
ous symptoms in as yet unaffected family 
members. 
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Cyclic AMP-Responsive DNA-Binding Protein: 
Structure Based on a Cloned Placental cDNA 

Cyclic AMP (CAMP) is an intracellular second messenger that activates transcription of 
many cellular genes. A palindromic consensus DNA sequence, TGACGTCA, functions 
as a CAMP-responsive transcriptional enhancer (CRE). The CRE binds a cellular 
protein of 38 kD in placental JEG-3 cells. A placental A g t l l  library was screened for 
expression of specific CRE-binding proteins with the CRE sequence as a radioactive 
probe. A cDNA encoding a protein of 326 amino acids with the binding properties of a 
specific CRE-binding protein (CREB) was isolated. The protein contains a COOH- 
terminal basic region adjacent to a sequence similar to the "leucine zipper" sequence 
believed to be involved in DNA binding and in protein-protein contacts in several 
other DNA-associated transcriptional proteins including the products of the c-myc, c- 
fos, and c-jwn oncogenes and GCN4. The CREB protein also contains an NH2- 
terminal acidic region proposed to be a potential transcriptional activation domain. 
The putative DNA-binding domain of CREB is structurally similar to the correspond- 
ing domains in the phorbol ester-responsive c-jwn protein and the yeast transcription 
factor GCN4. 

A CTIVATION OF SECOND MESSENGER 

pathways by hormones results in the 
transcriptional stimulation of many 

cellular genes (1). Phorbol esters (for exam- 
ple, 12-O-tetradecanoylphorbol 14-acetate, 
TPA) and CAMP activate the protein kinase 
C- and A-signaling pathways, respectively. 
Similar consensus DNA regulatory elements 
are involved in the stimulation of gene 
transcription by these agents (2, 3); the 
octarneric CAMP-response element (CRE, 
5'-TGACGTCA-3') differs from the hepta- 
meric TPA-response element (TRE, 5 ' - 
TGAGTCA-3') by only a single base. Earli- 
er studies suggested that transcriptional 
stimulation bv both CAMP and TPA can be 

mediate TPA but not CAMP induction of 
SV40 gene transcription through a mecha- 
nism involving sequence-specific binding to 
the TRE motif (4). Similarly, a 43-kD pro- 
tein (CREB) was identified that binds to a 
CRE sequence in the 5' regulatory region of 
the rat somatostatin gene (5). Utilizing in 
vitro mutagenesis, we have recently demon- 
strated that the CAMP- and phorbol ester- 
activated transcriptional responsiveness of 
these related DNA elements can be dissoci- 
ated by the addition or subtraction of a 
single base, and further, that different DNA- 
binding proteins interact with these related 

mediated through a common DNA se- Laboratoq of Molecular Endocrinology, Massachusetts 
General Hos ital, and Howard Hughes Medical Insti- 

quence present in the 5' regi0n tute. HarvarfMedical School, Boston, MA 02114. 
the enkephalin gene, 5 '-TGCGTCA-3 ' (3). 
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CRE and TRE sequences (6). 
Analysis of the cloned cDNA for the 

human proto-oncogene c-jun revealed a 
DNA-binding protein with structural and 
functional propemes of AP-1, suggesting 
that AP- 1 may be c- Jun (7). This finding has 
provided opportunities for more extensive 
studies of the relation between signal trans- 

duction mediated by protein kinase C and 
oncogenes. To further our understanding of 
CREB, we used a screening technique re- 
cently described by Singh and co-worker5 
(8) to isolate a cDNA encoding an expressed 
protein that binds specifically to the CRE 
recognition site. 

A primary screening of a human placental 

I ,. 
* Negative 

Ac 

& -- 

- 
, control clon 

tlve CRE'S (T 

Fig. 1. Detection and specificity of CRE binding 
to a positive recombinant fusion protein in a 
Agtll expression library containing human pla- 
cental cDNA. Five microliters of six concentrated 
plaque-purified phage clones (41, N-, GI, 51,82, 
and 172) were spotted onto freshly poured lawns 
of Y1090 host cells positioned as indicated in the 
legend at the top. After a 12-hour incubation at 
37"C, large single plaques of each clone had 
formed, and isopmpyl p-D-thiogalactopyrono- 
side-induced proteins were bound to nitrocellu- 
lose filters. Separate filters from multiple identical 
plates were probed as described (8) with the 
following radioactive duplex oligonucleotides 
(10). Only the sense strand is listed here, and the 
C in parentheses represents the single base differ- 
ence between the CREs and TREs (the C is 
present in the oligonudeotides with -8 suffixes 
and absent in the corresponding -7 oligonucleo- 
tides). Conserved bases are shown in capital let- 
ters: COL-7 and COL-8 [5'-gatccggcTGA(C)GT- 
CAtcaagcta-3'1; CG-7 and CG-8 [5'-gatccaaatT- 
GA(C)GTCAtggtaa-3'1; SMS-7 and SMS-8 [5'- 
gatccttggcTGA(C)GTCAgagagaga-3'1; PTH-8 
[5'-gatccggagTGACGTCAtctgtaa-3'1; GLU-8 
[ga~ttTGACGTCAaaattcattca-3'1; CAAT 'crar 
[5'-GATCCACCAAGTACCCTI'CAATCAT- 
TGGATGGA-3'1; and URE [5'-GATCCAAA- e 

