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ABSTRACT G proteins regulate intracellular signaling
by coupling a cycle of guanine nucleotide binding and hydro-
lysis to transient changes of cellular functions. The mecha-
nisms that control the recycling of transducin, the “pace-
setting” G protein that regulates mammalian phototransduc-
tion, are unclear. We show that a novel retinal specific
RGS-motif protein specifically binds to an intermediate con-
formation involved in GTP hydrolysis by transducin and
accelerates phosphate release and the recycling of transducin.
This specific interaction further rationalizes the Kinetics of
the phototransduction cascade and provides a general hypoth-
esis to explain the mechanism of interaction of RGS proteins
with other G proteins.

The heterotrimeric G protein transducin (TD) mediates signal
transduction in vertebrate photoreceptor cells. Photon absorp-
tion activates rhodopsin and it catalyzes the binding of GTP to
the a subunit of transducin (TDe) and the dissociation of the
By subunits (TDBy). GTP-bound transducin (TDagTtp) acti-
vates a cyclic GMP phosphodiesterase (¢cG-PDE) by seques-
tering its -y subunit. The activated phosphodiesterase lowers
cyclic GMP levels and thus modifies ion channel function and
initiates an electrical response in the photoreceptor (1, 2). A
variety of mechanisms are involved in terminating this signal.
One process involves the hydrolysis of GTP bound to TDa.
This is a relatively slow step in vitro, and the process is
accelerated in vivo. However, the precise mechanism of ac-
celeration is not clear. The -y subunit of cG-PDE that interacts
with TDa may be involved (3), and there may be additional
protein components that control the rate of GTP hydrolysis
and thus the conformational states of TDa and its recycling
(4). A candidate protein that could be involved in accelerating
the GTP hydrolysis and the recycling of TD has emerged from
recent studies of proteins containing the RGS (regulator of G
protein signaling) domain (5). The initial member of this gene
family, SST2, was discovered in yeast (6). Mutations in this
gene increased the sensitivity of yeast cells to pheromone.
Genetic experiments suggested that the SST2 protein inter-
acted with the yeast G protein a subunit (GPA-1) and nega-
tively regulated its activity (7). An homologous family of genes
was found in Caenorhabditis elegans and in mammalian sys-
tems. All members of this family share amino acid sequence
homology with SST2, and genetic evidence suggests that they
interact with the G protein « subunit (Ga; refs. 8 and 9). One
of these RGS-proteins, GAIP, was shown to bind specifically
to the Gays protein (10). More recently, evidence has been
presented that both GAIP and another member of the family,
RGS-4, can catalyze GTP hydrolysis by some G proteins,
namely the Gg; family but not by Gog (11).

We report here a specific interaction of one intermediate
conformation of transducin with a novel retinal specific RGS
protein, RGS-r. Our data show that RGS-r facilitates TD
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recycling by enhancing GTP hydrolysis through binding a
conformation of the protein that stabilizes the transition state.
These findings are significant for understanding the mecha-
nisms of regulation of G protein-coupled signal transduction
by RGS proteins.

MATERIALS AND METHODS

Reverse Transcription PCR. Total mouse retinal RNA was
prepared by RNeasy kit (Qiagen, Chatsworth, CA), according
to the manufacturer’s instructions. One microgram of the
RNA was randomly primed and reverse-transcribed using a
cDNA cycling kit (Stratagene). A volume 1/20 of that of the
reverse transcription reaction mixture was used as template for
the subsequent PCR. The sequence of the 5’ primer (rgs-f1) is:
AAAGAATTCGA(G/A)GA(G/A)AA(T/C)ATIGA(T/
CO)TT(T/C)TGG. The sequence of the 3’ primer (rgs-bl) is:
AAAGGATCCIC(G/T)(A/G)TAI(C/G)(A/T)(A/
G)TC(T/C)TT(T/C)TCCAT. The PCR was performed in 50
wl of reaction mixture containing template, 10 mM TrissHCl
(pH 8.3), 50 mM KCl, 1.5 mM MgCl,, 200 uM each of dATP,
dCTP, dGTP, and dTTP, 5 units of Taq polymerase, and 1 uM
primers. The PCR was performed using the following condi-
tions: 94°C for 3 min, followed by 35 cycles of 94°C for 1 min,
48°C for 1 min, and 72°C for 1 min, and a final incubation of
72°C for 10 min. The 250-bp products were subcloned into
pGEM-T (Promega). Clones that generated a 250-bp insert
after EcoRI and BamHI restriction digestion were further
sequenced to determine their identities.

