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The regulators of G-protein signaling (RGS) proteins are important regulatory and structural
components of G-protein coupled receptor complexes. RGS proteins are GTPase activating
proteins (GAPs) of Gi- and Gq-class G� proteins, and thereby accelerate signaling kinetics
and termination. Here, we mapped the chromosomal positions of all 21 Rgs genes in mouse,
and determined human RGS gene structures using genomic sequence from partially assem-
bled bacterial artificial chromosomes (BACs) and Celera fragments. In mice and humans, 18
of 21 RGS genes are either tandemly duplicated or tightly linked to genes encoding other com-
ponents of G-protein signaling pathways, including G�, G�, receptors (GPCR), and receptor
kinases (GPRK). A phylogenetic tree revealed seven RGS gene subfamilies in the yeast and
metazoan genomes that have been sequenced. We propose that similar systematic analyses
of all multigene families from human and other mammalian genomes will help complete the
assembly and annotation of the human genome sequence.

Key words: GAP, GTPase accelerating protein (GAP), G�-like (GGL), G-protein
coupled receptor (GPCR), multigene family, phylogenetic tree
INTRODUCTION

G-protein signaling mediates intercellular communication in
a diverse group of eukaryotes. Fungi, Dictyostelium discoideum,
and animals express all components of the signal transduc-
tion cascade, including ligands, receptors, effectors, het-
erotrimeric G��� proteins, and the regulators of G-protein
signaling (RGS) proteins. Among the higher eukaryotes, only
plants have not yet been shown to have RGS proteins, but
they express all other G-protein signaling components. This
broad phylogenetic distribution implies that G-protein sig-
nal transduction evolved with ancestral eukaryotes over one
and a half billion years ago and that RGS proteins have a fun-
damental regulatory role. Indeed, mutations in RGS proteins
block recovery from mating-pheromone-induced cell cycle
arrest in yeast, alter motility and egg laying in worms, cause
duplications of vertebrate head structures, and delay recov-
ery from a light flash in photoreceptor cells [1–5]. Other 
members of the G-protein-coupled signaling pathway 
have been linked to human disease, such as GNAS1 in 
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drome, transducin in congenital night blindness, and RPE
retinal G-protein-coupled receptor (RGR) in autosomal reces-
sive retinitis pigmentosa (see the OMIM database,
http://www.ncbi.nlm.nih.gov).

RGS proteins regulate G-protein signaling by accelerating
transit through the cycle of GTP binding and hydrolysis. G-pro-
tein signaling is activated when G� binds GTP to release both
G�-GTP and G��. Signaling terminates when GTP hydrolysis
allows reassociation of the heterotrimer G�–GDP��. RGS pro-
teins accelerate signal termination because they are GTPase
accelerating proteins (GAPs) for G� subunits [6]. Most RGS
proteins are relatively nonspecific Gi- and Gq-GAPs, but some
RGS proteins, such as RGSZ1 and RGS2, show G� substrate
specificity [7,8]. GAP activity is conveyed by an approximately
130-amino-acid motif termed the RGS domain [9]. Distantly
related RGS-like (RGL) domains in p115RhoGEF-related pro-
teins (rgRGS) are GAPs for �-subunits of the G12 class [10],
whereas no dedicated GAPs have yet been identified for 
�-subunits of the Gs class. (see note added in proof).
rved.
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FIG. 1. The mammalian multigene family of RGS

proteins. Amino acid identity comparisons within
the RGS domain defined five subfamilies of RGS
proteins: RZ, R4, R7, R12, and RA. Vertebrate RGS
domains contain between 127 and 130 amino acids
(see http://www3.utsouthwestern.edu/wilkielab
for amino acid alignments and annotated assem-
blies). Branch junctions approximate the values
calculated by DNAStar for sequence identity for
each pair of sequences. Protein domains flanking
the RGS domain are identified [12,24,47,48].
Common aliases for RGS genes are indicated in
Table 2.

