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ABSTRACT GTP hydrolysis by the transducin a subunit
is stimulated by a membrane-bound protein. The identity of
this GTPase-activating protein (GAP) is not yet known, but
the recent identification of a new gene family encoding regu-
lator of G protein signaling (RGS) proteins raises the possi-
bility that the transducin GAP is an RGS protein. Biochemical
evidence shows that RGS proteins act as GAPs for a subunits
of the Gi subfamily of G proteins. To identify an RGS protein
that could be a GAP for the transducin a subunit, we
investigated the expression of RGS proteins in the retina and
identified a new RGS domain, RET-RGS-d, which is specifi-
cally expressed in the retina. In situ RNA hybridization
analyses revealed that RET-RGS-d is expressed in photore-
ceptor cells as well as in other cells of the retina. Recombinant
RET-RGS-d accelerates single turnover hydrolysis of GTP by
transducin. We used RET-RGS-d to isolate a full-length
cDNA, RET-RGS1, encoding a new RGS protein with a C
terminus that corresponds to RET-RGS-d. The N-terminal
half of RET-RGS1 contains a putative transmembrane do-
main and a string of nine cysteines that are potential sub-
strates for multiple palmitoylation. These findings suggest
that RET-RGS1 is an integral membrane protein and that it
is a candidate for the membrane-associated protein respon-
sible for the GAP activity detected in photoreceptor mem-
branes.

Transducin is a heterotrimeric G protein that plays a central
role in vertebrate phototransduction (1). Photoactivation of
rhodopsin stimulates the transducin a subunit (Ta) to bind
GTP. This active form of Ta then stimulates a phosphodies-
terase (PDE) to hydrolyze cGMP, ultimately causing hyper-
polarization of the photoreceptor. Like other G proteins,
transducin inactivates itself by hydrolyzing the GTP bound to
it.
Current models of vertebrate phototransduction suggest

that the rate at which this GTP is hydrolyzed might influence
the kinetics and sensitivity of the photoresponse. However,
there is a disparity between the results of physiological mea-
surements of the photoresponse and in vitro analyses of GTP
hydrolysis. Physiological studies show that rod currents recover
from dim flashes within a second (2) whereas biochemical
studies show that GTP is hydrolyzed by isolated rod transducin
in vitro about 10 times more slowly (3–5). Two possible
explanations for this discrepancy have been proposed. One is
that recovery is not directly linked to GTP hydrolysis (6, 7);
however, the ability of guanosine 59-[g-thio]triphosphate to
block recovery (8) argues against this idea. Alternatively, a
factor that accelerates GTP hydrolysis within intact photore-
ceptors may be missing or too dilute in transducin preparations
(4, 5). Several findings support this second explanation. Cal-

orimetry (9) measurements suggest that GTP hydrolysis and
subsequent PDE deactivation occur within a second in con-
centrated suspensions of photoreceptor outer segments. Bio-
chemical evidence indicates that there is a GTPase-activating
protein (GAP) which stimulates GTP hydrolysis by transducin
(3–5). Initially, this activity was attributed to the PDE inhibitor
subunit (PDEg) (10). But further studies showed that the GAP
for transducin is a protein tightly associated with photorecep-
tor membranes and distinct from PDEg (4, 5, 11). Its activity
may be enhanced by PDEg (12, 13), but the GAP for trans-
ducin has not been purified and its identity is unknown.
A novel family of proteins that regulate G protein signaling

(RGS proteins) has been identified during the past year (14).
Genetic and cell-transfection studies have revealed that RGS
proteins inhibit G protein signaling (15–17) and directly in-
teract with G protein a subunits (19). About 20 members of
this family have been identified, including Sst2p from yeast
(18), Egl10 from Caenorhabditis elegans (15), and human Ga
interacting protein (GAIP) (19). These proteins share a con-
served C-terminal domain of 125 amino acid residues referred
to as the RGS domain. Recent reports have shown that RGS
proteins accelerate the rate of GTP hydrolysis by a subunits of
the Gi subfamily (20–22), and that they do so by stabilizing the
transition state of Ga for nucleotide hydrolysis (23).
The discovery of RGS proteins led us to investigate whether

the GAP for Ta could be a member of this family. To address
this issue, we examined the expression of RGS proteins in the
retina. Using degenerate PCR, we amplified a sequence coding
for a previously unidentified RGS domain, which we refer to
as RET-RGS-d. This sequence is specifically expressed in the
retina, including photoreceptor cells. We showed that recom-
binant RET-RGS-d expressed in bacteria accelerates the
GTPase activity of Ta in vitro. Using the sequence of RET-
RGS-d, we then screened a bovine retina cDNA library and
isolated a cDNA clone that encodes RET-RGS1, a novel RGS
protein with structural features suggesting that it is, like the
photoreceptor GAP, tightly associated with membranes.

