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istration and culminating in altered gene tran- 
scription, through which previous exposure 
to cocaine can influence the subsequent sub- 
jective qualities of the drug. Repeated expo- 
sure to cocaine causes an up-regulation of 
dynorphin expression though stimulation of 
dopamine Dl-type receptors and the CAMP 
pathway (2, 7, 15). Upon subsequent expo- 
sure to cocaine, augmented release of dynor- 
phin could inhibit local dopamine release 
through actions at K opioid receptors on ter- 
minals of mesolimbic dopaminergic neurons 
that innervate the nucleus accumbens (19, 
20). Diminished release of dopamine in the 
nucleus accumbens may be aversive, or it 
may uninask other actions of cocaine that 
oppose drug reward (3, 21). 

With repeated use of cocaine in humans. 
rewarding effects of the drug reportedly di- 
minish and are overshadowed by unpleasailt 
side effects including anxiety and irritability 
(22).  Our data provide evidence that cocaine- 
induced increases in CREB and dynorphin in 
the forebrain could contribute to these chang- 
es. Indeed, cocaine users exhibit increased 
expression of dynorphin mRNA in the nucle- 
us accumbens (23). Up-regulation of CREB- 
mediated transcription in the nucleus accum- 
bells may counteract positive feedback-type 
adaptations that tend to intensify drug reward 
[for example. see (12, 24)]. Sensitization to 
the reward-related properties of psychostimu- 
lants also contributes importantly to addictive 
behavior (25). Individual variability in the 
balance and time course of positive and neg- 
ative feedback-type changes in brain bio- 
chemistry may ultimately influence vulnera- 
bility to addiction and relapse. 
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A Family of CAMP-Binding 
Proteins That Directly 

Activate Rap1 
Hiroaki Kawasaki, Gregory M. Springett, Naoki Mochizuki, 

Shinichiro Toki, Mie Nakaya, Michiyuki Matsuda, 
David E. Housman, Ann M. Graybiel* 

cAMP (3',5' cyclic adenosine monophosphate) is a second messenger that in 
eukaryotic cells induces physiological responses ranging from growth, differ- 
entiation, and gene expression to secretion and neurotransmission. Most of 
these effects have been attributed to the binding of cAMP to CAMP-dependent 
protein kinase A (PKA). Here, a family of CAMP-binding proteins that are 
differentially distributed in the mammalian brain and body organs and that 
exhibit both CAMP-binding and guanine nucleotide exchange factor (GEF) do- 
mains is reported. These CAMP-regulated GEFs (CAMP-GEFs) bind cAMP and 
selectively activate the Ras superfamily guanine nucleotide binding protein 
RaplA in a CAMP-dependent but PKA-independent manner. Our findings sug- 
gest the need to reformulate concepts of CAMP-mediated signaling to include 
direct coupling to Ras superfamily signaling. 

Since the discovery that CAMP activates the 
phosphoiylating enzyine PICA (I), the cAMP 
messenger systein has been shown to involve 
the sequential activation (or inhibition) of 
CAMP production by heteromeric guanine 
nucleotide-binding proteins (G proteins), 
subsequent binding of CAMP to PICA, and 
consequent phosphoiylation of PKA sub- 
strates (I).  P U  is considered to be the es- 

sential effector lnolecule mediating many of 
the wide range of physiological effects initi- 
ated by receptors coupled to generation of 
CAMP (1, 2). CAMP has also been implicated 
in neuronal functions, including neurotrans- 
mitter-initiated signaling and the neuroplas- 
ticity underlying development and memory 
(3, 4). but PKA has not been clearly linked to 
all of these ileuroi~al functions ( 5 ) .  We initi- 
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ated a search for novel brain-enriched genes 
related to signaling in the striatum by using a 
differential display protocol and by screening 
clones for second messenger motifs (6 ,  7). 
We identified two genes characterized by the 
presence of CAMP-binding motifs and nlotifs 
for Ras superfamily guanine nucleotide ex- 
change factors (GEFs), which are activators 
of Ras and Ras-like small G proteins (8). This 
suggested that the genes might code for 
CAMP-binding proteins that directly couple 
the CAMP signal transduction system to Ras 
superfa~nily cascades and constitute CAMP- 
regulated GEF proteins (CAMP-GEFI and 
CAMP-GEFII). We isolated cAil4P-GEFI and 
cA;l.P-GEFII orthologs in humans and rats 
(7) (Fig. 1). 

