility that ET is a 
circulating hormone. Although the conm- 
bution of ET in the posterior pituitary sys- 
tem to the circulating level of ET remains 
unclear, our results suggest that ET has a 
role in neurosecretion. 
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Mutations of the Adenylyl Cyclase Gene That Block 
RAS Function in Saccharomyces cerevisiae 

The interaction between RAS proteins and adenylyl cyclase was studied by using 
dominant interfering mutations of adenylyl cyclase from the yeast Saccharomyces 
cerevisiae. RAS proteins activate adenylyl cydase in this organism. A plasmid express- 
ing a catalytically inactive adenylyl cyclase was found to interfere dominantly with this 
activation. The interfering region mapped to the leucine-rich repeat region of adenylyl 
cydase, which is homologous to domains present in several other proteins and is 
thought to participate in protein-protein interactions. 

D OMINANT INTERFERING MUTA- 

dons can be useful for investigat- 
ing interactions between compo- 

nents of signal transduction systems (1). 
Such a mutation can inhibit signal outputs 
by causing the production of a partially 
functional protein. The protein is functional 
in that it binds to an appropriate target, but 
nonfimctional in that the binding event is 
not productive. Thus, the mutant molecule 
sequesters its partner and prevents it from 

Cold S ring Harbor Laboratory, Cold Spring Harbor, 
NY 11r24. 

interacting with other components of the 
system. The net result is a diminished out- 
put from the signaling system. 

RAS proteins activate adenylyl cyclase in 
Saccharomyces cerevisiae (2, 3) ,  and several 
dominant interfering mutations of RAS 
have been found (4-7). One of these mutant 
proteins (7) appears to act by sequestering 
an "upstream" component, the CDC25 gene 
product, which is thought to be an activator 
of yeast RAS. Feig and Cooper (5) isolated a 
sirmlar mammalian ras mutation that appears 
to interfere with activation of mammalian 
Ras. Michaeli et al.  (6) demonstrated that 

*Present address: Lederle Laboratory, Pearl River, NY mutant RAS proteins that fail to translocate 
10965. from the cytoplasm to the membrane also 
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Fig. 1. Suppression of heat-shock sensitivity in a 
R A s ~ " ~ ' ~  strain by truncated adenylyl c y k .  
Standard yeast genetic methods (26) were used to 
introduce plasmids into TK161-R2V, a strain of 
S. cerevisiae that carries the RAS~""'~ allele of 
RAS2 (2, 8). Cells were then patched and grown 
for 2 days on synthetic plates lacking leucine to 
maintain the plasrnids that encode the LEU2 
marker (26). Two replica plates were made. One 
plate was kept at room temperature throughout 
the procedure (A) and the other was subjected to 
heat shock for 10 rnin at 55°C (8). Both plates 
were then incubated at 30°C for 2 days and 
photographed. Plasrnids introduced into the yeast 
were as follows: (a) YEpl3, a yeast vector that 
contains E U 2 ;  (b) pYCYR, a vector built from 
YEp13 that expresses the full-length 2026-amino 

interfere with RAS function in yeast; such 
mutants appear to sequester a "down- 
stream" component of the RAS pathway. 
We now describe dominant interfering mu- 
tations of the adenylyl cydase gene CYR1. 

To genetically screen for interfering forms 
of adenylyl cydase, we made use of the heat 
shock-sensitive phenotype of cells contain- 
ing the yeast gene RAsZ'"'~. This gene 
wntains a mutation equivalent to that of 
mammalian H-rasv"'*, one of the oncogenic 
brms of H-ras. Yeast with this mutation 
display several abnormal phenotypes, in- 
cluding failure to arrest in the GI phase of 
the cell cycle, failure to sporulate, sensitivity 
to starvation, and sensitivity to heat shock 
(2,8). Because increased expression of aden- 
osine 3',5'-monophosphate (CAMP) phos- 
phodiesterase genes can suppress these phe- 
notypes (9, lo), we expected that interfering 
forms of adenylyl cydase might do likewise. 
We therefore randomly mutagenized a plas- 
mid that expresses CYRl under the control 
of the strong promoter of the alcohol dehy- 
drogenase gene ADH-I (11). The plasmid 
was passaged through a mutator strain of 
Escherichia coli (12), and the resulting "li- 
brary" of mutant plasmids was transformed 
into a S. cerevisiae strain, TK161-R2V, con- 
taining RAS~'"'~. Transformants were 
scored for heat-shack sensitivity. In two 
screens of separate libraries of about 1000 
transformants each, we isolated 10 and 13 
plasmids that wnferred heat-shock resist- 
ance on the RAs2'"19 strain ( 13). 