MATERIALS AND METHODS

Degenerate PCR and Isolation of RET-RGS cDNA. First-
strand cDNAs were synthesized from bovine retinal poly(A)1
RNA according to GIBCOyBRL instructions. Degenerate
PCR primers corresponding to conserved sequences in the
core domain of mammalian RGS proteins were used to amplify
related sequences from these retinal cDNAs. The sequence of
the 59 and 39 primers were the following, respectively: (Gy
C)(AyT)ITT(CyT)TGG(CyAyT)TIGCITG(CyT)GA and
AAIC(TyG)IG(GyC)I(TyA)(AyG)I(GyC)(AyT)(AyG)T(Cy
T)I(TyC)(TyG)IT(CyTyG)CAT. The-250 bp PCR product
was cloned into pCRII.1 using a TA cloning kit (Invitrogen).
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Ninety percent of the clones obtained coded for a new RGS
domain sequence which was used as a probe to screen a lgt10
bovine retinal cDNA library (gift from J. Nathans, Johns
Hopkins University, Baltimore).
Sequence Analysis Programs. On-line BLAST searches were

performed via the National Center for Biotechnology Infor-
mation at the National Institutes of Health (24). PROSITE
(Geneworks, IntelliGenetics) and TM PRED (Institut Suisse de
Recherches Experimentales sur le Cancer, Lausanne, Switzer-
land) were used for protein analysis (25). A dendrogram of
RGS family was determined using PHYLIP program (University
of Washington, Seattle)
Northern Blot Analysis. Total RNA was extracted from

various bovine tissues using a hot acid phenol protocol (26). A
Northern blot carrying 20 mg of each of these total RNA was
performed as described (27). Hybridizations were performed
at 688C overnight with 2 3 106 cpmyml of 32P-labeled DNA
probe in 53 SSC (13 SSC 5 NaCl 150 mMy15 mM sodium
citrate, pH 7), 53 Denhart’s solution (0.1% Ficoll, 0.1% BSA,
0.1% polyvinylpyrrolidone), 1% SDS, 100 mgyml salmon
sperm DNA, and 40 mgyml tRNA. High stringency washes
were performed in 0.1 SSCy0.1% SDS at 658C for 1 hr.
In Situ RNAHybridizations.Dissected bovine eye cups were

fixed for 5 h at 48C in 4% paraformaldehydey0.1MNaPO4 (pH
7.4) and cryoprotected in 30% sucrose-PBS solution overnight.
Samples were then embedded in optimal cutting temperature
compound (OCT; Miles), rapidly frozen on dry ice, and store
at 2708C until use. Cryosections (10 mm) were thaw mounted
onto superfrost plus treated microscope slides (Fisher Scien-
tific), refrozen, and stored at 2708C prior to hybridization.
A fragment corresponding to the RGS domain and the 39

untranslated region of RET-RGS1 cDNA was subcloned into
bluescript KS1 vector (Stratagene). Antisense and sense RNA
probes were synthesized using, respectively, T3 and T7 RNA
polymerase in presence of digoxigenin-labeled UTP (Boehr-
inger Mannheim). A control antisense RNA probe to rod Ta
was synthesized using the same protocol.
Pretreatments of the tissue sections and hybridization were

performed as described (28), with the following modifications:
hybridization was carried out with 4 mgyml of probe at 688C
and the last stringent washes were performed in 0.13 SSCy
0.1% Tween-20 at 758C for 40 min.
GTPase Assays. Expression of the RGS domain of RET-RGS