Northern Blot Analysis. One microgram each of poly(A)*
RNA from various rat tissues (CLONTECH) was blotted onto
nylon membranes (Amersham) and hybridized to probes la-
beled by random priming the coding region of the rat RGS-r
cDNA fragment. The specific activity of the 32P-labeled probe
is >10° cpm/ug. ExpressHyb solution (CLONTECH) was
used under high-stringency conditions for hybridization
(65°C), and high-stringency washes were performed in 0.1X
SSC (15 mM NaCl/15 mM sodium citrate, pH 7.0) plus 0.3%
SDS at 65°C.

Protein Purification. Rod outer segment (ROS) membranes
were prepared from bleached bovine retina as described (12).
Transducin was separated from the membranes by hypotonic
elution in the presence of 100 uM GTP or GTP[S], and the
subunits were resolved by affinity chromatography on Blue
Sepharose (Bio-Rad; ref. 13). Urea-treated ROS membranes
were prepared from the eluted membranes as described (14).

For expression and purification of RGS-r protein, a 5'-
flanking Ndel site and a 3’-flanking BamHI site were intro-

Abbreviations: TD, transducin; ¢G-PDE, cyclic GMP phosphodies-
terase; AMF, aluminum magnesium fluoride.

Data deposition: The sequence reported in this paper has been
deposited in the GenBank data base (accession no. U72881).
fC.-K.C. and T.W. contributed equally to this work.

#To whom reprint requests should be addressed. e-mail: simonm@
starbasel.caltech.edu.
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FiG. 1. Northern blot analysis of 1 ug of poly(A)™ RNA from
various rat tissues (CLONTECH) hybridized with rRGS-r probe
(Upper). Rat glyceraldehyde-3-phosphate dehydrogenase (G3PDH)
probe (CLONTECH) was used as a control (Lower).

duced into the mRGS-r coding region by standard PCR
techniques. The fragment was subcloned into the Ndel and
BamHI sites of pET15B (Novagen). Escherichia coli strain
BL21(DE3) was used as an expression host. Cells were grown
on Luria broth medium at 30°C to ODgyp = 0.4, then the
expression of mRGS-r was induced by adding isopropyl B-D-
thiogalactoside (IPTG) to a final concentration of 1 mM. Cells
were harvested 3 hr after induction and were sonicated in
buffer A (20 mM TrissHCI, pH 8.0/100 mM NaCl/2 mM
MgCly/6 mM 2-mercaptoethanol/5% glycerol). The soluble
extract was applied to a 2-ml Ni>*-NTA Superflow column
(Qiagen). The column was washed extensively with buffer A
and buffer A containing 25 mM imidazole, and the mRGS-r
protein was eluted with a linear gradient of 25-400 mM
imidazole in buffer A. To obtain a fair comparison for the
activity of mRGS-r with RGS-4, the mRGS-r used in Fig. 6 was
denatured by buffer A containing 5 M urea, renatured by
removing urea while bound to the Ni?*-NTA column, washed,
and eluted as described above.

mRGS-r
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Rat RGS-4 cDNA was cloned by reverse transcription-PCR
from rat brain poly(A)" RNA (CLONTECH). The coding
region was subcloned into pET15B using PCR-introduced
Ndel and BamHI sites. We solubilized the protein in 5 M urea,
loaded the denatured RGS-4 onto a Ni2*-NTA column, and
then washed the urea away to allow the renaturation of RGS-4.
The renatured RGS-4 was then washed with buffer A con-
taining 25 mM imidazole and eluted as described above for
RGS-r. The purity of recombinant RGS-4 and mRGS-r was
>90%, as judged by SDS/PAGE.

Transducin-RGS-r Interaction Assayed by Gel Filtration.
Purified TDagpp (6 M) was incubated in buffer A (total
volume of 200 wl) with 18 uM mRGS-r for 10 min at 30°C in
the absence and presence of aluminum magnesium fluoride
(AMF; 100 uM AICl3/6 mM MgCl,/10 mM NaF). Thereafter,
the mixture was applied to a Superose 12 column (Pharmacia)
equilibrated with buffer A with or without AMF. Proteins were
eluted at a flow rate of 0.5 ml/min and 0.25-ml fractions were
collected. One hundred and fifty microliters of each protein-
containing fraction was concentrated to 10 ul using a Mini-
con-10 device (Amicon) and applied to SDS/PAGE (10%
polyacrylamide in resolving gel). Proteins were visualized by
staining with Coomassie brilliant blue. To calculate the relative
molecular sizes of the proteins and the complex, the column
was calibrated using a mixture of immunoglobulin G (160
kDa), human serum albumin (67 kDa), B-lactoglobulin (35
kDa), and cytochrome ¢ (12 kDa).

