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Ric-8B, an Olfactory Putative GTP Exchange Factor,
Amplifies Signal Transduction through the Olfactory-
Specific G-Protein G�olf

Luiz Eduardo C. Von Dannecker,* Adriana F. Mercadante,* and Bettina Malnic
Departamento de Bioquı́mica, Instituto de Quı́mica, Universidade de São Paulo, São Paulo, Brazil

The olfactory system is able to detect a large number of chemical structures with a remarkable sensitivity and specificity. Odorants are
first detected by odorant receptors present in the cilia of olfactory neurons. The activated receptors couple to an olfactory-specific
G-protein (Golf), which activates adenylyl cyclase III to produce cAMP. Increased cAMP levels activate cyclic nucleotide-gated channels,
causing cell membrane depolarization. Here we used yeast two-hybrid to search for potential regulators for G�olf. We found that Ric-8B
(for resistant to inhibitors of cholinesterase), a putative GTP exchange factor, is able to interact with G�olf. Like G�olf, Ric-8B is
predominantly expressed in the mature olfactory sensory neurons and also in a few regions in the brain. The highly restricted and
colocalized expression patterns of Ric-8B and G�olf strongly indicate that Ric-8B is a functional partner for G�olf. Finally, we show that
Ric-8B is able to potentiate G�olf-dependent cAMP accumulation in human embryonic kidney 293 cells and therefore may be an
important component for odorant signal transduction.
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Introduction
Odorant signal transduction initiates when odorants bind and
activate a large number of odorant receptors located in the cilia of
the olfactory neurons in the nose (Buck and Axel, 1991; Buck,
2000). The activated receptors then couple to the olfactory-
specific G-protein G�olf to stimulate adenylyl cyclase type III.
The concentration of cAMP in the cilia rises triggering the open-
ing of cyclic nucleotide-gated channels, membrane depolariza-
tion, and generation of action potentials in the olfactory axon
(Firestein, 2001; Ronnett and Moon, 2002; Mombaerts, 2004).

The odorant-induced production of cAMP is typically rapid
and transient (Boekhoff et al., 1990; Breer et al., 1990). The ability
of olfactory sensory neurons to adapt to odors allows the olfac-
tory system to detect over a broader range of stimuli and also to
rapidly recover the ability to sense an odorant. A large number of
possible molecular mechanisms for signal termination have been
described, such as odorant receptor phosphorylation (Boekhoff
and Breer, 1992; Peppel et al., 1997), inhibition of adenylyl cy-
clase (Wei et al., 1998; Sinnarajah et al., 2001), stimulation of
cAMP hydrolysis via activation of phosphodiesterases (Borisy et

al., 1992), and cAMP-gated channel regulation (Chen and Yau,
1994; Kurahashi and Menini, 1997; Zufall and Leinders-Zufall,
2000; Munger et al., 2001). The regulatory mechanisms described
so far involve all components of the signaling cascade, except
G�olf. Therefore, it is not clear yet whether G�olf can also be a
target for regulatory events in the olfactory sensory neurons.

It is generally believed that the activation of heterotrimeric
G-proteins is exclusively accomplished by the action of
G-protein-coupled receptor (GPCRs), with only a few receptor-
independent activators of G-protein signaling described (Stritt-
matter et al., 1990; Sato et al., 1996; Luo and Denker, 1999; Cis-
mowski et al., 2000). Recently, two new mammalian
heterotrimeric G� GTP exchange factors (GEFs) [Ric-8A and
Ric-8B (for resistant to inhibitors of cholinesterase)] were iden-
tified (Tall et al., 2003). GEFs catalyze the exchange of GDP for
GTP to generate an activated form of G�, which is then able to
activate a variety of effectors (Sprang, 2001). Biochemical char-
acterization indicated that Ric-8A functions as a GEF for G�q,
G�i1, and G�o but not for G�s (Tall et al., 2003). Ric-8B, con-
versely, was shown to interact with G�s and G�q (Tall et al.,
2003).

To search for potential regulators for the olfactory G-protein,
we used yeast two-hybrid to screen an olfactory epithelium (OE)
cDNA library using G�olf as bait and found Ric-8B. We per-
formed Northern blot analysis and show that Ric-8B is specifi-
cally expressed in the olfactory epithelium. In situ hybridization
experiments indicated that Ric-8B is expressed in mature olfac-
tory sensory neurons and that the expression colocalizes with that
of G�olf in the olfactory epithelium. Ric-8B is also expressed in
the regions of the brain previously shown to contain G�olf, such
as the striatum, nucleus accumbens, and olfactory tubercle. In
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addition, our results show that Ric-8B is able to potentiate the
ability of G�olf to activate cAMP production in heterologous
cells, indicating that this putative GEF can regulate the function
of G�olf.