CAAAAATGACaAAGGG'ITGAAAcuGA- ---. URE _ , _. ~ n d r n l x  

TAA-3'1. Single strand mix was a mixture of two 
noncomplementary synthetic oligonucleotides from above. The plaque in the top center position 
denoted N- corresponds to a nonbinding control clone carried through the cloning procedure. The 
cDNA library produced from human placental tissue (34 weeks) was obtained from Clontech 
Laboratories, Inc., Palo Alto, CA. The oligo dT-primed mRNA produced 1.0 x lo6 independent 
clones in hgtll. The inserts ranged from 0.8 to 3.6 kb and averaged 1.8 kb in size. We screened 1 x lo6 
plaques from the amplified library. 
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Fig. 2. Exonuclease I11 protection footprinting of GI 
the CRE by DNA-binding activity in lysogen 
extracts of phage G1. The radioactive probe used 
consisted of a CRE flanked by the native se- 

.u 
7 CRE 

quences found surrounding this element in the !! 
somatostatin gene linked to a 144-bp fragment of I 

the a-gonadotropin gene promoter extending 
- ;i 

from -100 to +44 (6). Both sense and antisense 8 
DNA strands were 5' end-labeled with 32P and 

8 
cut with a restriction endonuclease; the single - - 
end-labeled DNAs were isolated by electrophore- m 
sis on 4% polyacrylamide gels. Binding reactions ' ' - 
with lysogen and JEG-3 whole-cell extracts were ' ' JCR 
performed as described previously for gel-shift u - - 
assays (6, 9). The radioactive probes in the pres- * 
a c e  of cell extracts were then exposed to 100 
units of exonuclease I11 for 10 min at 37°C. The 
final radioactive products were analyzed by elec- 1- 

trophoresis on 8% se uencing gels. Fragments 
cleaved at guanine (6) lank each set of lanes, and -- 
the other lanes are labeled at the top. (-) no C 

d - 
extract, (N-) negative recombinant phage lyso- 
gen extract, (GI) G1 recombinant phage lysogen 
extract, (JEG) JEG-3 whole cell extract. Seventy- I 

five micrograms of each extract was used for biding reactions. The position of the CRE on each strand 
is denoted with a boxed area, the major sites of blockade to the progressive exonuclease 111 digestion are 
marked with arrows, and the natural half-stops corresponding to completed digestion of one of the two 
strands of the duplex DNA are indicated by starred arrows. 

L 

nse 

expression library with a synthetic CRE 
duplex probe yielded 23 positive recombi- 
nant phage plaques. After plaque purifica- 
tion through four successive screenings, 
only five positive clones remained. A recom- 
binant phage that did not bind the radioac- 
tive probe was also plaque-purified as a 
negative control. To establish the specificity 
of the binding of the radioactive probes, 
we utilized an array of synthetic oligonucle- 
otide duplexes for which transcriptional ac- 
tivities and protein-binding characteristics 
have been elucidated (6, 9). These duplex 
DNAs fall into four groups (10). The first 
group consists of CRE sequences that con- 
tain the 8-bp palindrome 5'-TGACGTCA-3', 
flanked by several bases that are known to be 
permissive for both transcriptional activity 
and specific protein binding (6, 9). The 
second group consists of the identical oligo- 
nucleotide duplexes in which the core 8-bp 
element was mutated by the deletion of a 
single base to form the phorbol ester-re- 
sponsive sequence 5'-TGAGTCA-3'. Al- 
though structurally very similar to CREs, 
these sequences exhibit functional and bind- 
ing properties that allow exclusion of recom- 
binant phage expressing TRE-binding pro- 
teins and other proteins that may recognize 
the CREITRE motifs nonspecifically. The 
third group corresponds to "inactive 
CREs." These oligonucleotide duplexes 
contain the CRE motif 5'-TGACGTCA-3', 
but are flanked by the sequences that are not 
permissive for either CAMP-stimulated gene 
transcription or specific protein binding to 
the CRE. The final group contained general 
DNA-binding specificity controls, including 
two known cis-acting regulatory elements 
present in the 5' flanking region of the a- 
gonadotropin gene (URE and CAAT), as 
well as a mixture of two noncomplementary 
synthetic oligonucleotides included as con- 
trols to screen for single-stranded DNA- 
binding proteins. 