and purification. A PCR fragment coding for the 138 C-
terminal amino acid residues of RET-RGS1 corresponding to
its RGS domain was subcloned into the His-tagged fusion
vector pQE 30 (Qiagen, Chatsworth, CA). The hexahistidine
tagged fusion was expressed in Escherichia coli strain XL1 blue
and purified on a His Bind resin (Novagen) as recommended
by the manufacturer.
Preparation of transducin extract and urea-bleached mem-

branes. Bovine rod outer segments (ROS) were depleted in the
dark of their content of soluble proteins by an isotonic wash
with 20 mM TriszHCl (pH 7.5), 120 mM NaCl, and 1 mM
MgCl2. Holotransducin together with PDE were then coex-
tracted by incubating the washed ROS in the dark in hypotonic
buffer (5 mM TriszHCl pH 7.5y100 mM MgCl2). The concen-
tration of Ta was estimated by SDSyPAGE using BSA as a
standard. Urea-bleached membranes were prepared in the
dark as described in Chen et al. (29).
GTPase assays. Transducin extract (400 nM Ta final con-

centration) was incubated at room temperature in the presence
of bleached urea-washed membranes (5 mM final concentra-
tion) with or without RET-RGS-d, in a buffer containing 20
mM TriszHCl (pH 7.5), 120 mM NaCl, 1 mM MgCl2, 25 mM
AMP-PNP, 1 mM DTT. The reaction was started by the
addition [g-32P]GTP to a final concentration of 50 nM and
stopped at different time points by addition of 6% final
perchloric acid. The release of 32P was analyzed as described
(3).

RESULTS

Amplification of the RET-RGS Domain Sequence and Iso-
lation of RET-RGS1 cDNA. To investigate expression of RGS
proteins in the retina, we performed PCR amplification from
bovine retinal cDNA using degenerate primers. We designed
these degenerate primers to contain all possible codons for the
amino acids found in RGS domains of mammalian RGS1, -2,
-3, -4, -5, -6, -13 (16) and GAIP (19) at the positions indicated
in Fig. 1. The PCR products from the reaction were of the
predicted size. They were cloned, and 40 were sequenced. Four
different RGS domain sequences were found. Three corre-
spond to RGS2 (30), -3 (16), and -8 (15). The fourth and most
represented encodes a novel RGS domain, which we named
RET-RGS-d.
Using this PCR fragment as a probe to screen a lgt10 bovine

retina cDNA library, we isolated a 2.4-kb cDNA encoding a
new member of the RGS family, RET-RGS1. This cDNA
contains a 374 codon ORF preceded by 10 in-frame stop
codons upstream of the initiator methionine. The protein
encoded by this cDNA has a predicted relative Mr of 44,664.
The RGS domain of RET-RGS1, located in the C-terminal
part of the protein, is 75% identical to the RGS domain of
GAIP (19) (Fig. 1A) and between 30 to 50% identical to RGS
domains of other members of this family. A dendrogram
showing the relatedness of the RET-RGS-d to RGS domains
of other RGS proteins was calculated using the PHYLIP pro-
gram and is shown in Fig. 1B.
Interestingly, two sequences in the N-terminal part of RET-

RGS1 upstream of the RGS domain are potential sites of
membrane interaction. The first is a putative transmembrane
domain located between residues 56 and 80 as predicted by a
structural analysis program, TM PRED (Fig. 1A). The second is
a stretch of 9 cysteines located between residues 193 to 205. A
similar string of cysteines occurs onGAIP (Fig. 1A). This motif
is also found on membrane-bound proteins of the cysteine
string protein (csp) family (31), and it is a substrate for multiple
palmitoylation (32).
RET-RGS-d Is Specifically Expressed in the Retina. To

examine the pattern of RET-RGS gene expression, we hybrid-
ized a probe complementary to RET-RGS-d to Northern blots
carrying RNA prepared from various bovine tissues. Remark-
ably, RET-RGS transcripts were detected only in the retina.
Two major transcripts of 2.4 and 2 kb were detected (Fig. 2A).
Additional bands at 3.6 kb and 3.4 kb and 2.7 kb were
detectable following longer exposures (data not shown).
To further analyze the origin of these five transcripts, we

hybridized total retinal RNA with a probe corresponding to
the 59 coding region of RET-RGS1. Interestingly, only a subset
of the bands detected with the RET-RGS-d probe hybridized
with the 59 coding region of RET-RGS1 (data not shown). We
conclude that RET-RGS1 is not the only transcript containing
the coding sequence for RET-RGS-d. Therefore, it appears
that the RET-RGS gene encodes a family of retina-specific
transcripts which have identical RGS domain sequences but
distinct 59 coding sequences. Our preliminary studies of cDNA
clones identified using RET-RGS-d as a probe also indicate
the existence of multiple types of transcripts.
RET-RGS-d Transcripts Are Expressed Throughout the