Materials and Methods
Yeast two-hybrid screen. Yeast two-hybrid screening was performed using
the DupLEX-A system (OriGene Technologies, Rockville, MD). The
complete coding region of G�olf was obtained by reverse transcription
(RT)-PCR and subcloned into the EcoRI/XhoI sites of the yeast bait ex-
pression vector pGilda (Clontech, Palo Alto, CA) in fusion with the LexA
DNA binding domain. The construct was transformed together with the
lacZ reporter pSH18-34 into yeast strain RFY206 by the lithium acetate
method (Golemis et al., 1999). An oligo-dT-primed cDNA library was
prepared from mouse (C57BL/6J) OE poly(A �) RNA using the cDNA
synthesis kit (Stratagene, La Jolla, CA). The cDNA was directionally
cloned into the EcoRI/XhoI sites of the pJG4-5 target vector, in fusion
with the B42 activator domain. The ligated products were electroporated
into Escherichia coli DH5� and resultant transformants (5 � 10 6 with an
average insert size of 0.7 kb) were plated onto Luria-Bertani medium/
ampicillin at a density of 5 � 10 5 colonies per plate (150 mm). The
plasmid library was then purified using a Qiagen (Hilden, Germany)
column after scraping the cells from the plate and was transformed into
the yeast strain EGY48 using the lithium acetate method. Yeast transfor-
mations were done with an efficiency of 10 4 colony forming units/�g
DNA. The RFY206 strain containing the bait and the reporter (2 � 10 7

cells) was mated with the strain EGY48 containing the library (10 7 cells)
as described by Golemis et al. (1999). Diploids were induced with galac-
tose for the expression of both the bait and the library-encoded proteins,
and interactors were selected on quadruple-deficient plates (Leu �,
Trp �, His �, Ura �). Positive colonies were then assayed for
�-galactosidase activity. The clones that grew on quadruple-deficient
plates and turned blue in the �-galactosidase assay in the presence of
galactose but not of glucose were selected. The cDNA inserts in the se-
lected clones were analyzed through yeast-colony PCR using specific
primers matching the pJG4-5 vector, and the DNA sequences were de-
termined by automated sequencing. Clones of interest had their plasmids
isolated and transformed into E. coli DH5�. The E. coli clones containing
the pJG4-5 library constructs were rescued, and their plasmids were iso-
lated. The plasmids were cotransformed with the lacZ reporter pSH18-34
into EGY48 and mated with the strain containing the bait to confirm the
interactions.

Yeast interaction mating tests. Interactions between different baits and
targets were checked using the method described by Finley and Brent
(1994). Baits strains that harbor the lacZ reporter pSH18-34 and express
different regions of G�olf were prepared as described above. Briefly, bait
strains were streaked in horizontal rows on a Glu His � Ura � plate and
target strains in vertical columns on a Glu Trp � plate. The two plates
were then replica plated onto a yeast/peptone/dextrose (YPD) plate, in
which strains mated and formed diploids at the intersections of the
streaks. The YPD plate was replica plated onto two indicator plates con-
taining the following: (1) Gal His � Ura � Trp � 5-bromo-4-chloro-3-
indolyl-�-D-galactopyranoside (X-gal) (shown in Fig. 1c); and (2) Gal
Leu � His � Ura � Trp � (data not shown). Replicas were also plated onto
control plates containing glucose instead of galactose, but no interactions
were observed (data not shown).

Northern blot. Total RNA was prepared from tissues from C57BL/6J
mice using TRIzol reagent (Invitrogen, Carlsbad, CA) according to the
instructions of the manufacturer. The total RNA samples (10 �g) were
size fractionated on formaldehyde gels and blotted onto a Hybond N �

nylon membrane (Amersham Biosciences, Piscataway, NJ). The mem-
brane was hybridized overnight at 37°C in hybridization buffer [6�
saline-sodium phosphate EDTA (SSPE), 5� Denhardt’s solution, 0.1
mg/ml sheared herring sperm DNA, 0.5% SDS, and 50% formamide]
with a 32P-labeled probe prepared from Ric-8B (from the region corre-
sponding to the entire coding region; GenBank accession number
AY940666) by random priming (Invitrogen). The membrane was
washed twice in 0.1% SDS and 0.5� SSPE at 65°C for 30 min and ana-
lyzed using a Storm 840 PhosphorImager (Amersham Biosciences).