Transducin-RGS-r Interaction Assayed by Column Trap-
ping. TDagrpys or heterotrimeric TDaBy (3.5 uM each) were
incubated in buffer A with or without 10 uM mRGS-r in a total
volume of 100 wl for 10 min at 30°C in the absence and
presence of AMF. Thereafter, the mixtures were applied to
Ni?*-NTA Superflow (Qiagen) columns (bed volume, 100 wul)
equilibrated with buffer A. The columns were washed with 1
ml of buffer A containing 25 mM imidazole. For samples
containing AMF during incubation, AMF was also added to
the washing buffer. Bound proteins were eluted with 400 ul of
buffer A containing 400 mM imidazole, and the eluate was
concentrated to 10 ul. Proteins were visualized by staining with
Coomassie brilliant blue after SDS/PAGE (10% polyacryl-
amide in resolving gel).

Guanine Nucleotide Binding Assay and GTPase Assay.
Reconstitution of rhodopsin-TD interaction was performed in
a reaction mixture (100 wl) containing 50 mM triethanol-
amine-HCI (pH 7.4), 100 mM NaCl, 5 mM MgCl,, 0.1 mg of

------------------ MC|R T T[F p]N 7[Cc L]E R[A K E]F[K]T[RLG}I - - - - - - - 25

rRGS-r - - - - = = = e e e e o - - o R’I‘I TNTCLERAKEFKTRLGI ------- 25
rRGS-4 - - - - = = - = - - - - - - - - - M CIK G G{L P|A s{c LIR S{A K D|MIK|H[R L GJF - - - - - - - 25
GAIP MPTPHEAEKQITGPEEADRPPSMSSHDTASPAAPSRNPCCILfcWCCCCSCS 50

mRGS-r HKSELSSDTGGI -waA[S]Jk HN K E[R|S F s[E D V|L G[W]R[E S F DJL[T L N S|k N[G 74
rRGS-r HKSE[LSSDTGGNG -wAlS/lkL SKE|RISFS|EDV|LGWR|IE S F[Q s|L L N 5|k 5|6 74
rRGS-4 QK SDISCEHSSSH -KVv--vTCQR|VSQlEEVKEKWALES L EINL[IIN[HE c|6 72
GAIP NQERRRAWQASRE QPLPSJCEVCATPSPIEEV|0S{WA QLS F DKL M[H[S]P alg] 100

mRGS-r EENLEFWLACEEFKKI|R[S|AT[KL]JASRA|lHH[TIFDEY I|IRSE 124
rRGS-r EENLEFWLACEEFKKI|RISIATKLIASRIA|EH[IFDEYI|IRSE 124
rRGS-4 EENFwCEEYKKIKSPSKLSPKAKKIYEFISVQ 122
GAIP EENMLIFWLACEELKAEANQHVVDEKAJRLIIYEDYV[SIL 150

mRGS-r LTk T A A[T|T A QIG[K|TR[TLMEKDSYPRFLEKSDP 174
rRGS-r LIT{K T ofa afT|p AQGIK|TRITLMEKXKDSYPRFLKSP 174
rRGS-4 E[7fs R L EPTI AQKIKIT FNLX¥EXDSYRRFLEKS[R 172
GAIP GINKKMQEPSA AQILoIY[TLMHRDSYDPRFL[S|SP 200

mRGS-r ?Slrsarpsc[slpaEP[S]HT - - - - 201
rRGS-r T ASG--SPAEP HT - - - - 199
rRGS-4 EKQKGAKS|SIADCT|SjLVPQCA 205
GAIP SSIEA----Z----"------ 217

FiG. 2. Sequence alignment of mouse RGS-r (mRGS-r), rat RGS-r (rRGS-r), rat RGS-4 (rRGS-4), and GAIP.
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bovine serum albumin per ml, 0.5 uM TDagpp, 0.5 uM TDBy,
and 10 ug of urea-treated ROS membranes. For determination
of GTP hydrolysis, the reaction mixture was equilibrated for 5
min at 30°C. Reaction was initiated by addition of 10 uM
[v-3*P]GTP (0.2 uCi; 1 Ci = 37 GBq) and conducted for the
indicated periods of time. Termination of reaction and deter-
mination of P; released were performed as described (15).
Under each condition used, P; release was found to be linear
with time (data not shown). For determination of GTP analog
binding, reaction was initiated by addition of either 100 nM
GTP[y*S] (0.5 nCi) or 1 uM [*H]Gpp[NH]p (0.5 nCi) and
conducted for 20 min at 30°C. The amount of binding was
determined as described (16).

