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In the last few years, full or partial sequences of 23 RGS
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We identified six genes that encode putative RGS pro-
eins (XRGSI-VI) in developing Xenopus embryos using
CR amplification with degenerate primers correspond-

ng to the conserved region (RGS domain) of known RGS
roteins. RT-PCR analysis revealed that mRNAs of these
RGSs are differentially expressed during embryogene-
is. At stage 1, only XRGSII mRNA was detected. On the
ther hand, expression of XRGSVI mRNA increased ap-
arently at stage 14 and expression of three of other
RGS (III, IV, V) elevated between stage 25 and 40. To

urther characterize XRGS proteins expressed in Xeno-
us embryos, we isolated a cDNA clone for XRGSIII.
ased on determined nucleotide sequence, XRGSIII was
onsidered as a Xenopus homologue of mammalian
GS5 (XRGS5). Genetic analysis using the pheromone

esponse halo assay showed that expression of XRGS5
nhibits yeast response to a-factor, suggesting that
RGS5 negatively regulates the G-protein-mediated sig-
aling pathway in developing Xenopus embryos. © 2000

cademic Press

Key Words: RGS; G protein; Xenopus; embryogenesis;
CR; degenerate primers.

Many extracellular signals including hormones and
eurotransmitters stimulate cell surface receptors that
ctivate heterotrimeric G proteins. These G proteins
unction as signal transducing molecules by regulating
ellular effectors such as enzymes and ion channels (1, 2).
ecently a new family of RGS (regulators of G protein
ignaling) was identified in organisms from yeast to
ammals (3, 4). Genetic screenings for negative regula-

ors for the pheromone response pathway in yeast iden-
ified a protein, Sst2 (5). By further analyses, Sst2 was
evealed to interact directly with G protein a subunit (6).

Abbreviations used: G proteins, heterotrimeric guanine nucleo-
ide-binding proteins; XRGS, Xenopus regulators of G protein signal-
ng; ODC, ornithine decarboxylase; PCR, polymerase chain reaction;
T-PCR, reverse transcription PCR.
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opyright © 2000 by Academic Press
ll rights of reproduction in any form reserved.
roteins have been identified in mammals. All of them
hare a conserved “RGS domain” of approximately 120
mino acids with yeast Sst2 (7–17). Biochemical studies
ave demonstrated that RGS proteins have function as a
TPase-activating protein (GAP) for a subunits of G pro-

eins (18).
Recently, some RGS members have been demonstrated

o play some important roles in embryogenesis and cell
ifferentiation. An Axin family, Axin and Axil were iden-
ified from mammals, and these proteins containing the
GS domain were shown to regulate an early step in
mbryonic axis formation by RNA injection into Xenopus
mbryos (12, 16). Moreover, loco gene was identified in
rosophila and its mutants revealed a severe glial cell
ifferentiation defect. loco encodes two RGS domain pro-
eins, and these proteins were found to show a significant
imilarity to rat RGS12. The interaction and the co-
xpression of LOCO and Gai demonstrated a function of
-protein signaling for glial cell development (19). Thus

t has been shown that RGS proteins are also involved in
egulation of embryogenesis and cell differentiation.
owever, RGS proteins expressed during early embry-

nic development were not well studied yet.
To investigate which RGS proteins are actually ex-

ressed during early embryogenesis, we performed PCR
mplification with degenerate primers corresponding to
he conserved RGS domain. We identified six genes en-
oding putative RGS proteins (XRGSI–VI) in developing
enopus embryos. In Xenopus, only axin homologue was

dentified from oocytes (20), and other Xenopus RGS pro-
eins have not been reported. We examined expression
atterns of mRNAs for these new XRGS proteins during
mbryogenesis. To further characterize XRGS proteins in
enopus embryos, we isolated a cDNA for XRGSIII and

nvestigated its biological activity using a yeast bioassay
or response to mating pheromone.