RT-PCR. RNA was prepared from different mouse tissues using
TRIzol reagent (Invitrogen). First, 1 �g of total RNA plus 100 ng of
oligo-dT in 13.5 �l of DEPC-treated water were incubated for 2 min at
70°C. The reaction was rapidly chilled on ice and used to synthesize
cDNA in 20 �l of 1� Superscript II first-strand buffer containing 0.5 mM

deoxy NTP (dNTP), 3 mM MgCl2, 20 U of RNase inhibitor (RNaseOUT;
Invitrogen), and 200 U of Superscript II reverse transcriptase at 42°C for
60 min. The product was diluted to 100 �l with DEPC-treated water.
PCRs (25 �l) containing 5 �l of cDNA, 0.2 mM dNTP, 1.5 mM MgCl2,
0.5 �M each of forward and reverse primers, and 1.25 U of Platinum
TaqDNA polymerase (Invitrogen) were heated to 95°C for 2 min, fol-
lowed by 25 (Ric-8B) or 30 [G�olf and glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH)] thermal cycles of 95°C for 45 s, 58°C (Ric-8B),
57°C (G�olf), or 55°C (GAPDH) for 45 s, and 72°C for 1 min, with a final
incubation at 72°C for 10 min. PCR products were analyzed in 1.5%
agarose gels stained with ethidium bromide.

The primers AAGCTGGTTCGTCTCATGAC (forward) and GTCT-
GTGTCCGAGCTGGTC (reverse) were used to amplify the region across
the ninth exon-containing isoform of Ric-8B, and the primers AT-
GGGGTGTTTGGGCAACAG (forward) and TCACAAGAGTTCG-
TACTGCTTG (reverse) were used to amplify G�olf.

In situ hybridization. In situ hybridization was performed according to
Schaeren-Wiemers and Gerfin-Moser (1993). Noses or brains were dis-
sected, respectively, from 2- and 6-week-old mice and freshly embedded
in Tissue-Tek OCT compound (Sakura Finetek, Torrance, CA). Sequen-
tial 20 �m sections were prepared with a cryostat and hybridized with
digoxigenin-labeled cRNA probes prepared from Ric-8B (region corre-
sponding to nucleotides 790 –2256), G�s, and G�olf (corresponding to
the full coding regions) cDNAs. Color reactions were performed for 1.5 h
in the olfactory epithelium and overnight in the brain, except for the G�s
reaction on the coronal brain section, which was performed for 1.5 h.

Tissue culture cAMP detection. The cDNAs corresponding to the full-
length sequence of Ric-8B, Ric-8B�9 (GenBank accession number
AY940667), G�olf, and dopamine D1 receptor (D1R) were cloned by
PCR using cDNAs prepared from mouse olfactory epithelium and sub-
cloned into the pcDNA3.1 expression vector containing a FLAG epitope.
Expression vectors for G�s and the �2-adrenergic receptor (�2AR) were
kindly provided by Stephen Liberles and Linda Buck (Fred Hutchinson
Cancer Research Center, Seattle, WA). G�olf and Ric-8B protein expres-
sion was checked by Western blot using, respectively, an anti-G�olf an-
tibody (Santa Cruz Biotechnology, Santa Cruz, CA) and an anti-FLAG
antibody (Sigma, St. Louis, MO) (data not shown).

Human embryonic kidney 293 (HEK293) cells were maintained in
DMEM supplemented with 10% (v/v) fetal calf serum, 1 mM glutamine,
50 �g/ml streptomycin, and 50 U/ml penicillin at 37°C with 5% CO2.
Cells (0.5 � 10 5) were plated into each well of a 96-well plate for 16 –20
h and transfected using lipofectamine reagent (Invitrogen) with con-
structs expressing the different cDNAs (100 ng/well). After 3 h of trans-
fection, medium was replaced by serum-free media containing the ago-
nist (10 �M), and cells were incubated for another 40 h. Shorter periods of
agonist stimulation (10, 30, or 120 min) produced similar results (see Fig.
5c). cAMP was measured using the cAMP Enzymeimmunoassay (Amer-
sham Biosciences) following the protocol of the manufacturer.

Results
G�olf interacts with Ric-8B
An olfactory epithelium cDNA library was screened with G�olf as
bait (see Materials and Methods). We obtained 74 clones. Of
these, 64 showed strong interactions (strong blue color developed
after 12 h of incubation in the presence of X-gal), and the other 10
showed comparatively much weaker interactions with the bait
(detected after 24 h in the presence of X-gal). The 64 clones
showing strong interaction with G�olf encode the full-length
sequence of Ric-8B. Ric-8B cDNA is 1683 bp long and encodes a
protein of 560 amino acids (Fig. 1a). The deduced amino acid
sequence does not show conserved motifs or any other valuable
information on the protein, except that Ric-8B shares �40%
amino acid sequence identity with Ric-8A, which was shown to
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work as a GEF for a subset of G� subunits (Tall et al., 2003). These
two proteins share nine conserved synembryn signatures that
show 58 –90% amino acid sequence identity (Fig. 1a). However,
whether Ric-8B acts as a GEF has yet to be determined.