GoLoco Homology
Domain
RGS proteins also accelerate signal activation by helping the complete gene structure and chromosomal position of

to assemble signaling complexes [11,12]. These properties are
conveyed by protein and lipid interactions with sequences
both within and flanking the RGS domain [13,14]. Mice and
humans express 21 functional RGS genes that are grouped
into five subfamilies, RZ, R4, R7, R12, and RA, based on
sequence comparisons within the RGS domain [15] (Fig. 1).
The flanking domains are conserved between orthologous
genes in vertebrates and invertebrates and they convey dis-
tinct functions on RGS proteins in each subfamily. For exam-
ple, the G-�-like (GGL) domain in R7 RGS proteins binds and
stabilizes G�5 and GPB-2 in mammals and worms, respec-
tively [5,16], and may be critical for the assembly of receptor
signaling complexes in neuromuscular junctions that regu-
late motility, egg laying, and defecation in Caenorhabditis ele-
gans [17,18]. The flanking domains in RA and R4 RGS proteins
act in concert with the RGS domain to convey essential scaf-
folding properties [11,13] and, in R4 proteins, high potency
and receptor-selective interactions that regulate Gq-mediated
Ca2+ signaling [19].

RGS proteins are essential regulators of G-protein signal-
ing in higher eukaryotes and are therefore excellent candi-
dates for disease loci in mice and humans. Here we present
Copyri
178
each RGS gene in mice and humans. Mammals, flies, and
worms share four functionally distinct RGS gene subfamilies,
and one family each is unique to vertebrates, round worms,
and fungi. Similar systematic analyses of all multigene fami-
lies will facilitate the complete assembly and annotation of the
human genomic sequence.

Results and Discussion
The mouse chromosomal locations of all 21 Rgs genes (Table
1) were mapped using an interspecific backcross mapping
panel derived from crosses of [(C57BL/6J � Mus spretus) F1
� C57BL/6J] mice. This mapping panel has been typed for
3100 loci that are well distributed among all 19 mouse auto-
somes and the X chromosome [20]. C57BL/6J and M. spretus
DNAs were digested with several different restriction
enzymes and analyzed by Southern blot hybridization for
informative restriction fragment length polymorphisms
(RFLPs) using probes specific to each Rgs locus (Table 2). The
strain distribution pattern (SDP) of each RFLP was then deter-
mined. All backcrosses were to C57BL/6J and backcross prog-
eny were either homozygous for the C57BL6J allele or het-
erozygous for the C57BL/6J and M. spretus alleles. The
GENOMICS Vol. 79, Number 2, February 2002
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and one RA gene. The remaining nine RGS genes map indi-
presence or absence of RFLPs specific for M. spretus was fol-
lowed in backcross mice. The chromosomal location of each
Rgs locus was then determined by comparing its SDP with the
SDPs for all other loci already mapped in the backcross. The
21 Rgs genes reside on 10 different mouse autosomes (Fig. 2).

Human genomic sequence databases were screened for
RGS genes using BLASTN and TBLASTN algorithms [21].
The public and Celera databases reported the complete
sequence of only a few RGS genes [22,23]. We have assembled
overlapping bacterial artificial chromosomes (BAC) frag-
ments with all other available human and mouse RGS
sequences to obtain complete genomic sequences for all RGS
genes.

The distribution of RGS genes in the mouse and human
genomes is informative. There are eight R4 subfamily genes
in three sets of closely linked genes and two pairs of one R7

TABLE 1: RGS chromosomal loci in mouse and humana

Chromosomal position

Subfamily Locus Mouseb Humanc

RZ RGS20 1 8q12.1 62 Mb

RGS17 10 6q25.3 173 Mb

RGS19 2 (20q13.3) (63 Mb)