Retina. To determine whether RET-RGS proteins are ex-
pressed in photoreceptors, we analyzed the pattern of expres-
sion of RET-RGS-d by in situ hybridization on sections of
bovine retina using digoxigenin-labeled RNA probes. A Ta
antisense probe, used as a control, specifically labeled photo-
receptors, validating the protocol used (Fig. 3A). Hybridiza-
tions were performed at high stringency to reduce nonspecific
background (Fig. 3C), as well as cross-hybridization of the
RET-RGS-d probe to other RGS sequences. RET-RGS-d
antisense probe labeled all the nuclear layers of cells that
compose the retina: the outer nuclear layer, which corresponds
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to the photoreceptors; the inner nuclear layer, corresponding
to the bipolar, horizontal, and amacrine cells; and the ganglion
cell layer (Fig. 3B). These results show that the transcripts
containing RET-RGS-d are expressed in photoreceptors as
well as in other cells of the retina.
RET-RGS-d Accelerates GTP Hydrolysis by Transducin a

in Vitro. RGS proteins inhibit G protein-dependent signaling
pathways and interact with a subunits of G proteins. A
straightforward explanation for these observations is that these
proteins stimulate the return of Ga proteins to their inacti-
vated GDP bound form by accelerating hydrolysis of bound
GTP. We therefore investigated the capacity of RET-RGS-d
to affect GTP hydrolysis by the a subunit of transducin in vitro.
A His-tagged recombinant protein corresponding to the 138
C-terminal amino acid residues of RET-RGS1 (Fig. 1A) was
expressed inE. coli and purified by Ni21 resin chromatography.

The RGS domain was expressed alone rather than in the
context of RET-RGS1 for three reasons. (i) We were con-
cerned that the putative membrane interaction sites of RET-
RGS1 would interfere with efficient expression andyor puri-
fication of the recombinant protein. (ii) Our Northern blot
analyses suggest that several isoforms containing the RET-
RGS domain are present in the retina. (iii) It is important to
establish whether or not the RGS domain itself is sufficient to
stimulate GTP hydrolysis by transducin.
The effect of RET-RGS-d on Ta GTPase was tested using

a single turn-over assay with [g-32P]GTP as substrate (3).
Bovine ROS membranes were depleted of their endogenous
GAP activity by washing in 6 M urea (11). These membranes
were then bleached and reconstituted with an extract of
transducin and holoPDE. The experiment was started by
addition of [g-32P]GTP, and Pi release was analyzed in the

FIG. 1. (A) Sequence alignment between RET-RGS1 and GAIP. Identical amino acid residues are boxed. The sequence corresponding to
RET-RGS-d is overlayed by a black line. A striped bar overlays the putative transmembrane domain of RET-RGS1. A stippled bar overlays the
cysteine string sequence conserved between RET-RGS1 and GAIP. The PCR degenerate primers used to amplify the conserved RGS domain are
indicated by arrows. (B) Phenogram-style tree as determined by PHYLIP analysis of RGS domain sequences available either from the SwissProt
database or from recent publications. The RGS domain sequences that were aligned correspond to amino acids 364–430 of the RET-RGS1
sequence. A consensus tree from 40 data sets is shown.
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presence or absence of RET-RGS-d. The rate of GTP hydro-
lysis was measured at saturating concentrations of photoacti-
vated rhodopsin and Ta, 5 mM and 400 nM, respectively,
conditions where neither binding of transducin to photoacti-
vated rhodopsin nor GDPyGTP exchange are rate limiting.
Therefore, the kinetics were solely dependent on the rate of
hydrolysis of GTP bound to Ta.
In the absence of RET-RGS-d or in the presence of boiled

RET-RGS-d, the kcat for hydrolysis of GTP was 0.026ys corre-
sponding to a characteristic time t of 38 s. The addition of 5 mM
RET-RGS-d accelerated GTP hydrolysis 5-fold to a kcat of