The remaining clones (which showed weaker interactions
with G�olf) contained an alternatively spliced variant of Ric-8B
that lacks exon 9 (denominated here as Ric-8B�9) (Fig. 1a,b),
indicating that this region of Ric-8B is important for the interac-
tion between Ric-8B and G�olf.

We next asked which region of G�olf is required for the inter-
action with Ric-8B. Baits containing different regions of G�olf
were constructed and checked for their ability to interact with
Ric-8B (Fig. 1c). A fragment containing only the last 30 amino
acids of G�olf (G�olf 352–381) retained the ability to interact
with Ric-8B, but baits containing N-terminal (G�olf 1– 42) or
central regions (G�olf72–188) of G�olf showed no interaction,
indicating that the C-terminal region of G�olf is involved in the
interaction. It has been demonstrated previously that the
C-terminal region of G� subunits plays an important role in
specifying receptor interaction (Conklin et al., 1993). Hence, if
olfactory receptors (ORs) and Ric-8B can both interact with the
C-terminal region of G�olf, it is possible that these interactions
are mutually exclusive.

Consistent with what was observed during the screening, we
could barely detect interaction between Ric-8B�9 and G�olf.
Conversely, Ric-8B�9 retains the ability to interact with the
C-terminal region of G�olf (Fig. 1c). These results suggest the
existence of a second domain in G�olf besides the C terminus
that is involved in binding to Ric-8B and that the sequence cor-
responding to exon 9 of Ric-8B is required.

Tissue distribution of Ric-8B expression
We next performed Northern blot experiments to examine the
tissue distribution of Ric-8B expression. Total RNA prepared
from 10 different mouse tissues was size fractionated, blotted
onto membranes, and hybridized with a 32P-labeled probe cor-
responding to the Ric-8B cDNA. Control hybridization was per-
formed with a probe prepared from GAPDH. The Ric-8B probe

hybridized to two major bands of �2 and 3
kb only in the olfactory epithelium (Fig.
2a). A smaller and fainter band was also
detected in the skeletal muscle, but, in gen-
eral, no other tested tissue showed Ric-8B
expression. We also used RT-PCR, which
is a more sensitive method than Northern
blot, to amplify Ric-8B and G�olf from the
same tissues analyzed in Figure 2a. Using
this method, we were able to detect lower
levels of Ric-8B expression also in the eye,
brain, skeletal muscle, and heart (Fig. 2b).
G�olf expression was restricted to the ol-
factory epithelium and the brain (Fig. 2b).
These data show that Ric-8B gene is pref-
erentially transcribed in the olfactory epi-
thelium and, to a lower extent, in the
brain, eye, and muscle.

Because we identified two different
splicing variants of the Ric-8B mRNA dur-
ing the screening (Fig. 1a,b), we conducted
semiquantitative RT-PCR experiments
with primers that amplify across the ninth
exon to determine which isoform is pre-
dominant in the olfactory epithelium. Our

results indicate that Ric-8B and Ric-8B�9 isoforms are expressed
in equivalent amounts (Fig. 2c).

Expression of Ric-8B and G�olf is colocalized in the
olfactory epithelium
It was demonstrated previously that Ric-8B interacts with G�s

subunits (Tall et al., 2003). It is therefore not surprising that
G�olf also interacts with Ric-8B, because G�olf shows 88%
amino acid sequence identity to G�s (Jones and Reed, 1989). This
raises the question of which one of the two subunits, G�s or
G�olf, is the real biological target for Ric-8B. To address this
question, we compared the localization of Ric-8B, G�s, and G�olf
expression in the OE and in the brain.

In situ hybridization experiments were performed with
digoxigenin-labeled antisense cRNA probes for Ric-8B, G�s, and
G�olf. High-stringency conditions were used to ensure that
probes detected only very closely related transcripts. The olfac-
tory sensory neurons in the olfactory epithelium express Ric-8B,
G�olf, and G�s (Fig. 3a– c), but the localization of the neurons
expressing the different genes within the epithelium differs:
whereas Ric-8B and G�olf are predominantly expressed in ma-
ture neurons located in the broad central area of the epithelium,
G�s is expressed throughout the epithelium, including the basal
layer that contains precursors and immature neurons (Fig. 3g–i).
No signal was detected when the corresponding sense probes
were used (Fig. 3d–f). Figure 3j–l shows hybridization of probes
for Ric-8B ( j), G�olf (k), and olfactory marker protein (OMP)
(l) to coronal sections through an anterior part of the nose that
contains both olfactory and vomeronasal epithelia neurons.
OMP is expressed in both types of neurons. Like G�olf (Berghard
et al., 1996), Ric-8B is not expressed in the vomeronasal neurons.