The ease with which intekehg muta- 
tions could be isolated suggested that many 
different mutations in the adenylyl cyclase 
gene might give rise to interfering plasmids. 
The most obvious dass of mutations that 
might be thought to be effective would be 
those lacking catalytic function, so we tested 
directly if such mutations would be interfer- 
ing. The catalytic region of adenylyl cydase 
is in the COOH-terminal417 amino acids 
(1 4). We constructed a plasmid that had this 
region deleted and found it to be interfering 
(13). Further interfering constructs were 

A B constructed a series of deletions that con- 

acid adenylyl c y k  under the control of the 
ADH-I promoter (27); (c) pYCYRfs, a vector 
built from pYCYR that wntains a frameshift 
mutation at the N w  I site located at the codon for 
amino acid 1608 (27); and (d) pYCA5&, a vector 
built from pYCYRfs that contains deletions of the 
coding sequences for amino acids 1 to 605 and 
1302 to 1608. 

made by introducing a frameshift mutation 
at the Nco I resmction site located at the 
d o n  for amino acid 1608, just upstream of 
the catalytic region. We assayed for heat- 
shock sensitivity and found that R A s ~ ' ~ ~  
cells containing either a marker plasmid or a 
plasmid expressing large amounts of full- 
length adenylyl cyclase did not recover from 
heat shock, but cells containing a plasmid 
expressing the defective adenylyl cyclase 
with the frameshift mutation did recover 
(Fig. 1). Thus, the presence of an abundance 
of a catalytically inactive b rm of adenylyl 
cydase appeared to inhibit the activity of the 
remaining wild-type protein. 

To define the smallest region of adenylyl 
cyclase that possesses interfering activity, we 

Flg. 2. Deletion analysis 
of interfering adenylyl 
cydase. Deletions were 
made in the adenylyl cy- 
dase gene stating with 
the plasmid pYCYR 
(27). The N w  I frame- 
shift mutation was then 
i n d u c e d .  This muta- 
tion destroyed catalytic 
function as assayed both 
by genetic complemen- 
tation and biochemical 
analysis. Each frameshift 
construct was tested for 
interference as described 
in the legend to Fig. 1. 
The maior structural fea- 

Codons 
deleted 

None 

tained the frameshift mutation at the N w  I 
site (Fig. 2). The first series consisted of 
deletions from the 5' end of the gene. 
Molecules with deletions up to the codon 
for amino acid 605 remined full interfering 
activity. A molecule with a deletion up to 
amino acid codon 733 was partially active 
and those with deletions beyond codon 733 
were not active (Fig. 2, group I). In the next 
series we began with the mutant gene de- 
leted through the codon for amino acid 605 
and made further deletions beginning from 
the Nco I site toward the 5' end. Molecules 
deleted from the Nco I site toward codon 
1302, and thus encoding proteins consisting 
of amino acids 606 to 1301, were fully 
interfering (Fig. 2, group 11). In the third 
series, deletions within the region between 
the d o n s  for amino acids 606 and 1301 
were made. Molecules with these mutations 
were not active (Fig. 2, group In). 

The region of adenylyl cydase between 
amino acids 606 and 1301 contains 26 
wpies of a 23-amino acid repeating unit 
(fiom amino acid position 733 to 1301) 
that is rich in aliphatic (especially leucine) 
residues and is punctuated by one residue 
each of proline and asparagine (Fig. 2). 
Expression of this repeat region is the prob- 
able cause of interference. Deletion of amino 
acids 606 through 733 has little effect on 
interference, but deletions within the repeat 

nues o b  gene product 
are as peptide pYC AlOfs 1-605, 1558-1608 u + + +  
e ~ i t o ~ e ,  a nine-amino pYC A9fs 1-605, l,-l6OE u + + +  
acid monodonal anti- pYC A8fs 1-605, 1458-1608 u + + +  
body--cpitope fused to the NHrterminal sc- pYC A7fs 1-605. 1407-1608 u + + +  