ATERIALS AND METHODS

PCR identification of Xenopus RGS proteins. Total RNA was
solated from Xenopus embryos using SNAP total RNA isolation kit
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able of Nieuwkoop and Faber (21). From total RNA of embryos at
tage 15 and 40, the first strand cDNA was synthesized as a template
f PCR. Degenerate oligonucleotide primers corresponding to the
GS domain of known RGS proteins of mammals were utilized as
escribed (8). The PCR was allowed to proceed for 40 cycles of 94°C
45 s), 40°C (1 min), 72°C (2 min), and finally 72°C (5 min). Cloning
f the PCR products into a pGEM-T vector (Promega) and subse-
uent sequence analysis were carried out.

RT-PCR assay. Total RNA was isolated from three Xenopus em-
ryos at different developmental stages and subjected to reverse tran-
cription with oligo(dT)15 as a primer. The reverse-transcribed cDNA
as used as a template of PCR. The PCR conditions were the following:

nitial denaturation at 95°C for 5 min, followed by 27 or 30 cycles (27 for
DC and XRGSVI, 30 for XRGS–IV) of 55°C for 2 min, 72°C 3 min, 94°C
0 s, and a final incubation of 72°C for 15 min. The used primers were
he following: for XRGSI, 59-GAGGCCTGTGAAGACTACAAGAAG-39,
9-ACGTATCTGCTCTTGTGCTGCGTC-39; XRGSII, 59-TTAGCCT-
CGAGAATTACAAAAAA-39, 59-GATAAATATCCTGTGCTGGGC-
TC-39; XRGSIII, 59-GGCCTGTGAGGATTACAAAAAGGC-39, 59-
CAAAGATCTTCTTCTGGGCAAGC-39; XRGSIV, 59-AGGCCTGC-
AGGACCTAAAGTA-39, 59-GCATGTAAATGTGGGTCTGTGC-39;
RGSV, 59-CCCGTTCACTCAATAAGCTTTCAGC-39, 59-AGGCTGT-
TATTCTCAGCTGTGCA-39; XRGSVI, 59-AGACCAAATCCCCACA-
AAGCTCA-39, 59-AACTGTACACTCGTTTCTGGGCAG-39; ODC,
9-AATGGATTTCAGAGACCA-39, 59-CCAAGGCTAAAGTTGCAG-39
22). PCR products were analyzed on 3% MS-4 agarose (HISPANA-
AR) gels.

Cloning of Xenopus RGS5 cDNA. The PCR-amplified DNA frag-
ent of XRGSIII was used to screen Xenopus cDNA library prepared

rom stage 58 embryos (provided by Dr. Y. Yaoita, Tokyo Metropol-
tan Inst. for Neuroscience). The longest cDNA clone was sequenced
n both strands.

Yeast pheromone response assay. A bioassay was used to measure
he sensitivity of pheromone response in yeast that express RGS
roteins. A DNA fragment containing the myc tag (MEQKLI-
EEDLSRGS) was introduced into pNV7 yeast expression vector
nder a galactose-inducible promoter. Protein coding regions of
DNAs of Xenopus RGS5 and rat RGS8 (15) were isolated by PCR-
mplification. After confirmation by sequencing analysis, they were
used in frame immediately downstream of myc tag in pNV7. The
st2 deletion mutant yeast SNY86 (23) was transformed with each
GS cDNA in pNV7 and selected on ura2 dropout plates. Indepen-
ent colonies of each yeast tranformant were grown and a halo
ioassay was performed as described (23).

Western blotting of epitope tagged RGS proteins. Single colonies
f yeasts transformed with myc-tagged RGS constructs were inocu-
ated into ura2 dropout medium supplemented with 2% galactose or
lucose and were grown to an identical density (A600 5 1). Yeast
ells were precipitated and lysed in SDS sample buffer. Proteins
ere extracted by sonication and separated on SDS-polyacrylamide
els. After transferring to nitrocellulose membranes, expression lev-
ls of myc-tagged RGS proteins were examined by Western blotting
sing anti-myc tag monoclonal antibody (9E10, BabCO). Expression
f actin was also examined using anti-actin monoclonal antibody
Chemicon). Signals were detected with ECL system (Amersham
harmasia Biotech).