Expression of Ric-8B and G�olf is colocalized in the brain
As reported previously, G�s is widely expressed in the brain, ex-
cept in the striatum, nucleus accumbens, and olfactory tubercle
(Belluscio et al., 1998; Zhuang et al., 2000) (Fig. 4). Although
G�olf is preferentially expressed in the olfactory epithelium, it is
also expressed in some regions of the brain, namely the striatum

Figure 1. Ric-8B interacts with G�olf. a, Amino acid sequence alignment of mouse Ric-8B and Ric-8A. Shaded sequences
indicate areas of amino acid identity. The nine synembryn signatures are underlined in gray. The region corresponding to exon 9
is underlined in black. b, Schematic representation of the Ric-8B gene structure. Exons are represented by black boxes, and introns
are represented by thick lines. The initiator methionine ATG codon is in exon 1, and the stop codon is in the beginning of exon 10.
The Ric-8B cDNA contains all of the 10 exons. The alternative spliced variant (denominated Ric-8B�9) also identified in the
two-hybrid screen does not contain exon 9, as indicated. c, Interaction between Ric-8B and G�olf. Bait strains expressing full-
length G�olf (amino acids 1–381) or different regions of G�olf (amino acids 1– 42, 72–188, or 352–381) were mated with target
strains expressing full-length Ric-8B or Ric-8B�9. X-gal was used to score positive interactions. pBait (B), which constitutively
expresses a LexA bait fusion protein that interacts with the fusion protein from pTarget (T), was used as positive control.
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(made up of the caudate nucleus and putamen), nucleus accum-
bens, olfactory tubercle, piriform cortex, dentate gyrus, CA3 re-
gion of the hippocampus, and Purkinje cells of the cerebellum
(Belluscio et al., 1998; Zhuang et al., 2000) (Fig. 4c,h). This non-
overlapping pattern of G�s and G�olf expression in the brain
suggests that G�olf is the functional G-protein that stimulates
cAMP production in the regions that lack G�s.

We performed in situ hybridization to determine the distribu-
tion of Ric-8B mRNA in the brain. Sagittal (Fig. 4a–f) and coro-
nal (Fig. 4g–i) sections cut through the mouse brain were hybrid-
ized with digoxigenin-labeled antisense cRNA probes for Ric-8B
(Fig. 4a,g), G�olf (Fig. 4c,h), and G�s (Fig. 4e,i). Interestingly,
Ric-8B mRNA was colocalized with that of G�olf, except for the
Purkinje cells in the cerebellum, in which no Ric-8B mRNA was
detected. As mentioned above, Ric-8B is able to interact with
both G�s and G�olf subunits in the yeast two-hybrid system (Fig.
1c) (Tall et al., 2003). Nevertheless, the fact that Ric-8B is pre-
dominantly expressed in regions that show expression of G�olf
and little or no expression of G�s strongly indicates that G�olf
must be its physiological interactor.

Ric-8B activates cAMP accumulation in the presence of G�olf
Previous studies had shown that the �2AR can couple with G�olf
(Jones and Reed, 1989; Liu et al., 2001). To verify whether Ric-8B
is able to regulate the activity of G�olf, we transfected HEK293
cells with the expression vectors for G�olf and the �2AR in the
presence or absence of Ric-8B. cAMP production in each case was
measured and compared with the cAMP levels of untransfected
cells. Both expression of �2AR alone and coexpression of G�olf
and �2AR increased cAMP accumulation to similar levels (five-
fold to sevenfold the control levels) in the presence of the agonist
isoproterenol (Fig. 5a). These results indicate that the �2AR is
able to couple to endogenous pathways to induce cAMP accumu-
lation in HEK293 cells and are consistent with previous observa-
tions that G�olf works poorly in heterologous systems when
compared with G�s (Jones and Reed, 1989; Jones et al., 1990).

Figure 2. Ric-8B is mainly expressed in the olfactory epithelium. a, Northern blot analysis of
mouse total RNA: 1, olfactory epithelium; 2, whole eye; 3, brain; 4, skeletal muscle; 5, heart; 6,
kidney; 7, liver; 8, lung; 9, testis; 10, thymus. A probe prepared from Ric-8B was hybridized using
stringent conditions. Hybridization with GAPDH probe indicated that similar amounts of RNA
were loaded in each lane. Sizes are given in kilobases. b, RT-PCR was conducted to amplify
Ric-8B, G�olf, and GAPDH from the same tissues as in a. (�), Negative control (no cDNA was
added to the reaction). c, Semiquantitative RT-PCR was conducted to amplify Ric-8B from
olfactory epithelium RNA after 20, 25, 30, and 35 cycles, as indicated. The PCR product sizes
expected for Ric-8B using the primers that flank the ninth exon are 462 bp (Ric-8B) and 342 bp
(Ric-8B�9). M, Molecular weights are given in kilobases.