RESULTS

Identification of RGS-r. To search for possible involvement
of an RGS-like protein in the phototransduction cascade, we
looked for a retinal specific member of the family, since many
of the proteins involved in this signal transduction process are
preferentially expressed in the retina. We sequenced 40 reverse
transcription-PCR products and found three distinct se-
quences that contained the RGS domain: one identical to
RGS-4 (8, 9), another identical to RGS-8, and another one
(mRGS-r) was not identical to any known RGS sequence. To
obtain the full-length cDNA for mRGS-r, we screened a mouse
retinal cDNA library that was generously provided by Wolf-
gang Baehr (University of Utah). We obtained four positive
clones, and one of them, mRGS-r3, corresponding to 2.2 kb,
was found to have an open reading frame of 201 aa. The
sequence flanking the initiation codon matched the Kozak
sequence (17), and a mRNA corresponding to 2.2 kb was
detected in the retina (Fig. 1), indicating that mRGS-13 is
probably a full-length cDNA clone. The rat RGS-r (rRGS-r)
cDNA was obtained by RT-PCR from rat poly(A)* RNA
(CLONTECH) using primers specific for mRGS-r. Northern
blot analysis shows that rRGS-r is expressed predominantly in
the retina, where it is found in two forms with mobilities
corresponding to 2.2 kb (major form) and 3.2 kb (minor form).
However, the 2.2-kb form is also found at relatively low levels
in the liver and is barely detectable in the other tissues that
were tested. The derived amino acid sequences of rRGS-r and
mRGS-r are shown compared with the sequences of the GAIP
and RGS-4 proteins (Fig. 2). rRGS-r and mRGS-r are highly
homologous, showing <6% difference in amino acid sequence.
On the other hand, the RGS-4 clone shows much more
divergence (45% overall identity), and the GAIP clone di-
verges even further from the RGS-r clones.

RGS-r Protein Interacts with an Intermediate Conforma-
tion of TD. We next looked for the interaction of RGS-r with
TD. We prepared the (His)s-tagged mRGS-r protein by over-
expression in E. coli and purified it by affinity chromatography.
The ability of the recombinant mRGS-r protein to interact
with purified TD was then examined. Fig. 3 shows the results
of gel filtration experiments designed to measure the mobilities
of mixtures of GDP-bound « transducin (TDagpp) and
mRGS-r protein in the presence and absence of AMF. We
observed a distinct mobility shift in the presence but not in the
absence of AMF, which indicates that only the GDP-AMF
form of transducin (TDagpp.amr) is capable of binding to
mRGS-r. The stoichiometry of the complex between mRGS-r
and TDagpp.amr appears to be one to one as judged by the
intensities of both species on SDS/PAGE and by the apparent
molecular weight of the complex as determined by its mobility
on gel filtration. In other experiments shown in Fig. 4, a
Ni2*-NTA column was used to trap mRGS-r protein to
examine its binding to TDa under various conditions. We
found that mRGS-r protein bound TDagpp only in the pres-
ence of AMF. In the absence of AMF, both TDagpp and
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F1G. 3. Complex formation of mRGS-r protein with TDagpp-aAmMF
analyzed by gel filtration. Purified TDagpp (6 uM) was incubated with
18 uM mRGS-r for 10 min at 30°C in the absence (O and Middle) and
presence of AMF (e and Bottom). Fractions in the protein profile
(Top) were analyzed by SDS/PAGE, followed by Coomassie brilliant
blue staining. Complex formation of mRGS-r protein with TDa was
observed in the presence of AMF. The calculated molecular sizes were
40 kDa, 35 kDa, and 72.5 kDa for TD, mRGS-r protein, and the
complex, respectively.

TDagrpys Were not bound to mRGS-r protein and thus did not
get trapped on the column.