R4 RGS4 1 1q23.3 185 Mb

RGS16 1 1q25.3 212 Mb

RGS8 1 1q25.3 212 Mb

RGS3 4 9q33.1 119 Mb

RGS2 1 1q31.2 225 Mb

RGS5 1 1q23.3 186 Mb

RGS18 1 1q31.2 225 Mb

RGS1 1 1q31.2 225 Mb

RGS13 1 1q31.2 225 Mb

R7 RGS7 1 1q23.1 180 Mb

RGS6 12 14q24.2 74 Mb

RGS9 11 17q24.1 71 Mb

RGS11 17 16p13.3 1 Mb

R12 RGS12 5 4p16.2 4 Mb

RGS14 13 5q35.3 200 Mb

RGS10 7 10q26.11 131 Mb

RA Axin 17 16p13.3 1 Mb

Axin2 11 17q24.1 71 Mb
aRGS genes are listed in the same order in Fig. 1 and Table 1.
bAll mouse chromosomal locations were determined in this study and as referenced (see
Fig. 2 legend).
cHuman RGS gene locations were determined by annotation of genomic sequence data
from Celera and public sequencing efforts. Location of the human RGS genes agrees with
our predictions based on regions of linkage homology between mouse and human chro-
mosomes (Fig. 2; RGS19 sequence is the only RGS gene not present in the human data-
base). Three human RGS pseudogenes were found: RGS2� (4p13, 46.6 Mb), RGS10�
(8q21.2, 86.9 Mb), and RGS17� (13q14.1, 1.1 Mb). Human megabase (Mb) positions are as
in [22]. Common aliases for RGS genes are indicated in Table 2.
GENOMICS Vol. 79, Number 2, February 2002
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vidually to separate loci. Three RGS pseudogenes were also
identified (RGS2�, RGS10�, and RGS17�; Methods). The loca-
tions of all RGS genes and their neighboring genes were con-
sistent with their locations in the human genome assemblies
(except RGS19–ORL1, which are not in the human genomic
database) and with known linkage homologies that have been
established between mouse and human (Table 1 and Fig. 2).

Four R4 subfamily RGS genes (RGS18, RGS1, RGS13, and
RGS2) are tandemly duplicated on human chromosome 1
(Fig. 3). Two additional pairs of tandemly duplicated R4 sub-
family genes were also found tightly linked on chromosome
1 (RGS8 and RGS16, and RGS4 and RGS5). The Prophecy
database (http://www.DoubleTwist.com) was used to iden-
tify RGS and neighboring genes on the BAC assemblies. No
additional genes were found between the tandemly dupli-
cated R4 RGS genes (intergenic distances ranged from 42 to
288 kb). The 5� and 3� flanking genes are not conserved
between these R4 genes or RGS3, suggesting that this distri-
bution arose by fragmentation of a long tandem array of R4
genes in a progenitor common to mice and humans. Several
of these R4 genes are coexpressed and may have functional
redundancies [24]. Therefore, reverse genetic approaches to
analyze RGS function must simultaneously delete tandemly
duplicated RGS genes because their proximity effectively pro-
hibits meiotic recombination between adjacent single-null
alleles.

Two additional pairs of closely linked RGS genes each
have one R7 and one RA gene (RGS9 and AXIN2, and RGS11
and AXIN1) on human chromosomes 16 and 17, respectively
(Fig. 3). We were surprised to find that the G-protein �-sub-
unit gene GNA13 (encoding G�13) is between RGS9 and
AXIN2 in humans (these genes also cosegregate in mouse;
Fig. 2 and [25]). It appears that the proximity of RGS9, GNA13,
and AXIN2 occurred by chance because none of the other 15
G� genes are adjacent to any RGS genes. However, it is pos-
sible that AXIN2 might be coordinately expressed with G�13
and regulate G13 signaling.

Some RGS genes are also closely linked with other compo-
nents of G-protein signaling complexes (Fig. 3). The RZ sub-
family genes RGS17, RGS19, and RGS20 are closely linked to
opioid receptor genes. RGS19 and ORL1 lie head to head and
share promoter elements [26], whereas RGS20 and RGS17 are
separated from nearby opioid receptors by two and seven inter-
vening genes, respectively. In another example, the R12 genes
RGS10, RGS12, and RGS14 neighbor GPRK5, GPRK4, and
GPRK6, respectively (Fig. 3). These GPRKs also have G� GAP
activity and are distantly related to RGS proteins [27]. Again,
one pair of genes lies adjacent to each other while the other two
pairs are separated by unrelated genes. In the final example,
RGS7 is adjacent to the G� gene GNG4, whereas RGS11 and
GNG13 are separated by 10 intervening genes. Although R7
RGS genes contain a G�-like (GGL) domain, proximity of these
GGL-RGS and G� genes may be coincidental. The fact that unre-
lated genes are interposed between these R7-G� gene pairs 
indicates either that chromosomal rearrangements occurred
rved.
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repeatedly he number
 after duplication of the progenitor genes or, more RGS gene structure is summarized in Fig. 4. T

TABLE 2: Rgs loci mapped in interspecific backcross mice

Restriction fragment sizes (kb)