Figure 3. Distribution of Ric-8B mRNA in the olfactory system. a–f, Coronal sections through
the nasal cavity were hybridized with antisense digoxigenin-labeled probes specific for Ric-8B
(a), G�olf (b), and G�s (c). Corresponding sense digoxigenin-labeled probes were used as
negative controls (d–f ). Neurons in the olfactory epithelium that hybridize with the Ric-8B
probe show a pattern typical of that seen with the G�olf probe. g–i, Magnified regions from
a– c showing the distribution of stained cells within the olfactory epithelium. Ric-8B (g) and
G�olf (h) probes hybridize to mature neurons (ON) but not to the most apical layer of cells
closest to the lumen [supporting cells (SC)] or to the immature neurons localized in the basal
layer of the epithelium (BC). The G�s probe (i), conversely, hybridizes preferentially to imma-
ture cells localized in the basal layer of the epithelium. j–l, Sections cut through the olfactory
and vomeronasal epithelia. Ric-8B (j) and G�olf (k) probes hybridize to neurons in the olfactory
epithelium but not to vomeronasal neurons. OMP (l ) is expressed in the olfactory and vomero-
nasal epithelia.
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Surprisingly, the coexpression of G�olf, �2AR, and Ric-8B in-
duced much higher levels of cAMP accumulation in the presence
of isoproterenol (�15-fold the control levels) (Fig. 5a). This am-
plification effect is dependent on receptor activation, because no
effect was detected when G�olf was cotransfected with Ric-8B
alone (Fig. 5a). It is also dependent on G�olf, because no effect
was observed when Ric-8B was cotransfected with �2AR alone
(Fig. 5a).

Interestingly, Ric-8B�9, the alternatively spliced version of
Ric-8B lacking exon 9, showed no significant effect on the G�olf-
dependent cAMP generation: in the presence of isoproterenol,

the levels of cAMP accumulation in cells coexpressing G�olf,
�2AR, and Ric-8B�9 were similar to the ones in cells coexpressing
only G�olf and �2AR (Fig. 5a). The expression levels of Ric-8B
and Ric-8B�9 protein in HEK293 cells were checked through
Western blotting and indicated that both isoforms are expressed
in equivalent amounts (data not shown). In conjunction with the
fact that Ric-8B interacts with G�olf although Ric-8B�9 does not
(Fig. 1c), these results indicate that the signaling amplification
effect caused by Ric-8B depends on a direct interaction between
G�olf and Ric-8B.

It has been shown previously that coupling of D1Rs to adenylyl
cyclase in the striatum is mediated by G�olf (Hervé et al., 1993,

Figure 4. Comparison of mRNA expression patterns for Ric-8B, G�olf, and G�s in the adult
mouse brain. a–f, Sagittal brain sections were hybridized with antisense digoxigenin-labeled
probes specific for Ric-8B (a), G�olf (c), and G�s (e). Corresponding sense digoxigenin-labeled
probes were used as negative controls (b, d, f ). g–i, Coronal brain sections were hybridized
with antisense digoxigenin-labeled probes specific for Ric-8B (g), G�olf (h), and G�s (i). Ric-8B
is expressed in regions known to express high levels of G�olf and that show little or no expres-
sion of G�s: the striatum (St), nucleus accumbens (Na), and olfactory tubercle (Ot). Ric-8B
expression was also detected in the piriform cortex (Pc), dentate gyrus (Dg), and CA3 region of
the hippocampus, in which both G�olf and G�s are also expressed. Ce, Cerebellum.

Figure 5. Amplification of cAMP accumulation by Ric-8B. a, Production of cAMP was mea-
sured in HEK293 cells transfected as indicated with G�olf, Ric-8B, Ric-8B�9, G�s, and �2AR
expression vectors. Activation was recorded in the absence (white bars) or presence (black bars)
of 10 �M isoproterenol. The data are expressed as the means � SE from three different exper-
iments, each performed in duplicate. cAMP accumulation is presented as picomoles per million
cells. � indicates untransfected cells (control). b, Same as in a, except that cells were trans-
fected with D1R instead of �2AR and the agonist was dopamine (10 �M). c, Cells were cotrans-
fected with G�olf and D1R (white bars) or with G�olf, D1R, and Ric-8B (black bars). Production
of cAMP was measured after dopamine stimulation for the indicated periods of time. � indi-
cates that no dopamine was added. The data are expressed as the means of two independent
experiments.
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2001; Zhuang et al., 2000). To verify whether Ric-8B is also able to
regulate D1R signaling through G�olf, we performed experi-
ments identical to the ones described above, except that we now
used D1R instead of �2AR and dopamine instead of isoproterenol
as the agonist. We observed that D1R is also able to couple to
endogenous HEK293 pathways when expressed alone or in con-
junction with G�olf (threefold the control levels) (Fig. 5b) but
less efficiently than �2AR. As shown for �2AR, coexpression of
D1R, G�olf, and Ric-8B resulted in amplification of cAMP accu-
mulation in the presence of the agonist, whereas coexpression of
D1R, G�olf, and Ric-8B�9 did not (Fig. 5b). Because Ric-8B is
expressed in the striatum, these results suggest that it might also
be involved in the regulation of the dopamine signaling pathways
in the brain.