RGS-r Protein Enhances GTP Hydrolysis by TDa but Does
Not Affect GTP Analog Binding. Fig. 54 shows that mRGS-r
protein can increase the rate of P; release >6-fold in the
presence of bleached rhodopsin, GTP, and heterotrimeric TD.
Using 50 pmol of TD, we observed P; release of ~75 pmol/
min, indicating that each TD had turned over more than once.
Moreover, the maximal effect of mRGS-r protein is reached at
20 pmol, indicating that it acts substoichiometrically (Fig. 5B).
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F1G. 4. Complex formation of mRGS-r protein with TDagpp-AMF
analyzed by binding to Ni?*-NTA. Experiments were performed as
described. Only the TDagpp.amr Was found to bind to the matrix by
its interaction with mRGS-r protein.
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Furthermore, the mRGS-r protein does not change GTP
analog binding to TDe, indicating that receptor-G protein
coupling is not affected (Fig. 5 C and D), and the mRGS-r
protein does not bind tightly to TD loaded with nonhydrolyz-
able GTP analogs (Fig. 5E).

RGS-r Is More Effective than RGS-4 in Activating GTP
Hydrolysis by TD. To address the specificity of mRGS-r
protein for TD, we reconstituted the system with another RGS
protein, RGS-4, which is similar to RGS-r but is expressed
primarily in brain and has been shown to interact with Ga, and
to Ga;. Because >95% of (His)s-tagged RGS-4 expressed in
BL21 (DE3) is insoluble, we solubilize it in 5 M urea and
renature it by washing away the urea. mRGS-r protein was
treated the same way to get a fair comparison. Fig. 6 shows that
both mRGS-r and RGS-4 proteins facilitate GTP hydrolysis.
However, mRGS-r protein is at least 3-fold more effective than
RGS-4 protein. Thus, we suggest that RGS-r plays an impor-
tant role in the phototransduction cascade by regulating the
lifetime and effective concentration of activated TDa.

DISCUSSION

We have presented data that point to a specific interaction
between RGS-r protein and an intermediate conformation of
TDa, the TDagpp.amr (Figs. 3 and 4). AMF has been shown
to bind to TDagpp and to mimic the presence of the phosphate
group that is released as a result of hydrolysis of GTP by TDa.
The crystal structures of TDagpp-amr and Gaiigpp-amr Sug-
gest that these complexes reflect a conformation of the protein
involved in stabilizing the transition state that is formed during
the hydrolysis of GTP (18, 19). By binding and stabilizing this
conformational state of TD«, mRGS-r protein does accelerate
the rate of GTP hydrolysis (Figs. 5 and 6). One plausible
interpretation of the data that would be consistent with
previous thinking about the mechanisms of TD function is that
different proteins bind to and stabilize distinct conformations
of the TDa protein at different stages in its interaction with
guanine nucleotide. Transducin in the TDagpp conformation
is stabilized by binding to the TDBy complex forming the
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F1G. 6. Comparison of the effect of mRGS-r protein and RGS-4
protein on GTP hydrolysis by TD. The hydrolysis of GTP (10 uM) by
200 nM TD plus 10 pg of urea-treated ROS membranes was deter-
mined at the indicated concentrations of mRGS-r protein (e) or
RGS-4 protein (OJ) after 10 min of incubation at 30°C. The data shown
are mean * SD of triplicate determinations.

heterotrimer. The activated receptor, photolyzed rhodopsin,
has been shown to bind to the nucleotide-free form of TD (20).
The activated TDagrp conformation binds the y subunit of
c¢G-PDE. Our work indicates that the RGS-r protein specifi-
cally interacts with another conformation of TD, one that has
been implicated in stabilizing the transition state and enhanc-
ing GTP hydrolysis, thus terminating the activation of TDa.
Evidence has been presented to suggest that the rate-limiting
step in cycling TDa from the activated form is the release of
P; after hydrolysis of GTP (21, 22). By interacting with a
transition state-stabilizing conformation of TDa, we postulate
that the RGS-r protein may accelerate both the GTPase
activity and P; release.

Recently, data have been presented showing that different
RGS proteins bind to the transition state conformation of
members of the Ge; family and accelerate their ability to
hydrolyze GTP (23). Furthermore, a specific Ga,-interacting
RGS protein has been found (24), suggesting that individual
RGS family members regulate certain G-protein circuits. Our
results further demonstrate this principle. In the context of the
phototransduction cascade, RGS-r may play a very special role
in regulating the kinetics of signaling. In vitro experiments
indicate that GTP hydrolysis by TD« is too slow to account for
the rapid shut-off of the photoresponse observed in vivo. The
finding that RGS-r enhances GTP-hydrolysis by TD may help
to resolve the difference. However, we need to study the
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relationship between RGS-r and the +y subunit of cG-PDE.
They may act sequentially on TD and there could be other
factors or modulators of RGS-r that further regulate its
activity. The precise role of RGS-r in vivo will ultimately be
determined by extensive reconstitution experiments and ge-
netic analysis.
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