ESULTS

ix Xenopus Genes Encoding Putative RGS Proteins

All of known RGS proteins share a conserved RGS
omain (45–80% homologous) of approximately 120
mino acids. To identify RGS proteins expressed in
eveloping Xenopus embryos, we carried out PCR am-
35
he RGS domain (8). Although amplification was
ardly detected at stage 15, apparent 200-bp DNA
ragment was amplified at stage 40. The amplified
00-bp DNA was cloned into a pGEM-T vector, result-
ng in the isolation of 130 clones. These clones were
lassified into six groups based on sequencing analysis.
ll of them contained a DNA fragment of the expected

ength corresponding to 66–67 amino acids. Homology
earch in the nucleotide and protein data banks re-
ealed that each of these six deduced sequences of
mino acids has a significant homology (51–100%) to
he RGS domain of a certain mammalian RGS protein.
herefore, these six Xenopus genes were considered to
ncode putative RGS proteins and were designated as
RGSI–VI. XRGSI was similar to rat RGS8 (51% iden-

ity, 65% similarity, 8, 15), XRGSII was close to mouse
GS4 (67% identity, 85% similarity, 23), XRGSIII was
ighly homologous to human RGS5 (77% identity, 91%
imilarity, 24), XRGSIV was, surprisingly, identical to
uman RGS9 within the PCR-amplified region (25),
RGSV was similar to rat RGS8 (59% identity, 82%
imilarity, 8, 15) and mouse RGS16 (53% identity, 76%
imilarity, 11), and XRGSVI was significantly similar
o mouse and human RGS2 (73% identity, 83% simi-
arity, 11, 26). Out of 135 clones, 40 clones for XRGSI,
2 for XRGSII, 4 for XRGSIII, 4 for XRGSIV, 7 for
RGSV, and 3 for XRGSVI were identified. The align-
ent of the deduced sequences of these six XRGSs is

hown in Fig. 1.

ifferential Expression of XRGS mRNAs
during Xenopus Embryogenesis

The expression pattern of XRGS mRNAs in develop-
ng Xenopus embryos was investigated by RT-PCR
Fig. 2). At stage 1, only XRGSII mRNA was appar-
ntly detected. The expression of XRGSII mRNA
tarted to decrease at stage 12 and increased after
tage 30. In case of XRGSI, weak expression was de-
ected at stage 10.5 and 12, then decreased, and in-
reased again after stage 25. The expression of XRG-
III mRNA was detectable at stage 25 and increased
p to stage 40. The expression of mRNAs of XRGSIV
nd XRGSV was weakly detected at stage 9 and then
ecreased. Their expression was again detectable at
tage 25 (XRGSV) or 30 (XRGSIV) and increased up to
tage 40. On the other hand, the expression of XRGSVI
RNA was apparently detected at stage 14 and further

nhanced at stage 20. Its expression continued to stage
0. Expression of ornithine decarboxylase (ODC) was
xamined as a control. The expression levels of ODC
RNA stayed constant during the examined period.
hese results indicated that expressions of XRGS
RNAs are differentially regulated during early devel-

pment of Xenopus embryos.
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loning of Xenopus RGS5

To further characterize RGS proteins in Xenopus
mbryos, we first decided to isolate XRGSIII cDNA.
RGSIII was highly homologous to mammalian RGS5
nd properties of RGS5 has not been understood well.
revious work has shown that several human RGS
roteins can attenuate the mating pheromone re-
ponse pathway in yeast and suppress supersensitivity
f sst2 mutants (9). However, it was reported that
ouse RGS5 have very little effect on pheromone re-

ponse of yeast and could not suppress pheromone-
nduced halo formation (11). Using the PCR-amplified
NA fragment of XRGSIII, we screened a cDNA li-

FIG. 1. Identification of six XRGS genes. Six Xenopus genes of p
rimer PCR. Their nucleotide sequences were determined (the access
atabases is AB038434-9). Alignment of deduced amino acid sequence
n the alignment sequences are shaded.