We also performed the cAMP accumulation experiments with
agonist stimulation for different periods of time, as indicated in
Figure 5c. In these experiments, we compared the amounts of
cAMP accumulation in cells coexpressing G�olf and D1R (white
bars) with cells coexpressing G�olf, D1R, and Ric-8B (black bars)
after 10 min, 30 min, 2 h, and 40 h of dopamine stimulation. The
Ric-8B-induced amplification effect was observed at all tested
times. Although the average amplification effect was approxi-
mately the same for each time (cAMP produced in the presence of
Ric-8B is between 2.5- and 5-fold the cAMP produced in the
absence of Ric-8B), the shorter the periods of agonist stimulation,
the higher was the total amount of cAMP produced. These results
indicate that Ric-8B can directly modulate signaling through the
dopamine receptor, possibly through a direct effect on GTP
exchange.

Discussion
The transduction of chemical signals by ORs represents the initial
step in a cascade of events that ultimately leads to the discrimi-
nation and perception of odorants. ORs signal through the
downstream components G�olf, type III adenylyl cyclase, and a
cyclic nucleotide-gated ion channel, which are highly enriched in
the cilia of olfactory neurons (Ronnett and Moon, 2002; Mom-
baerts, 2004). The observation that knock-out mice for these
three proteins are anosmic (they lack the sense of smell) (Brunet
et al., 1996; Belluscio et al., 1998; Wong et al., 2000; Zheng et al.,
2000) is consistent with a fundamental role for these components
in olfactory sensory transduction.

In an effort to identify possible regulators for odor signal
transduction, we screened a mouse olfactory epithelium cDNA
library with G�olf as bait. The interacting clones encode Ric-8B.
Ric-8 was first isolated from a Caenorhabditis elegans screening
for mutants resistant to inhibitors of cholinesterase (Ric) (Miller
et al., 1996). These mutants were selected for their ability to sur-
vive the effects of inhibitors of acetylcholinesterase, which cause a
toxic accumulation of secreted acetylcholine at synapses (Miller
et al., 2000). The Ric mutant genes code for proteins that function
in neurotransmitter secretion, causing a decrease in the amount
of acetylcholine at the synapses, what compensates for the drug-
induced accumulation of the neurotransmitter.

In addition to its role in the adult nervous system, Ric-8 is also
required to regulate a subset of centrosome movements in the
early embryo and therefore is also denominated synembryn
(Miller and Rand, 2000). Ric-8B and Ric-8A are the mammalian
homologs for the C. elegans Ric-8/synembryn. A recent study
demonstrated that Ric-8A is a GEF for a subset of G�-proteins
(Tall et al., 2003). The fact that Ric-8B is related to Ric-8A in
amino acid sequence (both sequences show conserved synem-

bryn motifs) (Fig. 1a) and also binds G� subunits suggests that
Ric-8B may also be a GEF.

Consistent with the possible role as a GEF, Ric-8B is able to
potentiate G�olf-dependent cAMP accumulation in HEK293
cells. In this case, the �2AR would activate G�olf, which would
hydrolyze GTP. Ric-8B would bind to G�olf and catalyze the
release of GDP and the subsequent uptake of GTP, reactivating it.
However, whether Ric-8B is really a GEF and works as a GEF for
G�olf still needs to be determined. It is also possible that Ric-8B
is an effector for G�olf and serves as a GEF for downstream
targets, as was shown for other GEF proteins. It has been demon-
strated, for example, that G�13 directly activates p115RhoGEF,
which in turn promotes GDP dissociation from the small GTPase
Rho, allowing it to be activated again by GTP (Hall, 1998).

To date, a very small number of GEFs for heterotrimeric
G-proteins has been described. It has been demonstrated, for
example, that GAP-43, an intracellular protein closely associated
with neuronal growth, stimulates GTP-�-S binding to Go, which
is a major component of the neuronal growth cone membrane
(Strittmatter et al., 1990). Proteins that activate heterotrimeric
G-protein signaling in a receptor-independent manner were also
identified using a functional screen in yeast (Cismowski et al.,
1999). One of these proteins, denominated AGS1 (for activator of
G-protein signaling 1), functions as a GEF for G�i/G�o (Cis-
mowski et al., 2000). Another protein, Pcp2 (Purkinje cell
protein-2), expressed in Purkinje cells and retinal bipolar neu-
rons was shown to function as a GEF for G�o (Luo and Denker,
1999). It is still not clear whether these proteins work together
with activated GPCRs to enhance or prolong signaling or if they
function in the absence of a cell surface receptor.