(24); leucine-rich PYC A6fs 1-605.1358-1608 U U + + +  
repeats of the motif pYCA5fs 1-605,1302-1608 u + + +  

shown (P, Pro; L, Leu; 
N, Asn; a, Met, I k 3  pYC Allfs 1-605, 887-1065 

Or and % pYCAl3fs 1-605, 743-1065 y 
due); region re- YC A 1-605, 885-1233 C) 
quired for adenylyl cy- pYC A14fs 1-605, 741 -1233 dase activity as previous- 
ly mapped (14). The scale used to assess interference is as follows: + + +, viability of heat shock-treated 
ceh indistinguishable from wild-type cells, + +, partial interference; and -, no detectable interference. 
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Fig. 3. Competition be- A B 
tween plasmids expressing a b a " 

sirain TK161- & 
R2V was transformed with 
the indicated plasmids. Du- 
plicate patches of transfor- 
mants were tested for heat- 
shock sensitivity as de- c d c d 
scribed in the legend to Fig. 
1. Two plasmids were present in each transformant and were maintained by selection for growth on 
synthetic medium lacking leucine and histidine. The four plasmids used in the experiment were YEpl3 
(a yeast vector containing the auxotrophic marker LEUZ), pHVl (a yeast vector containing the 
auxotrophic marker HIS3) (7), pYCYRfs (a yeast plasmid expressing interfering adenylyl cyclase and 
LEUZ), and pRVI (a yeast plasmid expressing R A S ~ ' " ~ ' ~  and HIS3). The latter plasmid was constructed 
by inserting a 2.3-kb Hind 111-Eco RV fragment containing the RAS~'""~ gene inm the Sma I site of 
pHV1. (A) No heat shock; (6) heat shock at 55°C for 10 min. The plasmids in each strain were (a) 
YEpl3 and pHV1, (b) pYCYRfi and pHV1, (c) pYCYRfs and pRVI, and (d) YEpl3 and pRVI. 

Fia. 4. Effect of an interfering adenvlvl cvclase A B " " ,, 2 

gene on heat-shock sensitivity in a yeast strain that 
lacks RASl and RAS2. The indicated plasmids 
were introduced into strain DJ39-3D (Mata leu2 
rasl:: TRP1 rasZ::ADE8 gdel:,: URA3 pde2:: 
HIS3) or into the RAS~'"' straln TK161-R2V. 
DJ39-3D is sensitive to heat shock as a result of 
the disruption of the CAMP phosphodiesterase 
genes (10). Four patches on synthetic medium 
racking' leucine were made from independent 
transformants. The transformants were tested for heat-shock sensitivity as described in Fig. 1. The plate 
in (A) was not subjected to heat shock; the plate in (B) was subjected to a 10-min heat shock. The 
strains and transforming plasmids were as follows: (a) DJ39-3D transformed with YEpM4 (a yeast 
vector plasmid expressing the LEU2 auxotrophic marker) (10); (b) TK161-R2V transformed with 
YEpPDE2 (a LEU2 plasmid expressing the yeast phosphodiesterase gene PDE2) (9); and (c) DJ39-3D 
transformed with pYCYRfs (a plasmid expressing interfering adenylyl cyclase). 

abolish interference. This repeated consen- 
sus sequence is also found in tandem repeats 
present in several other proteins. These in- 
clude the Chaoptin (15) and Toll (16) gene 
products of Drosophila melanogaster, the por- 
cine ribonuclease inhibitor (17), the a (18) 
and p (19) chains of the human serum 
glycoprotein Ib, the human serum a*-glyco- 
protein (20), and the lutropin-choriogona- 
dotropin receptor (21). All these proteins 
are thought to bind other proteins. The 
glycoprotein Ib a chain (also known as the 
platelet receptor for the von Willebrand 
factor) and the lutropin-choriogonadotro- 
pin receptor are both thought to require the 
leucine-rich repeats for protein binding (18, 
21). The repeat region of adenylyl cyclase 
does not form a "leucine zipper" according 
to the model of Landschulz et al. (22) be- 
cause the leucines are not present at every 
seventh position on an a helix. The leucine- 
rich repeats may, however, form an analo- 
gous s&cture. Trans-dominant mutations 
in leucine-zipper proteins have also been 
reported. These mutations result in partially 
functional proteins capable of interfering 
with their appropriate targets (23). 