FIG. 2. Expression patterns of XRGS proteins during Xenopus
mbryogenesis. Total RNA was isolated from Xenopus embryos at
arious developmental stages (as indicated by numbers) and sub-
ected to RT-PCR analysis. M, DNA molecular weight marker; C,
ontrol PCR without reverse-transcribed cDNA. Arrows indicate the
osition of 200 bp.
36
rary prepared from Xenopus embryos at stage 58. The
ucleotide sequence of the isolated longest clone was
etermined (Fig. 3A). The isolated cDNA was 1511 bp
ong and did not contain polyA tail. This cDNA se-
uence contained a single long open reading frame
ncoding a protein of 181 amino acids and its amino
cid sequence was highly homologous to mammalian
GS5 [78% identical to mouse RGS5 (11) and 79% to
uman RGS5 (24), Fig. 3B]. This encoded protein was
onsidered as a Xenopus homologue of RGS5 (XRGS5).

iological Activity of Xenopus RGS5

We examined whether XRGS5 is able to inhibit the
heromone response in yeast. The protein-coding re-
ion of XRGS5 cDNA was PCR-amplified and was in-
erted into the yeast expression vector pNV7 under the
ontrol of a galactose-inducible promoter (XRGS5-
NV7). Rat RGS8 cDNA (15) was also cloned into pNV7
RGS8-pNV7). The resultant constructs and the blank
NV7 vector were transformed into sst2 deletion mu-
ant SNY86 as described (23). The sensitivity of these
ransformed cells to the mating pheromone was stud-
ed using a halo assay (Fig. 4A). SNY86 cells carrying
he blank vector formed halos. On the other hand,
hose cells expressing rat RGS8 or XRGS5 did not form
ypical halos on galactose-containing plates and
howed turbid zones surrounding the filter disks con-
aining mating pheromone. When compared between
he effect of rat RGS8 and that of XRGS5, the size of
mall clear area surrounding the disk seemed to be
ittle larger with XRGS5 than with RGS8 at a highest
ose of pheromone. The biological activity of XRGS5
ight be little weaker than RGS8. The suppression of

heromone response was observed only in the
alactose-containing cultures.
The expression levels of RGS8 and XRGS5 proteins

n yeasts were investigated. Transformants of pNV7,
GS8-pNV7, and XRGS5-pNV7 were cultured in ga-

actose containing medium and their SDS-extracts

tive RGS were identified from the products amplified by degenerate
number for them in the DDBJ/EMBL/GenBank nucleotide sequence
f six XRGSs is shown. Amino acids that appear in at least two XRGSs
uta
ion
s o
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ere examined by Western blotting using anti-myc
ntibody (Fig. 4B). The expression of both RGS pro-
eins was easily detected and levels of their expres-
ions were not significantly different. No expression
as observed in tranformants of pNV7. Also, the reac-

FIG. 3. Nucleotide and deduced amino acid sequence of Xenopus
n single-letter code under the respective codons. The line below the a
CR and used for cDNA library screening. The shaded amino acid
equences of RGS5 from Xenopus, human (24), and mouse (11) are a
equences are shaded.
37
ions with anti-myc antibody were not detected using
easts cultured in glucose containing medium (data not
hown). The expression of actin was examined as a
ontrol for loading. From these results, the cloned Xe-
opus RGS5 was found to be able to suppress super-

S5. (A) The deduced amino acid sequence of Xenopus RGS5 is shown
o acid sequence indicates the region amplified by degenerate primer
quence corresponds to the putative RGS domain. (B) Amino acid
ed. Amino acids that appear at least two proteins in the alignment
RG
min

se
lign
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ensitivity of sst2 mutant and promote desensitization
o mating pheromone.