Locus (alias) Probea Accession no. Enzyme C57BL/6J Mus spretusb

Rgs1 (BL34) 197–615 AF215667 ScaI 4.3 3.1

Rgs2 (GOS8) 168–640 U67187 PstI 2.2 3.6

Rgs3 (PDZ-RGS)
(RGS15) 237–648 AF215669 PvuII 12.5, 5.2 5.2, 2.8 , 2.4

Rgs4 118–549 AB004315 ScaI 4.8 4.1

Rgs5 155–582 U67188 PstI 3.1 2.6

Rgs6 766–1189 AF061933 KpnI 14.0 6.0

Rgs7 1113–1562 AF011360 XbaI 8.9 5.8

Rgs8c 414–850 AB006013 BglI 3.8 4.6

Rgs9 914–1358 AF011358 HincII 3.3 5.0

Rgs10 34–482 AW493498d BamHI 16.0, 8.8, 1.3 5.9, 5.5, 2.8, 1.3

Rgs11 734–1192 AF061934 SpnI 8.0 5.7

Rgs12e 36 (5�) AA667795d

81 (3�) AA733786d XbaI 6.6 5.2

Rgs13 probe ca,‡ Celeraf BglI 14.0 ~ 23.0

Rgs14 118–640 U85055 HincII 18.0 12.5

Rgs16 (RGS-r) 193–647 U67189 BamHI 2.6 9.0

Rgs17 (RGSZ2) 333–760 AF191555 BglII 7.4, 1.1 12.5, 2.9

Rgs18 367–821 NM_022881 BglI 12.5 5.3

Rgs19g (GAIP) 26–423 AW496172d BglI` 6.7 6.7, 2.9
intron 4a,‡ AC074333b,h KpnI nd (2.9)
exon 5a,‡ AC074333h EcoRI 8.3 8.3, 4.4

Rgs20i (RGSZ1)
(Ret-RGS1) 324–754 AF191552 PvuII 4.9, 3.1 4.2, 3.6

Axin 585–1049 AF009011 SphI 4.2 5.3

Axin2 (Axil)
(Conductinj) 377–851 AF073788 EcoRI 5.2 13.0

aAll probes were generated by PCR amplification of the inclusive nucleotides (5�–3�) from either mouse cDNA or EST clones except Rgs13 and
two Rgs19 probes that were PCR amplified from mouse genomic DNA‡ (see Materials and Methods).
bRestriction fragments that were typed in the interspecific backcross analysis are underlined. Where more than one fragment was typed, the
RFLPs cosegregated. Hybridization with the intron 4 probe for Rgs19 (AC074333) was poor, only the 2.9-kb M. spretus specific band (shown in
parenthesis) could be followed in the backcross mice.
cRgs8 cDNA probe was designed using mouse genomic sequence databases from Celera.
dEST accession number; others are full-length cDNA accession numbers.
eRgs12 probe was designed using an EST contig of mouse EST sequences. The probe begins and ends at the nucleotides indicated in the overlap-
ping ESTs AA667795 and AA733786, respectively.
fCompiled from Celera mouse genomic DNA fragments.
gAll three Rgs19 probes detected the same locus; because the mouse cDNA probe (AW496172) provided the largest set of data for the Rgs19
locus, this is the data set represented in Fig. 2.
hBAC accession number.
iRgs20 alternative splice form is also called Ret Rgs1 [49].
jAxin2 (conductin) was mapped to the same position with an independent probe provided by Frank Costantini.
likely, that independent rearrangements brought two of the R7
genes into proximity with G� genes that are only distantly
related to each other. An analysis of the order of genes that
flank paralogs of multigene families in human and other mam-
mals will help determine the frequency of these local rearrange-
ments during mammalian evolution.
Copyrig
and position of intron/exon boundaries within the RGS
domain support the subfamily relationships presented in Fig.
1. The mammalian RA genes AXIN1 and AXIN2 lack introns
within the RGS domain. The RA genes in flies and round-
worms have introns in different locations within the RGS
domain (data not shown). This pattern suggests that the RGS
GENOMICS Vol. 79, Number 2, February 2002
ht © 2002 by Academic Press. All rights of reproduction in any form reserved.
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FIG. 2. Chromosomal location of 21 Rgs loci in the