The CAMP-GEF proteins have similar do- 
main structures; with a CAMP-binding do- 
main at the NH, te~minus, a GEF domain at 
the COOH ternliaus, and a link region in 
between (Fig. 1. A. D, and E). These mam- 
malian proteins show strong structural simi- 
larity to a predicted open reading frame 
(T20G5.5) in Caeiioi,hnbditis elegirns (9) (cel 
CAMP-GEF) (Fig. 1, B through E). The 
CAMP-binding domains of CAMP-GEF fam- 
ily proteins form a distinct group within the 
cyclic nucleotide-binding protein superfam- 
ily. with closest similarity to the B domains 
of P U  regulator). subunits (Fig. 1B). A 
PR(A or T)A illotif that is present in the 
CAMP-binding pocket of P K 4  (2, 10, 11) is 
also censer\-ed in the cAIMP-GEF proteins 
(Fig. 1E). The first Ala of this motif confers 
specificity for CAMP as opposed to Thr. 
which is found in proteins that bind cyclic 
guanosine monophospl~ate (cGMP). A11 of 
the cAIMP-GEF family members have Ala at 
this position and are therefore predicted to 
bind CAMP rather tllan cGMP (11). 

The GEF donlains of the CAMP-GEFs show 
lligh similarity to those of Ras superfamily GEF 
proteins but form an independent cluster dis- 
tinct &om Ras GEFs such as CDC25, hSos1. 
and rRas-GRF (Fig. 1 ,  C and D). Tlle three 
sh-t~cturally conserved regions specific to Ras 
superfamily GEFs (8) are present in all of the 
CAMP-GEF proteins (Fig. lD). 
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To identify the small G protein substrates 
for c,4\IP-GEFI and cd4\IP-GEFII and to de- 
te~lnille ~vhether their GEF activity would be 
altered by the binding of CAMP, we analyzed 
the effects of cd4:14P-GEFI and cAiVIP-GEFII 
expression in 293T cells on the ratio of 
guanosine triphosphate (GTP) to guanosine 
diphosphate (GDP) bound to Ras superfamily 

members in the presence or absence of forsko- 
lin and 3-isobutyl-1-metllylxantl~ine (IBMX) 
(Fig. 2) (12). In the absence of forskolin and 
IBMX, only Rap1 was activated (Fig. 2). In the 
presence of forskolin and IBblX, both CAMP- 
GEFI and c,4\IP-GEFII activated RaplA, but 
not H-Ras or R-Ras, and RalA was slightly 
activated, by CAMP-GEFI only (Fig. 2. B and 