0.127ys equivalent to a t of 8 s (Fig. 4A). A similar experiment
performed in the dark showed significantly reduced Pi release,
confirming that the GTP hydrolysis accelerated by RET-RGS-d
is derived from the light-dependent GTPase activity of Ta and
not from a different type of nucleotidase that might be present in
the preparation (data not shown).
A titration experiment showed that acceleration of Ta

GTPase activity by RET-RGS-d is specific and saturable, with
a half-maximal effect at 1 mM RET-RGS-d (Fig. 4B). His-
tagged neurocalcin and BSA taken as controls did not stim-
ulate the GTPase activity of Ta (Fig. 4B).
These findings show that RET-RGS-d acts as a GAP for Ta

in vitro, confirming our initial hypothesis that an RGS protein
can accelerate the GTPase of transducin. While our study was
in progress other groups reported that different members of
the RGS family are also GAPs for a subunits of the Gi
subfamily (20–22).

DISCUSSION

The existence in photoreceptors of a GTPase accelerating
activity for transducin, distinct from its effector, was first
reported in 1993 (5). Attempts to purify this factor have been
complicated by the fact that this protein is tightly bound to
membranes and rapidly loses its activity when solubilized in
detergent (33). We are taking an alternative route to identify
this protein based on a molecular approach. Genetic analyses
from yeast and nematodes led to the recent discovery of a
superfamily of proteins, named RGS proteins, involved in
negative regulation of G protein signaling (15, 17). Recent
studies have shown that RGS proteins stimulate GTP hydro-
lysis by G protein a subunits (20–22). We therefore performed
a screen to identify RGS proteins that are candidates for the
GAP that regulates transducin in photoreceptors.
By PCR amplification from bovine retinal cDNA using

degenerate primers, we identified a new RGS domain, RET-
RGS-d, specifically expressed in the retina. Recombinant
RET-RGS-d stimulates the GTPase activity of transducin in
vitro. A previous study showed that the core domain of GAIP
is sufficient for the interaction of the protein with Gai3 (19),
but we report here evidence that an RGS domain by itself is
sufficient for GAP activity. These data suggest that RGS
proteins are composed of two modules; a conserved C-
terminal RGS domain responsible for the GAP activity and a
variable N-terminal domain involved in other functions such as
localization or interaction with other proteins.
The GAP for transducin was first recognized as a mem-

brane-associated protein whose activity became more pro-
nounced as the concentration of bovine ROS was raised in a

FIG. 3. Analysis of the pattern of expression of RET-RGS-d in the retina by in situ RNA hybridizations. Bovine retina sections were hybridized
as described in Materials and Methods with antisense rod Ta (A), antisense RET-RGS-d (B), and sense RET-RGS-d (C) RNA probes. OS, outer
segments; IS, inner segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GL,
ganglion layer.

FIG. 2. Northern blot analysis of RET-RGS-d expression in various
bovine tissues. Twenty micrograms of total RNA prepared from
various bovine tissues (see Materials and Methods) was analyzed in
each lane. The blot was serially hybridized with an RET-RGS d-probe
(A) and then, as a control for RNA loading and integrity, with a human
b-actin probe (B). Autoradiographs were exposed 40 h for A and 20 h
for B at 2708C with intensifying screens.
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single-turnover GTPase assay (5). At low ROS concentrations
the kcat for GTP hydrolysis was '0.028ys (5) and at saturating
ROS concentrations the kcat increased to '0.12ys. These
values agree well with the single-turnover GTP hydrolysis rates
we report here, 0.026ys in the absence and 0.127ys in the
presence of saturating RET-RGS-d. This suggests that RET-
RGS-d and the GAP in bovine ROS membranes accelerate
GTP hydrolysis by similar mechanisms. Nevertheless, our rates
are slower than those (0.7–1ys) measured at higher concen-
trations of ROS supplemented with PDEg (12, 13). Biophys-
ical measurements of GTP hydrolysis, including calorimetry
(.1ys) (9) and light-scattering (0.7–4ys) (34), also reported
faster rates. The slower rates we observe might be attributable
to PDEg or some other important factor being less abundant
in our transducin preparations (12, 13). However, in prelimi-
nary experiments (data not shown) we did not detect further
acceleration of GTP hydrolysis by supplementing our assays
with exogenous PDEg. This suggests that the RET-RGS
domain alone lacks structures needed for PDEg to accelerate
GTP hydrolysis, but further studies are required to resolve this
issue.
Using RET-RGS-d as a probe to screen a bovine retinal