mouse genome. Rgs loci were mapped by interspe-
cific backcross analysis. The number of recombi-
nant N2 animals is presented over the total number
of N2 animals typed (ranging from 95 to 194 ani-
mals) to the left of the chromosome maps between
each pair of loci. The recombination frequencies,
expressed as genetic distance in centimorgans 
(~ 1 SE) are also shown. The upper 95% confidence
limit of the recombination distance is given in
parentheses when no recombinants were found
between loci. For nonrecombinant Rgs loci in the
R4 subfamily, we found the following: Rgs1- 0/108
(2.8) – Rgs2 – 0/169 (1.8) – Rgs13 – 0/184 (1.6) –
Rgs18; Rgs8 – 0/182 (1.6) – Rgs16; and Rgs4 – 0/155
(1.9) – Rgs5. When recombination between genes
was observed, gene order was determined by min-
imizing the number of recombination events
required to explain the allele distribution pattern.
The positions of loci on human chromosomes,
where known, are shown to the right of the chro-
mosome maps. Our results are in good agreement
with the previously reported chromosomal loca-
tions of mouse and human RGS genes and the
human genome sequence [22,23]. References for the
map positions of most loci in human chromosomes
can be obtained from OMIM (Online Mendelian
Inheritance in Man), a computerized database of
human linkage information (http://www.ncbi.
nlm.nih.gov), the public sequence database [22], or
the Celera database [23].

domain of RA genes was acquired through a processed RNA ity, although this may simply reflect the choice of single

intermediate in a metazoan progenitor and introns were
independently acquired in fly and worm genes. Introns in all
other mammalian RGS genes are unique to each subfamily
with the exception of one intron shared by the closely related
RZ and R4 genes (Fig. 4). Introns in the sequences flanking
the RGS domain are also unique to and highly conserved
within each subfamily.

A phylogenetic tree of the RGS multigene family is shown
in Fig. 5. To study molecular phylogeny and evolutionary
rates, all RGS genes found in the sequenced genomes of the
yeast Saccharomyces cerevisiae (2 RGS genes), the roundworm
C. elegans (12 RGS genes), the fruit fly Drosophila melanogaster
(5 RGS genes), and humans (21 RGS genes) were compared.
To build the tree, amino acid sequences were initially aligned
and then adjusted manually to increase sequence similarity
(see http://www3.utsouthwestern.edu/wilkielab for the
alignment). Invertebrates and mammals each have RZ, R12,
R7, and RA genes, suggesting that these subfamilies evolved
before metazoan divergence approximately 570 million years
ago. Five fungal genes (including three additional genes not
in S. cerevisiae) form a separate group (RY) distinct from all
metazoan genes except the unusual worm gene C41G11.3.

The RA genes encode the most divergent metazoan RGS
proteins and the only group not shown to have GAP activ-
GENOMICS Vol. 79, Number 2, February 2002
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turnover assays rather than receptor-dependent GAP assays.
We propose that the RA subfamily should be classified as
RGS genes based on their sequence similarity within the RGS
domain. In mammals, the two RA genes AXIN1 and AXIN2
are closely linked to the most closely related R7 genes, RGS9
and RGS11, respectively. These pairs of RGS genes are sep-
arated by unrelated genes (as are the conserved pairs of RZ-
opioid and R10-GPRK genes), suggesting that these loci have
undergone multiple rearrangements during vertebrate evo-
lution.