Fig. 1. Structure of CAMP-CEFs. Prefixes t o  protein names indicate the following: h, human; r, rat; 
cel, C. elegans. (A) Schematic representation o f  CAMP-CEF family protein motifs. LR, link region. (B) 
Phylogenetic analysis of CAMP-binding domains o f  CAMP-CEFI, CAMP-GEFII, and other cyclic 
nucleotide binding proteins. (C) Phylogenetic analysis of CEF domains o f  CAMP-GEFI, CAMP-GEFII, 
and other Ras superfamily CEFs. (D) Amino acid sequences (10) of the three structurally conserved 
regions (SCRs) o f  CAMP-CEFs and other Ras superfamily GEFs (black indicates identity). (E) Amino 
acid sequences of the CAMP-binding pockets of CAMP-CEFI, CAMP-CEFII, and other cyclic nucle- 
otide-binding proteins. The positions of invariant amino acid residues are shown by black diamonds 
( 1  1). The open diamond indicates the amino acid that  determines the binding specificity for CAMP 
or cCMP ( 1  1). The arrow indicates the position of amino acid substitutions specific t o  CAMP-CEFs 
(28). (F) Full-length amino acid sequences o f  human CAMP-CEFI and CAMP-CEFII (boxes indicate 
amino acid identi ty) (7). Multiple sequence alignments and phylogenetic analyses were carried out  
w i th  LASERGENE (DNASTAR, Madison, W I ) .  Abbreviations and CenBank accession numbers o f  the 
protein sequences used here are as follows: hPKARla (human CAMP-dependent protein kinase 
regulatory subunit type I-alpha), 125193; hPKARIp, 1346362; hPKARlla, 125198; hPKARIIp, 
4001 15; hPKClct (human cCMP-dependent protein kinase type I-alpha), 1255602; hPKCIp, 125379; 
hPKCII, 1906312; hCalDAC-CEFI (human calcium and diacylglycerol-regulated CEFI), U71870; 
hCalDAG-CEFII, AF081195; C3C, 474982; hSosl (human son-of-sevenless I ) ,  476780; CDC25 (cell 
division control protein 25), 115914; rRas-CRF, 57665; BUD5, 171 141 (29). 
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D). The effects of forskolin and IBMX treat- 
ment on CAMP-GEFI and CAMP-GEFII were 
dose dependent (12). Treatment with forskolin 
and IBMX had no effect in the absence of 
CAMP-GEFs (Fig. 2, C and D). 

We performed mutational analyses with 
CAMP-GEFI to examine whether its CAMP- 
binding domain is required for the activation of 
Rap 1 A. In contrast to wild-type CAMP-GEFI, a 
deletion mutant lacking a cAMP binding do- 
main [pcDNA-rcAMP-GEFI:AcAMP(528) and 
-(595)] did not activate RaplA with or with- 
out treatment with forskolin and IBMX (Fig. 
2C) (13). In mutants with a single amino acid 
substitution in the CAMP-binding pocket 
known to block binding [pcDNA-rcAMP- 
GEFI:R(279)K] (10, 13, 14), the response to 
forskolin and IBMX treatment was reduced 
by about 30% (Fig. 2C). Thus, cAMP binding 
to CAMP-GEFI appears to be necessary for 
its CAMP-dependent activation of RaplA. 

Activation of RaplA after the addition of 
forskolin and IBMX to CAMP-GEFZ transfec- 
tants (Fig. 2E) was detected within 10 s, 
reached a maximum after 5 min, and continued 
for at least 60 min. The rapid kinetics of acti- 
vation suggests a direct effect of CAMP-GEFI 
on Rap 1 A rather than secondary effects medi- 
ated by other Ras superfamily GEFs. Exposure 
of cells to Sp-CAMPS, an analog of CAMP, 
activated RaplA to a similar extent as did treat- 
ment with forskolin and IBMX. The direct ac- 
tivation of Rapl by CAMP-GEF protein was 
confirmed in an in vitro assay system with the 
purified GEF domain of CAMP-GEFII (Fig. 

3E) (15). In vi-translated, isotope-labeled 
CAMP-GEFI showed selective binding to 
CAMP bound to agarose beads (16) (Fig. 3A). 
Binding was inhibited by excess amounts of 
either cAMP or 8-Br-CAMP (Fig. 3A). Neither 
the deletion constructs lacking a CAMP-binding 
domain nor the pocket mutation construct of 
CAMP-GEFI showed binding activity (Fig. 3, B 
through D). 