Two of the five recombinant phages ini- 
tially identified fullilled all of the binding 
criteria specific to the native CREB protein 
from JEG-3 human choriocarcinoma cells 
(Fig. 1); they bound specifically to all active 
CREs and did not bind to the other se- 
quences. Analysis of the cDNA inserts from 
these two phages (4, and GI) indicated that 
they contained identical 2.4-kb DNA inserts 
and probably represent duplicates of the 
same phage. Confirmation that the p-galac- 
tosidase fusion protein in the bacterial lyso- 
gen extract was responsible for the binding 
to the radioactive CRE probe was obtained 
by SDS-polyacrylamide gel electrophoresis 
(SDS-PAGE) analyses of proteins in the 
lysogen extracts to which the labeled CRE 
probe was cross-linked with ultraviolet light. 
The CRE probe tagged specifically a fusion 
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protein fragment of 140 kD that also stained 
with antiserum to (3-galactosidase indicating 
that the CRE-binding domain of the ex- - 
pressed placental protein was contiguous 
with the p-galactosidase (11). 

To demonstrate that the fusion protein 
bound S~ecificallv to the CRE element in 
the context of a cellular promoter, we per- 
formed a footprint analysis (12) with a DNA 
construct consisting of the CRE oligonucle- 
otide duplex from somatostatin joined to 
the promoter sequence of the a-gonadotro- 
pin gene at position - 100 (6). The bacterial 
lysogen extract and extracts of JEG-3 cells 
provided similar protection of the CRE 
(Fig. 2). 

The amino acid sequence of 326 residues 
(equivalent to a molecular size of 35,044 
daltons) deduced from the nucleotide se- 
auence of the subcloned cDNA shows sever- 
al structural features characteristic of DNA- 

1 10 20 
M T M E S G A E N Q Q S G D A A V T E A  

21 30 LO 
E N Q Q M T V Q A Q P Q I A T L A Q V S  

41 SO 60 
M P A A H A T S S A P T V T L V R C P M  

61 m 80 
G N S Q V H G V I Q A A Q P S V I Q S P  

81 PO 100 
Q V Q T V Q I S T I A E S E D S Q E S V  

101 110 120 
D S V T D S Q K R R E I L S R R P S Y R  

121 130 1LO 
K I L N D L S S D A P G V P R I E E E K  

141 150 160 
S E E E T S A P A I T T V T V P T P I Y  

161 lm 180 
Q T S S G Q Y I A I T Q G G A I Q L A N  

181 1W 200 
N G T D G V Q G L Q T L T M T N A A A T  

201 210 220 
Q P G T T I L Q Y A Q T T D G Q Q I L V  

221 230 ZLO 
P S N Q V V V Q A A S G D V Q T Y Q I R  

241 250 260 
T A P T S T I A P G V V M A S S P A L P  

261 270 280 
T Q P A E E A A R K R E V R L M K N R E  - Basic reaion - - 
a1 290 3 w  
A A R E C R R K K K E Y V K C @ E N R V  

301 310 320 
A V @ E N Q N K T @ I E E L K A @ K D L  

Leucine zipper - 
321 326 
Y C H K S D  

Flg. 3. Primary structure of CREB. The basic 
region and the putative leucine zipper sequence 
located at the COOH-terminus of the protein are 
underhed. The periodic array of leucine residues 
(circled) spaced seven residues apart would form 
the hypothetical cu helix involved in protein- 
protein contacts (13). Preliminary evidence indi- 
cates that the methionine at position 1 is the 
translational start site in vivo. Amino acid se- 
quence is in single letter code (18). The full DNA 
sequence is being deposited at GenBank; it is 
available from the authors on request. 