R7 genes have similar RGS domains and G-�-like (GGL)
sequences immediately upstream of the RGS domain. Flies
and mammals each have two types of R7 genes (Fig. 5). In
mammals the R7 genes RGS6 and RGS7, and RGS9 and
RGS11 are distinguished by their sequences and intron/exon
boundaries in the RGS and carboxy-terminal flanking
domains (Fig. 4). The fly and worm genes preserve introns
that are characteristic of each type of mammalian R7 gene
(data not shown). Worms possess a third R7 gene with more
divergent protein sequence (Fig. 5) that has unrelated
intron/exon splice sites and lacks the flanking domains of the
other two (data not shown). Functional significance for the
R7 dichotomy in metazoans is suggested by genetic studies
in worms showing that two G proteins, G�o and G�q, act in
erved.
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FIG. 3. Human RGS gene loci. R4 RGS genes (excluding
RGS3) are found in three sets of tandemly duplicated
genes that are closely linked on chromosome 1 in both
humans and mice. RA genes (AXIN1 and AXIN2) are
closely linked to the R7 genes RGS9 and RGS11, respec-
tively, but are separated by distinct genes. RGS genes are
linked to other components in G-protein pathways.
Closely linked genes include R7-G� (GNG) genes, RZ-opi-
oid receptor genes (RGS19-ORL linkage; [26]), and R12-G
protein receptor kinase (GPRK) genes. The other R7 genes,
RGS6 and RGS7, and all RZ and R12 genes map individ-
ually to separate chromosomes. The relative orientations
of the RGS genes are indicated by the 3� facing arrow-
heads. The intergenic distance between neighboring RGS
genes is indicated in kb. Flanking and intervening genes
are indicated in small font above the thin arrow (pointing
3�). The red bar above human RGS19 indicates a region
that was sequenced in mouse; only the promoter and first
exon have been sequenced in human RGS19 [26]. Human
chromosomal loci are indicated to the left by banding site
and physical distance (Mb, megabase). Human RGS gene
locations were determined by annotation of genomic
sequence data from Celera and public sequencing efforts.
Location of the human RGS genes (except RGS19) agrees
with our predictions based on regions of linkage homol-
ogy between mouse and human chromosomes (Fig. 2).
Human megabase (Mb) positions are as in [22]. The dia-
monds indicate regions of uncertainty due to incomplete
genomic sequencing data or presence of unresolved repet-
itive elements.
opposition to regulate motility and egg laying. These G pro- the three mammalian RZ proteins (RGS20) is a G�z-selective

teins are themselves regulated by two R7 RGS proteins, EGL-
10 and EAT-16, which inhibit Go and Gq signaling, respec-
tively [2,3]. A parsimonious model was proposed whereby
these R7 proteins in worms combine with GBP-2, the worm
ortholog of mammalian G�5, to function like traditional G��
proteins in both catalyzing receptor activation of their G�
partner and regulating effector proteins [17]. Biochemical
constraints suggest these signaling complexes may form het-
erodimeric receptor pairs at neuromuscular junctions to rap-
idly alter Gq activity and thereby regulate worm motility
[18]. Sequence conservation with the worm genes suggests
that mammalian R7 genes might form reciprocally antago-
nistic pairs within signaling complexes.

The RZ genes are the most highly conserved RGS sub-
family in metazoans (Fig. 5). Flies, worms, and mammals
have one, two, and three copies of RZ genes, respectively
(Fig. 4 and data not shown). Two additional RGS subfami-
lies, RC and R4, seem to have evolved from an RZ progeni-
tor and diverged more rapidly than their RZ paralogs (Fig.
5). RC (five genes) and R4 (nine genes) are only present in
worms and vertebrates, respectively. The substrate specifici-
ties and expression patterns of the RC genes are still being
characterized, but a plausible explanation for their rapid
expansion is that they interact with the 16 divergent Gi class
�-subunit genes in specialized cell types in worms [28,29]. G�
specificity may be altered by a few amino acid substitutions
in an RGS protein [30]. This may help explain why even
though RZ genes are highly conserved in metazoans, one of
Copyrig
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GAP [8] and G�z seems to be a functional processed pseudo-
gene found only in vertebrates [25].

Almost all RZ, RC, and R4 genes encode proteins of about
200 amino acids containing an RGS domain and one or two
flanking domains that influence cellular localization and
receptor-selective interactions [15]. These RGS genes also
tend to be rapidly induced by agonist stimulation, as is the
yeast RGS gene Sst2, consistent with their presumed func-
tions as feedback regulators of G-protein signaling [24]. All
RGS proteins may serve the additional role of integrating G
proteins with other signaling pathways in the cell.