CAMP-dependent activation of Rapl has 
been ascribed to the phosphorylation of 
RaplA by PKA, which increases its binding 
affinity for smgGDS, a GEF with broad sub- 
strate specificity (1 7). However, in our 293T 
cell assay system in the absence of CAMP- 
GEFs, we did not detect an increase of GTP- 
bound RaplA in response to increased con- 
centrations of cAMP (Fig. 2D). Furthermore, 
even in the presence of H-89, a potent and 
selective inhibitor of PKA (12); CAMP-GEFI 
and CAMP-GEFII still activated RaplA (Fig. 
2D). These data suggest that the activation of 
RaplA induced by CAMP-GEFI and CAMP- 
GEFII is independent of the PKA pathway. 

Discrete expression patterns of human 
CAMP-GEFI and CAMP-GEFII were ob- 
served by Northern (RNA) analysis (18) (Fig. 
4, A and A'). CAMP-GEFI was widely ex- 
pressed (Fig. 4A), whereas CAMP-GEFlI was 
prominent in the brain and the adrenal glands 
(Fig. 4A'). Both genes were expressed in 
some fetal tissue types for which little or no 
expression was detected in adult tissues (Fig. 
4, C and C'). The expression patterns of the 
two genes in the nervous system also dif- 

fered, with CAMP-GEFZ having wider ex- 
pression than CAMP-GEFII (Fig. 4, B and 
B'). These region-specific neuronal expres- 
sion patterns were confirmed in in situ hy- 

Fig. 3. Binding of in vitro-translated wild-type 
and mutant CAMP-GEFI proteins to  cAMP cou- 
pled to agarose beads (76). Arrows indicate 
97.4 and 68 kD in (A) and (B); 43 and 29 kD in 
(C) and (D). (A) Wild-type full-length rat CAMP- 
CEFl protein. (B) Mutant with the cAMP pocket 
mutation [R(279)K]. (C and D) Deletion con- 
structs lacking the CAMP-binding domain [(C), 
AcAMP(528); (D), AcAMP(595)I. Lane 1, sample 
directly from in vitro translation; lane 2, protein 
bound t o  the beads without cAMP agonist; lane 
3, same as Lane 2 with 10 mM CAMP; lane 4, 
same as lane 2 with 10 mM 8-Br-CAMP. (E) 
Dose-dependent activation of RaplA in vitro by 
purified recombinant C3C (diamonds) and the 
purified recombinant CEF domain of CAMP- 
CEFll [CEF11(752)] (squares). 
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4. Differential expression of CAMP-CEFI 
CAMP-CEFII (18). (A and A') Northern 

nybridization analysis of the expression of 
CAMP-CEFI (A) and CAMP-CEFII (A') in hu- 
man organs. (B and B') Expression of CAMP- 
CEN (B) and CAMP-CEFII (B') in human brain. 
(C and C') Expression of CAMP-CEFI (C) and 
CAMP-CEFII (C') in human fetal organs. (D 
through F) In situ hybridization analysis of 
CAMP-CEFI in rat brain. (D) Parasagittal sec- 
tion through postnatal day 21 (P21) brain. (E) 
Coronal section through P3 brain. (F) Sense 
hybridization from a control section adjacent 
to  the section shown in (D). (C through I) In 
situ hybridization analysis of CAMP-CENI in 
rat brain. (C) Parasagittal section through 
adult brain. (H) Coronal section through 
adult brain. (I) Sense hybridization from a 
control section adjacent to  that shown in 
(H). Scale bar in (C) [for (D) and (F) through 
(I)] indicates 2 mm; scale bar in (E) indicates 
2 mm. Abbreviations used in this figure areas 