We have postulated that interference by 
the truncated adenylyl cyclase occurs by 
sequestering a functioning component of 
the signal transduaion pathway. To  test if 
this component is the RAS protein itself, we 

investigated if overexpression of RAS~'""~ 
could overcome the interference of defective 
adenylyl cyclase. We examined four painvise 
combinations of plasmids transformed into 
a RAS~'""~ strain: these plasmids included 
one expressing R A S ~ ' ~ " ~ ,  one expressing an 
interfering cyclase, and two control plasmids 
carrying the appropriate auxotrophic mark- 
ers. Transformed strains were tested for 
heat-shock sensitivity. The two control plas- 
mids together had no effect on heat-shock 
sensitivity, whereas the interfering adenylyl 
cyclase fully suppressed heat-shock sensitiv- 
ity. The RAS~'""~ plasmid had no effect 
on heat shock-sensitivity. However, the 
R ~ ~ 2 v a l  I9 plasmid largely overcame the in- 
terference caused by the truncated adenylyl 
cyclase (Fig. 3). Cells that contained the 
interfering adenylyl cyclase and overex- 
pressed the RAS~'""~ protein were largely 
heat shock-sensitive. 

This last result suggested that interfering 
adenylyl cyclase acts by sequestering 
RAS~'""~ protein. To  test this further, we 
determined if active RAS protein was re- 
quired for interference. Yeast strains that 
lack both RASl and RAS2 and also both 
genes encoding the cAMP phosphodiester- 
ases, PDEl and PDEZ, are heat shock- 
sensitive (10). This phenotype presumably 
reflects the large amounts of intracellular 
CAMP, which is produced by basal levels of 

adenylyl cyclase activity in the absence of 
RAS proteins and accumulates because of 
the absence of cAMP hydrolysis. The heat- 
shock sensitivity of a rasl ras2pdel pde2 strain 
was not affected by the interfering adenylyl 
cyclase plasmid (Fig. 4). As a positive con- 
trol in this experiment, a plasmid expressing 
PDE2 was shown to suppress the heat 
shock-sensitivity in the RAS~'""~ strain 
TK161-R2V. Thus, interference was not 
observed in the absence of RAS proteins. 

Our results suggest that expression of the 
repeat region of adenylyl cyclase competes 
for RAS function. The simplest hypothesis 
consistent with our data is that thisregion of 
adenylyl cyclase forms a complex that se- 
questers RAS. There are several ways to 
envision this occurring. (i) RAS proteins 
might interact directly with the repeat re- 
gion. (ii) Functional adenylyl cyclase might 
form an ineffective complex with the repeat 
region. (iii) Other proteins might combine 
with the repeat region to form a complex 
capable of binding RAS proteins. We have 
found that other proteins do complex with 
yeast adenylyl cyclase (24). 

We have demonstrated that, in yeast, a 
defective protein target for RAS action can 
be used to block the RAS signaling path- 
way. This observation may serve as the basis 
of a genetic assay for the identification of 
other-targets for RAS action. Therefore, we 
have searched libraries expressing mamrnali- 
an cDNAs in yeast for genes suppressing 
heat-shock sensitivity (25). 
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Field, R. Ballister, N. Chester, M. Wigler, in prepa- 
ration). Each consuuct was first tested for function 
by complementation in adenylyl cyclase4eficient or 
RAS-deficient strains. Constructs were tested by 
immunoprecipitation of adenylyl cyclase activity 

with monoclonal antibody 12CA5. In some cases 
the enzyme was additionally tested by protein im- 
munoblots or by affinity purification, in each case 
with the use of monoclonal antibody. After it was 
established that the deleted olasmids oroduced a 
<atal\.tiiallv filn<t~ond ~dcnyl!.l ~ ~ c l a s c  molecule, a 
frameshiti mutatlon \\.as introduced at thc Nco I 
restriction site. This was performed by digestion 
with Nco I, !itling in the ends with Klenow frag- 
ment, followed by ligation. This procedure was 
monitored by the creation of an Nsi I site formed by 
the ligation of the filled-in ends of the Nco I site. 

28. We thank P. Bird for help in preparing the manu- 
script. Supported by NIH grant CA 39829, the 
Pfizer Biomedical Research Award, and the Ameri- 
can Cancer Society. T.M. is supported by the Da- 
mon Runyon-Walter Winchell Cancer Fund Fel- 
lowship DRG-923. J.F. is supported by the Anna 
Fuller Fund and NIH. J.C. is supported by Life 
Sciences Research Foundation. M.W. is an Ameri- 
can Cancer Society Professor. 

24 August 1989; accepted 14 November 1989 

TWO Distinct Transcription Factors That Bind the an additional E-related motif, referred to as 

Immunoglobulin Enhancer pE5 /~E2  Motif pE5 (9).  Although this site closely resem- 
bles the K light chain enhancer K E ~  site. 