RGS proteins, by virtue of their GAP activity, can uncou-
ple hormone binding from effector protein activation [19,31].
The GAP activity of proteins in the R4 subfamily may be peri-
odically regulated (probably at an allosteric site) to initiate oscil-
lations in intracellular Ca2+ concentrations evoked by G-cou-
pled agonists [14] or, if active for longer periods, may terminate
G protein signaling. RGS proteins and G-protein coupled recep-
tors (GPCRs) together provide the key regulatory components
of Gi and Gq signaling and therefore both are excellent candi-
dates for disease loci in humans. GPCRs are established drug
targets and many examples exist of disease-causing mutations
in this multigene family [32]. By contrast, RGS proteins have
only recently received intense study. The identification of the
genomic location of all 21 RGS genes in mice and humans and
characterization of their gene structures will aid the discovery
of RGS mutations that adversely effect human health.
Systematic analyses of all multigene families from human and
GENOMICS Vol. 79, Number 2, February 2002
ht © 2002 by Academic Press. All rights of reproduction in any form reserved.
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TACGTGTCCATCCTGT-3�, DS88 5�-ATTGATGC-
FIG. 5. Eukaryotic RGS multigene family. A comparison of all RGS domains found in the genomes of
humans (21 RGS genes), yeast (S. cerevisiae; 2 RGS genes), fruit fly (Drosophila; 5 RGS genes), and round
worms (C. elegans; 12 RGS genes; a thirteenth RGS-like gene is related to dAKAP2). We included RGS
genes from other fungi for comparison (Aspergillus nidulans, Asp.n.; Schizosaccharomyces pmbe, Sch.p.;
Schizophyllum commune, Sch.c.). The mustard plant (Arabidopsis thaliana) was omitted because it does
not contain RGS genes (although all other G-protein signaling components are expressed). The slime
mold Dictyostelium discoideum expresses several RGS genes, but they were not included because the
genome has not been completely sequenced. Amino acid sequences of RGS domains were aligned
using DNAStar and revised to minimize gaps. A matrix of sequence alignments was generated using
the MLd2tree program (Yuri Wolf and N.V.G., unpublished data). Using the Phylip software package
[50] a tree was generated indicating the relative amount of evolutionary divergence. RGS genes in the
R7, R12, RZ, and RA subfamilies are expressed in mammals, flies, and worms. R4 and RC genes both
appear to be rapidly diverging from the RZ subfamily but are only found in mammals and worms,
respectively. RY genes are found in fungi, with the exception of C41G11.3c, which may have been
acquired by worms via horizontal gene transfer from fungi. The C. elegans RA subfamily gene C29H12.3
contains two RGS domains, designated –A and –B, respectively. Bootstrap values were estimated from
100 replications (≥ 75% is highly significant, ≤ 50% indicates uncertainty in the branch point). The scale
bar corresponds to evolutionary distance of 1 amino acid substitution per site.
other mammalian genomes, such as for olfactory receptors [33] four gene prediction

and RGS proteins described here, will facilitate the complete
assembly and annotation of the human genome sequence.

MATERIALS AND METHODS

Probes. Radiolabeled hybridization probes specific to each RGS gene were pre-
pared by random priming of PCR-amplified DNA fragments. Table 2 shows
the accession numbers of RGS cDNA and EST sequences; the first and last
nucleotides indicate the boundaries of the sense and antisense primers (20mers)
used to PCR-amplify probes. DNA sequence of oligonucleotide primers flank-
ing the RGS domain were obtained from published cDNAs with the following
exceptions: human RGS10, RGS12, and RGS19 orthologs were used to BLAST
search mouse EST databases and their sequences were compiled into contigs
by DNAStar. Rgs13 and Rgs19 genomic contigs were assembled using DNAStar
from mouse BAC and Celera mouse sequencing fragments. We used Rgs13
mouse genomic probe C, DS93 5�-ATGGCCCAATAGTGTACACAG-3�, DS94
5�-GGTGCTCATTCATGGCATTTC-3� (exon 3 to intron 3, 550 bp); RGS19 (BAC
AC074333), probe D (intron 4 to exon 5 to intron 5, 175 bp), DS87 5�-AGGAC-
Copyright © 2002 by Academi
184
CTTCTCGCACAC-3�; Rgs19 probe E (exon 5, 525 bp),
DS89 5�-ACCGCTCTCTATTACTCCAG-3�, DS90 5�-
GTGGGATAAACAGAGGCTTC-3�. All probes
hybridized to distinct RFLP bands on Southern blots.
Cross-hybridization between related Rgs genes was not
observed.