binding transcription factors belonging to a 
new class recognized as "leucine zipper" 
proteins (13) (Fig. 3). This class of proteins 
includes Myc, Fos, CIEBP, GCN4, and c- 
Jun (13). A hypothetical leucine zipper se- 
quence in which four leucines are spaced 
seven residues apart is located near the 
COOH-terminus of the protein. A comput- 
er search for sequence similarities between 
CREB and c-Jun revealed a single region of 
61% identity of amino acids (19 of 31 
residues) between positions 270 and 300 of 
CREB and 254 and 284 of c-Jun. These 
regions of similarity are located adjacent to 
the leucine zipper regions of the two pro- 
teins and constitute basic domains in which 
over 50% of the residues are either arginine 
or lpsine. There is also a similarity of se- 
quence in this region with GCN4, a protein 
previously noted to have similarity to c-Jun 
(7). It is tempting to speculate that the 
similarities of sequences limited to this basic 
domain somehow reflect the fact that all 
these proteins bind to similar palindromic 
sequences; either 5'-TGACGTCA-3' 
(CREB) or 5'-TGAGTCA-3' (c-Jun and 
GCN4). The high positive charge densities 
of these regions of the DNA-binding pro- 
teins would be compatible with close con- 
tact with the negatively charged phosphate 
backbone of the DNA. 

Although no additional regions of simi- 
larity were discerned for the primary se- 
quence of CREB and c-Jun, by the criteria 
of Garnier et al. and Kyte and Doolittle ( I # ) ,  
comparison of the predicted secondary 
structures showed that the zipper regions at 
the COOH-terminus of the two proteins 
consist entirely of a helm (13). However, the 
remainder of the sequences located NH2- 
terminal to the basic domains of both pro- 
teins are predominantly random coil and are 
highly acidic. The sequences of CREB (resi- 
dues 1 to 268) and c-Jun (residues 1 to 225) 
have ratios of acidic to basic residues of 2.3 
and 2.0, respectively (15). These acidic re- 
gions of transcriptional proteins may be 
important activator regions for interactions 
with the basic transcriptional machinery and 
have been referred to as "acid blobs" or 
"negative noodles" to describe the confor- 
mationally poorly defined structure of a 
polypeptide that can function almost irre- 
spective of sequence, provided that there are 
a sufficient number of acidic residues clus- 
tered or scattered about (16). 

On the basis of the deduced protein se- 
quence of this cloned cDNA, we propose 
that the cDNA encodes a full-length CREB 
protein with a calculated molecular mass of 
35,044 daltons. This conclusion is consis- 
tent with our finding by Southwestern blot 
analyses of a 38-kD CREB protein present 
in extracts of JEG-3 human choriocarcino- 

ma cells, assuming that the cellular protein is 
post-translationally modified (11). The ap- 
parent discrepancy in size between this hu- 
man placental CREB of 38 kD and the 43- 
kD CREB identified in rat adrenal cells (PC- 
12) by Montrniny and Bilezikjian (5)  could 
be due to species-specific differences in pri- 
mary structure, posttranslational modifica- 
tions, or the existence of multiple CREB 
proteins that are part of a larger family of 
CREB transcriptional activators. Recent re- 
ports have suggested that a 45-kD cellular 
transcription factor (ATF) that is regulated 
by the adenovirus EIA protein is similar or 
identical to CREB and that ATFICREB can 
be regulated in vivo by both EIA and CAMP 
(1 7). Isolation of the cDNA-encoding 
CREB will facilitate studies aimed at ad- 
dressing the basis for the molecular hetero- 
geneity of CREB and CREB-like proteins 
and the interactions of CREB-like, Fos- 
related, and Jun-related proteins in the tran- 
scriptional activation of genes. 
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Newly Identified Brain Potassium Channels Gated by 
the Guanine Nucleotide Binding Protein Go 

Potassium channels in neurons are linked by guanine nucleotide binding (G) proteins 
to numerous neurotransmitter receptors. The ability of Go, the predominant G protein 
in the brain, to stimulate potassium channels was tested in cell-free membrane patches 
of hippocampal pyramidal neurons. Four distinct types of potassium channels, which 
were otherwise quiescent, were activated by both isolated brain Go and recombinant 
G0a. Hence brain Go can couple diverse brain potassium channels to neurotransmitter 
receptors. 

N EURONAL POTASSIUM CURRENTS 

are coupled by the G proteins Gi or 
Go (1-4) to acetylcholine M2, ad- 

renergic a2 ,  serotonin (5HT- 1 a), dopamine 
(D2), adenosine (A,), y-aminobutryic acid 
(GABAB), opioid 6 and F, and somatostatin 
receptors (1, 2). Neuronal Ca2+ currents 
may be coupled similarly (5) .  Important 
evidence indicating this coupling is that 
the effects of the relevant neurotransmitter 
can be (i) mimicked by intracellular perfu- 
sion of guanosine-5'-0-(3-thiotriphosphate) 
(GTPyS); (ii) inhibited by intracellular 
perfusion of guanosine-5'-0-(2-thiodiphos- 
phate) (GDPPS); or (iii) blocked by treat- 
ment of cells with pertussis toxin (MX). 
Results with antibodies to G, support this 
view (1, 3-5). The K+ currents were in some 
cases identified as inwardly rectifying (1, 2) 
but the corresponding single channel K+ 
currents have not been described; in fact 
there are only a few reports on neuronal 

single channel K+ currents (6-8). We used 
single channel recordings to investigate the 
K' currents that are coupled to these recep- 
tors, and we tested whether G, might, like 
Gk for atrial and clonal pituitary K+ chan- 
nels (9) or G, for dihydropyridine-sensitive 
ca2+ channels (9), gate or modulate neuro- 
nal K+ channels directly. 