It has been shown that Ric-8A functions as a GEF only for
monomeric G� subunits, which differs from the mechanism used
by conventional GPCRs (Tall et al., 2003). If this is also the case
for Ric-8B, it would mean that activation of G-protein by this
putative GEF would depend on GPCR activation. That is, GPCR
binding would lead to dissociation of G� and G�� subunits, and
Ric-8B would then bind to G� and promote the exchange of GDP
for GTP before it reassociates with G��. This would ultimately
lead to the amplification of the signal generated through receptor
activation. Alternatively, it could be that monomeric G� subunits
residing on internal cellular membranes are the targets for the
Ric-8 proteins (Pimplikar and Simons, 1993; Denker et al., 1996).

In our results with HEK293 cells, we could only detect in-
creased G�olf activity by Ric-8B in the presence of an activated
GPCR. This result is in agreement with the fact that Ric-8A can-
not activate heterotrimeric G-proteins and indicates that the
function of the Ric-8 proteins depends on receptor activation. A
protein member of the synembryn family (denominated hSyn)
was also identified in humans (Klattenhoff et al., 2003). This
protein, which is able to interact with G�s and G�q, is translo-
cated to the plasma membrane in neuronal-derived cultured cells
in response to isoproterenol or carbachol, indicating that its ac-
tivity is also dependent on receptor activation (Klattenhoff et al.,
2003).

A putative GEF for G�olf
It is known that the efficiency of signal transduction by GPCRs
varies among different tissues. The �2 adrenergic receptors, for
example, differ in their coupling to adenylyl cyclase when ex-
pressed over a range of receptor or G-protein concentrations in
the two different cell types NIH-3T3 and PC12 (Sato et al., 1995).
This is probably caused by the presence of different types of ac-
cessory proteins that might influence or enhance ligand-induced
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signaling. Although G�olf is almost identical to G�s in the amino
acid sequence, it has been known for a long time that G�olf works
poorly in heterologous systems when compared with G�s (Jones
and Reed, 1989; Jones et al., 1990). We show here that addition of
Ric-8B to such a system can significantly improve the function of
G�olf. This indicates that, indeed, accessory factors present in the
olfactory neurons can play important roles in the efficiency of
receptor coupling to G�olf. �2AR has motifs that are conserved
among ORs, and it has been demonstrated recently that the
mouse �2AR can substitute for an OR in glomerular formation
when expressed from an OR locus (Feinstein et al., 2004). These
results indicate that there are functional similarities between
�2AR and ORs. It remains to be determined whether functional
expression of ORs in heterologous systems, which is usually very
inefficient (for review, see Mombaerts, 2004), can also be im-
proved by coexpression with G�olf and Ric-8B.

The olfactory system has evolved to detect rapid chemical
signal changes in the environment. Rapid activation and rapid
inactivation of the cAMP signal are fundamental for the proper
functioning of the system. To be able to follow a scent trail re-
leased by an escaping prey or to be able to detect all of the chem-
ical information present in a transient wind blow carrying the
scent of a predator, it would be greatly advantageous to have an
amplification mechanism for the olfactory signaling. Neverthe-
less, additional experiments should be performed to determine
the physiological role of Ric-8B in vivo. It will be interesting, for
example, to determine how mice that are deficient for Ric-8B
compare with wild-type mice in terms of olfactory responses.

A role for Ric-8B in the brain
G�olf is expressed at high levels in some regions in the brain.
Some of these regions, such as the striatum, nucleus accumbens,
and olfactory tubercle, show very little or no expression of G�s,
suggesting that G�olf may also function as an essential signaling
G-protein in more central brain regions. The regions that express
G�olf are responsible for the initiation and patterning of impor-
tant behaviors, such as the control of the locomotor activity, drug
reward, and habit formation (Gerdeman et al., 2003). In addi-
tion, these regions have been implicated in a series of neuropsy-
chiatric and motor disorders, such as Parkinson’s and Hunting-
ton diseases and Tourette’s syndrome (Graybiel, 2000;
Gerdeman et al., 2003). It was demonstrated that G�olf knock-
out mice show altered locomotor activities in response to cocaine
or other D1 receptor agonists (Zhuang et al., 2000). Thus, G�olf
present in the striatum probably plays a role in the signal trans-
duction mediated by D1 receptors in this area. It was also dem-
onstrated that adenosine A2a receptors in striatum couple to
G�olf (Kull et al., 2000). Because we found that Ric-8B is specif-
ically coexpressed with G�olf in these same regions, it is possible
that this putative GEF plays an important role in controlling
critical aspects of the striatum function.
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