Interspecific mouse backcross mapping. Interspecific
backcross progeny were generated by mating
(C57BL/6J � M. spretus)F1 females and C57BL/6J males
as described [20]. A total of 205 N2 mice was used to
map the Rgs loci. DNA isolation, restriction enzyme
digestion, agarose gel electrophoresis, Southern blot
transfer, and hybridization were performed essentially
as described [34]. All blots were carried out with a
Hybond–N+ nylon membrane (Amersham). The probe
for each Rgs locus is described in Table 2. Probes were
labeled with [�32P]dCTP using a random primed label-
ing kit (Stratagene); filters were washed at a final strin-
gency of 0.8� SSCP, 0.1% SDS, 65�C. The probes and
RFLPs for the loci used to position the Rgs loci in the
interspecific backcross have been reported. These
include Mybl1, Myog, Fasl, Spana1, Tgfb2 on chromo-
some 1 [35,36]; Hoxd3, Neurod1, Sfpi1, Rag1 on chromo-
some 2 [37]; Nsk1, Tnc, Tyrp1 on chromosome 4 [38];
IL5, Mad4, Mxs1 on chromosome 5 [39,40]; Il4ra, Spn,
Fgfr2, Mgmt on chromosome 7 [41]; Estra, Myb on chro-
mosome 10 [42]; Wnt15, Gna13, Kcnj16 on chromosome
11 [25,43]; Estrb, Fos on chromosome 12 [44]; Hrh2, Fgfr4,
Pitx1 on chromosome 13 [45]; and E4f1, Nkx2-5 on chro-
mosome 17 [46].

EST contig assembly. All published RGS gene
sequences were used to BLAST the full dbEST database
(from all available species). All high-scoring EST and
full-length cDNA sequences were downloaded and
assembled into contigs using DNAStar. Resulting con-
sensus sequences were used to BLAST the Non-
Redundant GenBank database and discriminate among
known genes, new alternative splice forms, novel RGS
genes, and improperly identified orthologs. RGS-like
[15] genes were included as an outgroup.

Prophecy database construction. The DoubleTwist
genomic analysis protocol for gene prediction
(http://www.doubletwist.com) contains three parallel
multistep methodologies. After preprocessing the data
to mask repeats and contamination, a combination of

 algorithms were used in a parallel processing mode.
ons algorithms alone are not highly accurate, even when
Because gene predicti

used in combination, a second methodology based on cDNA similarity search-
ing against experimental databases of expressed sequences was used to further
define and validate predicted exons and to identify splice variants. The third
methodology used was protein similarity searching. The BLASTX algorithm
was used against the GenBank’s non-redundant (NR) peptide sequence data-
base to map all known human and cross-species protein information to the
human genome.

Genomic contig assembly and annotation. Human RGS cDNA and EST con-
sensus contigs were used to BLAST human genomic BAC data (pre-draft, Phase
I, Phase III and finished) and all levels of Celera sequencing and assembly
(Fragments, Regional Assemblies, and Scaffolds; [23]). Contigs were assem-
bled using DNAStar for each gene with sequences from all genomic sources.
Where available, STS markers were used to help manually align contigs.
Linkage information from our mouse mapping studies was used to bridge
neighboring BACs and regional assemblies. All contigs were examined closely
to identify possible sites of BAC rearrangements and incorrect assemblies, and
were reassembled as required. Human EST contigs and published cDNAs of
RGS genes (longest available open reading frame) were laid atop assembled
contigs to determine gene structure of all human RGS genes. Human RGS14
GENOMICS Vol. 79, Number 2, February 2002
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gene structure was determined using the mouse Rgs14 cDNA as a template. GPB-2, a G�5 ortholog that interacts with G�o and G�q to regulate C. elegans behavior. Curr.

Mouse Rgs19 was assembled from mouse BAC and Celera mouse fragment data
because no human genomic sequence was available. The Prophecy database
(http://www.DoubleTwist.com) of annotated BACs was used to confirm RGS
gene structures and identify neighboring genes. The Prophecy database was
also used to scan neighboring BACs for additional domains that were part of
a known RGS gene, and to search for novel RGS genes of low similarity. Three
human RGS pseudogenes were found, RGS2� (4p13, 46.6 Mb), RGS10� (8q21.2,
86.9 Mb), and RGS17� (13q14.1, 1.1 Mb).

Phylogenetic tree. The RGS domain (as defined in Fig. 1) of all RGS genes from
human, Drosophila melanogaster, C. elegans, S. cerevisiae (and other fungi) were
compiled into a multiple amino acid sequence alignment by DNAStar and
manually adjusted. The phylogenetic tree was constructed with MLd2tree pro-
gram (Yuri Wolf and N.V.G., unpublished data), which accounts for substitu-
tion rate differences among sites to calculate evolutionary distances between
sequences, and the neighbor-joining method as implemented in PHYLIP pack-
age. Bootstrap values were estimated from 100 replications.
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Note added in proof. RGS-PX1 was recently found to have GS-GAP activity [51].
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