In the first series of experiments (Fig. 
lA), a highly purified preparation of preac- 
tivated G, from bovine brain (10, 11) stimu- 
lated single channel K+ currents in inside- 
out patches in a concentration-dependent 
manner. The major a subunit in this fraction 
was a39; a41 and a40 were present at less 
than 5%, and a, (12) may also have been 
present. We also tested another fraction that 
elutes before G, and designated it "pre-G," 
(Fig. 2A, lane 1) (11). I t  contained mostly 
Gi with an a subunit of an apparent molecu- 
lar mass of 41,000 daltons, another G pro- 
tein with an a subunit of apparent molecular 
mass of 40,000 daltons, and a MX-insensi- 

A. M. J. VanDongen, R. J o b  A. M. Brown, Depart- tive contaminant of about 55,000 daltons. 
ment of Physiology and Molecular Biophysics, Baylor 
College of Medicme. One Bavlor Plaza. Houston. TX The proteins were activated with GTPyS 
77036. (II) ,  yielding activated Go (G:) and activat- 
J. Codma, J. Ofate, R. Mattera, De anment of Cell ed p r e - ~ ,  (pre-~;);  unbound nucleotide Biology, Baylor College of Medicine, Bne Baylor Plaza, 
Houston, TX 77030. was removed by dialysis until the molar ratio 
L. Birnbaumer, Departments of Physiology and Molecu- 
lar Biophysics and Cell Biology, Baylor College of Medi- GTPyS protein was less than two' 
cine, One Baylor Place, Houston, TX 77030. The activated G proteins were diluted at 

least by a factor of 100,000 in our bathing 
solutions. In some experiments, GTPyS at 
100 FM was tested to evaluate the effects of 
activating endogenous G proteins. 

Our purified brain G, could not be com- 
pletely resolved into individual G proteins; 
therefore the reconstitution experiments in- 
fer, but do not prove, the identity of the 
putative activators. This difficulty was re- 
solved in a second series of experiments by 
using a recombinant Ga, that was uncon- 
taminated by any other G a  subunit. The 
recombinant was designated r(+9)a, be- 
cause it is a fusion polypeptide with nine 
amino acids added to its natural amino 
terminus (13). This recombinant and other 
Ga subunits fused in the same way were (i) 
expressed in Eschevichia coli, with ;he use of 
techniques pioneered by Tabor and Rich- 
ardson (14, 15), (ii) recovered from lysates 
of the bacteria, (iii) preactivated with GTP- 
yS, and (iv) partially purified by column 
chromatography (Fig. 2) (15). 

We tested G: in 66 excised inside-out 
patches, and positive responses occurred in 
34 of them. Of these 34 patches, 15 contain- 

B 
Time (s) 

Control 
l t 2 '  

Control -m 167 

1 PMG - - - - - - , ~ - ~ ~ - , ~ ~ - 3 0 3  
I 

10 p  M  G  : - ~ r r / - r ~ - 4 3 5  

1 0 0 ~ ~ ~  0 * 
_I 

Fig. 1.  Brain Gi  gates single K* channel currents 
in hippocampal pyramidal cells of neonatal rats 
(18) in a concentration-dependent manner. Single 
K' channel currents were recorded from excised 
inside-out membrane patches (19-22). (A) The 
effect of increasing concentrations of Gt on a 55- 
pS K+ channel (Table 1) is shown by plotting the 
number of openings per 0.8 s as a function of time 
for this continuous recording. The nonydrolyza- 
ble ATP analog 5'-adenylylimidodiphosphate 
[AMP-P(NH)P] was added first to inhibit single 
ATP-sensitive K+ channel currents that are pre- 
sent in these cells. The inset shows the values 
averaged for 1 min at each concentration. The 
points were fitted with the Michaelis relation to 
give the curve shown. (6) Representative traces at 
different stages of activation. The elapsed time in 
seconds is indicated to the right of each trace. 
Holding potential was -80 mV and both bath 
and pipette solutions contained KMES. Calibra- 
tions are 50 ms ( x )  and 3.0 pA ( y). 
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