Activity of the immunoglobulin heavy and K light chain gene enhancers depends on a 
complex interplay of ubiquitous and developmentally regulated proteins. Two comple- 
mentary DNAs were isolated that encode proteins, denoted ITF-1 and ITF-2, that are 
expressed in a variety of cell types and bind the ~ E S / K E ~  motif found in both heavy 
and K light chain enhancers. The complementary DNAs are the products of distinct 
genes, yet both ITF-1 and ITF-2 are structurally and functionally similar. The two 
proteins interact with one another through their putative helix-loop-helix motifs and 
each possesses a distinct domain that dictates transcription activation. 

T HE IMMUNOGLOBULIN HEAVY hancer activity in mouse L cells, suggesting 
chain (IgH) enhancer activates tran- that the region between pEl  and pE2 may 
scription of rearranged heavy chain comprise a negative regulatory element as 

genes (1). In transfection experiments it well (6, 8). An examination of the nucleo- 
stimulates transcription from a variety of tide sequence between p E l  and pE2 reveals 
promoters. but onlv in cells of the lvmphoid 

# L 

lineage (primarily B cells). This activity is 
mediated through several protein binding 
sites. Four of these sites, pEl,  pE2, pE3, 
and pE4, were defined initially by in vivo 
footprinting (2). Two others, o a a  (3) and 
pEBP-E (4) ,  were first defined in vitro. 
Deletions or mutations of these sites gener- 
ally reduce overall enhancer activity (5-7). 
However, mutation analyses also suggest 
that the sequence motifs identified by DNA 
binding assays do not account for all of the 
IgH enhancer activity (5, 6). In particular, a 
deletion that destroys both the p E l  and 
pE2 sites and removes the 24 bp between 
these two sites has a more deleterious effect 
in B cells than clustered point mutations that 
simultaneously destroy these two motifs (6). 
This deletion results in an increase in en- 
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protein binding to the pE5 site has not been 
detected with crude nuclear extracts (5, 10). 

To study the h c t i o n  of this region of the 
enhancer in more detail, we have isolated 
cDNAs that encode its cognate DNA bind- 
ing proteins. We used an oligonucleotide 
bearing both the pE5 and pE2 sites to 
screen a B cell-derived hgtl 1 cDNA library 
(11). We analyzed in detail two phage iso- 
lates, denoted E2-2 and E2-5, that had 
binding activity for the oligonucleotide. A 
series of experiments employing mutant oli- 
gonucleotides confirmed that the DNA 
binding activity encoded by each phage was 
specific for the pE5 motif within the oligo- 
nucleotide, as well as for a K E ~  motif carried 
on a different oligonucleotide (12). 

DNA Fig. 1. Comparison of proteins that 
"ydrophilic binding bind the pE51~E2 site. A schematic 

domain domain 
Met 1261 11 ter(5B) 

comparison of the amino acid se- 

€2-5 I quences deduced from the E2-5 
1429) 1479) (537) cDNA, the E2-2 cDNA (GenBank 

~ e t  1351 "r1623' accession numbers M30314 and 
E2-2 M30313, respectively), and two re- 

lated cDNAs (El2 and E47) isolat- 
El2  ed by Murre et al. (9) is shown. 

99% 
------------------.---..------...---.--- 

33% 8 ~ 9 ~  100% Amino acid positions are shown in 
E47 -----------...---...--...------..-.----- lzn parentheses, with the terminal Eco 

99% R1 sites of the E2-5 and E2-2 
cDNAs representing amino acids 

one and two. Amino acid similarity of regions within each protein, relative to the protein encoded by 
E2-5, is indicated by percent identity and by relative shading, the lighter the shading, the more related 
(gaps were introduced to optimize the alignments). The dashed lines of clone E47 indicate the region of 
that cDNA not sequenced. A region of high charge density (hydrophilic domain) and the DNA binding 
domain as determined by Murre et al. (9) are shown. Phage clones E2-2 and E2-5 were isolated from a 
human B cell derived Xgtll cDNA library (Clontech, Palo Alto, California) as described (II), with the 
following modification. The probe used for screening, the pE5 + pE2 oligonucleotide (5'-AG- 
AACACCTGCAGCAGCTGGCAGG-3'; pE5 and pE2 sites underlined), was end-labeled with [y-32P]- 
adenosine mphosphate and then ligated to form random concatamers. Nucleotide sequences (both strands) 
were determined using the dideoxy method and Sequenase T7 DNA polymerase (USB, Cleveland, Ohio) 
on single-stranded M13 subclones generated with various resmction enzyme fragments. Specific oligonu- 
cleotides were also synthesized to use as sequencing primers. Nucleotide sequences are available upon 
request. 
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