Ad, adrenal -- follows: I gland; Am, amygdala marrow; Br I; CC, corpus callosum; CN, caudate nucleus; Co, coloi(mucosal 
lining); CP, caudoputamen; Ctx, cortex; Cx, cortex; FL, frontal lobe; H, hippocampus; Hb, habenula; He, heart; Hi, hippocampus; Ki, kidney; Li, liver; LN, 
lymph node; Lu, lung; Me, medulla oblongata; OB, olfactory bulb; OP, occipital pole; Ov, ovary; P, pons; Pa, pancreas; PB, peripheral blood leukocytes; 
PI, placenta; Pr, prostate; Pu, putamen; 5, septum; SC, spinal cord; 51, small intestine; SM, skeletal muscle; SN, substantia nigra; Sp, spleen; St, stomach; 
Sth, subthalamic nucleus; TB, total brain; Te, testis; Th, thalamus; TL, temporal lobe; Tm, thymus; Tr, trachea; Ty, thyroid. 

bridization experiments (18) (Fig. 4, D of cAMP may result from direct cAMP entially high expression of the CAMP-GEFs 
through I). CAMP-GEFI mRNA was ex- coupling to Rap effector pathways. in structures such as the hippocampus [impli- 
pressed broadly at low levels in the adult CAMP can inhibit or stimulate the Rasl cated in memory formation (24)] and key 
brain, but it was strongly and selectively ex- mitogen-activated protein (MAP) kinase limbic system structures linked to brain re- 
pressed in parts of the neonatal brain, includ- 
ing the septum and the thalamus (Fig. 4, D 
through F). In contrast, CAMP-GEFII was 
strongly expressed in the mature as well as 
the developing brain, with high mRNA levels 
in the cerebral cortex, the hippocampus (es- 
pecially CA3 and the dentate gyrus), the ha- 
benula, and the cerebellum (Fig. 4, G through 
I). Genes of the CAMP-GEF family could 
have widespread influence on cAMP func- 
tions in multiple organs of the body and could 
contribute to region-specific functions in the 
brain. 

Intracellular cAMP can interact directly 
with some ion channels (19), but most 
CAMP-mediated effects in eukaryotes have 
been considered as sequels to cAMP bind- 
ing by the regulatory subunits of the PKA 
tetramer ( I ,  2). Our data raise the possibil- 
ity that some of the physiological functions 

pathway (20,21). The inhibition can occur at 
the initial translocation step by which Ras 
activates Raf (20), whereas activation of 
Rapl is thought to occur through phosphor- 
ylation by PKA (1 7, 22). Rapl, itself discov- 
ered as a negative regulator of Ras (23), is 
suspected of having independent functions as 
well (20,23), and activation of Rapl has been 
proposed as part of a switch mechanism de- 
termining whether growth or differentiation 
occurs in response to nerve growth factor 
(22). Our findings suggest that different lev- 
els of CAMP-GEF expression could confer 
cell type-specific cAMP regulation of Ras 
superfamily signaling related to growth and 
differentiation. 

The cAMP second messenger system has 
also been centrally implicated in modulating 
synaptic function, neuroplasticity, and cogni- 
tion (3). Our findings demonstrating differ- 

ward circuits and schizophrenia (25) suggest 
that the CAMP-GEFs could underlie some of 
these neuronal functions of CAMP. 

We have identified another gene, 
CalDAG-GEFI, which codes for a protein 
with binding sites for calcium and diacylglyc- 
erol as well as a Rap-specific GEF (6). More- 
over, both Ebinu et al. (26) and ourselves (6) 
have identified a second gene of the 
CalDAG-GEF family (CalDAG-GEFII or 
RasGRP), which links calcium and diacyl- 
glycerol inputs to a Ras-specific GEF. Thus 
at least three major second messenger sys- 
tems are directly coupled to Ras superfamily 
signaling pathways by proteins that have sec- 
ond messenger input domains and GEF out- 
put domains. Previously, each of these sec- 
ond messenger systems was believed to exert 
its effects primarily through the activation of 
specific protein kinases. For CAMP-mediated 
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signaling, our findings suggest that direct 
coupling of cAMP to Rap activation by 
cAMP-GEFs is an important alternative 
cAMP messenger system. 
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