cDNA library, we isolated a cDNA encoding a new RGS

protein, RET-RGS1. Domains outside of the RGS domain in
RET-RGS1 might also play a specific role in GAP function or
perhaps in some other type of activity. It has been shown that
both the N- and C-terminal domains of the yeast RGS protein,
Sst2, are required for its function in vivo (35). However, the
N-terminal sequence of RET-RGS1 upstream of its core
domain is unrelated to any known RGS proteins except for a
stretch of cysteines also present on GAIP. Homologous
stretches of cysteines found in proteins of the cysteine string
family are heavily palmitoylated (32). Interestingly, a recent
study has shown that GAIP expressed in mammalian cells is
palmitoylated and tightly bound to membranes (36). This
suggests that the cysteine string sequence on RET-RGS1 may
also serve as a membrane anchor. Moreover, in contrast to
GAIP or any known RGS proteins, the N-terminal domain of
RET-RGS1 also contains a putative transmembrane domain.
RET-RGS1 is therefore the only RGS protein identified to this
date that is likely to be an integral membrane protein. Immu-
nological analyses of the subcellular localization of native and
full-length recombinant RET-RGS1 will be required to defin-
itively address this issue.
Besides RET-RGS1, we also detected other retina-specific

transcripts containing the sequence encoding RET-RGS-d.
Our preliminary studies suggest that these transcripts are
splice variants of the same RET-RGS gene and that they
encode a family of RGS proteins with a common RGS domain
expressed throughout the retina. Their expression throughout
the retina suggests that RET-RGS proteins act as GAPs for
several different types of G proteins. Since RET-RGS proteins
contain identical RGS domains, it is possible that their spec-
ificity toward a particular G protein is restricted in part by
expression in distinct cell types or by localization within
specific subcellular compartments. This raises two important
issues that must be addressed in identifying the GAP or GAPs
that have a physiological association with transducin. First, is
RET-RGS1 or any other member of the RET-RGS family
specifically expressed in photoreceptors?Most proteins known
to be involved in phototransduction are expressed specifically
in photoreceptors. This suggests that the GAP for transducin
is likely to be a photoreceptor-specific protein. However, the
possibility that the GAP for transducin is a more ubiquitous
protein cannot be excluded. Second, is any RET-RGS protein
present in the outer segments of photoreceptors? Immunocy-
tochemical analyses will be required to answer these questions
and will be performed as antibodies become available. Par-
ticular attention will be brought to RET-RGS1, which, because
of its putative membrane attachment, is an excellent candidate
for the GAP for transducin.
During the preparation of this manuscript, Chen et al. (37)

reported cloning a new RGS protein (RGS-r) that is expressed
in the retina and which accelerates multiple turn-over GTP
hydrolysis by Ta in vitro. Sequence comparisons show that
RET-RGS1 and RGS-r encode different proteins. The RGS
domains of RET-RGS1 and of RGS-r are mostly related to
GAIP and RGS8 respectively (Fig. 1B) and are only 37%
identical to each other. The N-terminal domain of RGS-r is
also much shorter than that of RET-RGS1 (43 amino acids vs.
236 amino acids) and there is no homology between the
N-terminal domains of RET-RGS1 and RGS-r. Precise local-
ization studies will be required to determine the functions of
these RGS proteins in the retina.
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FIG. 4. GTPase accelerating activity of RET-RGS-d on transdu-
cin. (A) Kinetics of GTP hydrolysis by transducin reconstituted with
bleached urea-stripped ROS membranes in the absence (E) or pres-
ence (F) of 5 mM RET-RGS-d. (B) Titration of the GAP activity of
RET-RGS-d (F), using his-tagged neurocalcin (M) and BSA (Ç) as
controls. The rate of hydrolysis of GTP by Ta was measured at 5 mM
final concentration of bleached urea-stripped ROS membranes and
400 nM final concentration of transducin, concentrations that we
determined to be saturating under these conditions. These experi-
ments were repeated three times with similar results.
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