ISCUSSION

By degenerate-primer PCR method, we described here
hat at least six genes for RGS proteins are expressed in
eveloping Xenopus embryos. The sequencing analysis

FIG. 4. Effect of Xenopus RGS5 gene on the response to mati
GS8-pNV7, and Xenopus RGS5-pNV7 were plated on soft agar con

he nascent lawn, and synthesized a-pheromone was applied to the di
dded to each disk was: 0 ng (top left), 0.2 ng (top right), 2 ng (botto
SNY86) transformed with pNV7 vector (Vector), RGS8-pNV7 (RG
ontaining medium. Expression of RGS proteins was detected by We
lso examined.
38
evealed that each gene product has a significantly high
imilarity to known RGS proteins of mammals. Not only
ammals but also amphibians may express a number of

pecific RGS proteins and they may be capable to modify
heir responses to signaling molecules by using them.

We investigated expressions of XRGS transcripts dur-
ng early development of Xenopus embryos. We found
hat XRGSII mRNA is already expressed at stage 1, and

pheromone. (A) Cells of the sst2 strain (SNY86) carrying pNV7,
ning 2% glucose or 2% galactose. Sterile filter disks were placed on
. Plates were incubated at 30°C for 36 h. The amount of a-pheromone
ight), 20 ng (bottom left). (B) Two colonies isolated from each yeast
), and Xenopus RGS5-pNV7 (XRGS5) were cultured in galactose-
rn blotting with anti-myc antibody. Expression levels of actin were
ng
tai
sks
m r
S8
ste
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il stage 10.5. Thus, XRGSII is maternally expressed as a
ominant RGS protein in unfertilized eggs. The expres-
ion of XRGSII mRNA continued during early period of
evelopment. This unique maternal XRGS may play im-
ortant roles in quite early events of embryogenesis. On
he other hand, after gastrulation, the expression of
RGSVI mRNA was induced at stage 14 (early neurula),

urther enhanced from stage 20 on until stage 40. The
mino acid sequence of XRGSVI was similar to that of
ammalian RGS2. Since RGS2 was demonstrated to

nteract selectively with Gaq (27), regulation of Gq-
ediated signaling may be involved in neural induction

nd further cell differentiation. Thus, expression studies
learly demonstrated that the mRNA expression of
RGSs are differentially regulated during Xenopus em-
ryogenesis. These results may demonstrate that each
RGS protein has some important roles in development
nd cell differentiation in Xenopus embryos.
We isolated a cDNA clone for XRGSIII and determined

ts nucleotide sequence. The isolated cDNA was found to
ncode a protein highly homologous to mammalian
GS5. Therefore, we referred to it as Xenopus RGS5

XRGS5). Chen C. et al. reported that mouse RGS5 had
ery little effect on pheromone response in yeast (11).
espite of quite high similarity of amino acid sequence,
e detected the significant activity of XRGS5 to attenu-
te the mating pheromone response in a halo bioassay.
or the assay to measure activity of mouse RGS5, Chen
. et al. utilized yeast strain US356. This strain harbors
deletion mutation in the bar1 gene, which encodes a

ecretory proteinase capable of cleaving mating phero-
one. Here, we used sst2 deletion mutant SNY86 cells

nd we could show the inhibitory function of XRGS5. sst2
ene encodes a yeast RGS protein. It was reported that
st2 mutant was more sensitive to a factor than bar1
utant (5). Therefore, when using more sensitive SNY86

ells, inhibition of pheromone response by mouse RGS5
ay be observed. Alternately, mouse RGS5 might ac-

uire different new functions.
We previously showed that rat RGS8 binds prefer-

ntially to the a-subunits Gao and Gai3 and that it
unctions as a GTPase-activating protein (15). In this
eport, we showed that RGS8 and XRGS5 could sup-
ress the mating pheromone response in yeasts. There-
ore, it is considered that XRGS5 might also interact
ith a subunits of G proteins and regulate G protein-

oupled signalings. Expression studies indicated that
xpression of XRGS5 mRNA was detected from stage
5. The XRGS5-mediated regulations of G protein-
ignalings may occur during late embryogenesis or in
ertain differentiated cells.
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