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The intrinsic GTPase activity of transducin controls
inactivation of the effector enzyme, cGMP phosphodies-
terase (PDE), during turnoff of the visual signal. The
inhibitory g-subunit of PDE (Pg), an unidentified mem-
brane factor and a retinal specific member of the RGS
family of proteins have been shown to accelerate GTP
hydrolysis by transducin. We have expressed a human
homologue of murine retinal specific RGS (hRGSr) in
Escherichia coli and investigated its role in the regula-
tion of transducin GTPase activity. As other RGS pro-
teins, hRGSr interacted preferentially with a transi-
tional conformation of the transducin a-subunit,
GtaGDPAlF4

2, while its binding to GtaGTPgS or GtaGDP
was weak. hRGSr and Pg did not compete for the inter-
action with GtaGDPAlF4

2. Affinity of the Pg-GtaGDPAlF4
2

interaction was modestly enhanced by addition of
hRGSr, as measured by a fluorescence assay of
GtaGDPAlF4

2 binding to Pg labeled with 3-(bro-
moacetyl)-7-diethylaminocoumarin (PgBC). Binding of
hRGSr to GtaGDPAlF4

2 complexed with PgBC resulted in
a maximal ;40% reduction of BC fluorescence allowing
estimation of the hRGSr affinity for GtaGDPAlF4

2 (Kd 35
nM). In a single turnover assay, hRGSr accelerated
GTPase activity of transducin reconstituted with the
urea-stripped rod outer segment (ROS) membranes by
more than 10-fold to a rate of 0.23 s21. Addition of Pg to
the reconstituted system reduced the GTPase level ac-
celerated by hRGSr (kcat 0.085 s21). The GTPase activity
of transducin and the PDE inactivation rates in native
ROS membranes in the presence of hRGSr were ele-
vated 3-fold or more regardless of the membrane con-
centrations. In ROS suspensions containing 30 mM rho-
dopsin these rates exceeded 0.7 s21. Our data suggest
that effects of hRGSr on transducin’s GTPase activity
are attenuated by Pg but independent of a putative
membrane GTPase activating protein factor. The rate of
transducin GTPase activity in the presence of hRGSr is
sufficient to correlate it with in vivo turnoff kinetics of
the visual cascade.

In vertebrate photoreceptor cells, the signal is transduced
from light-activated rhodopsin to the effector enzyme, cGMP-
phosphodiesterase (PDE),1 via the heterotrimeric G-protein,

transducin (Gtabg). The GTP-bound a-subunit of transducin
(GtaGTP) relieves the inhibition imposed by two inhibitory
PDE g-subunits (Pg) on the enzyme catalytic ab subunits
(Pab). Activation of PDE leads to a closure of cGMP-gated
channels in the photoreceptor plasma membranes (1–3). The
inactivation of PDE is a critical component of the turnoff mech-
anism in the visual transduction cascade. This inactivation is
controlled by the intrinsic GTPase activity of transducin which
hydrolyzes GTP to GDP. The GDP-bound Gta (GtaGDP) has a
substantially reduced affinity for Pg and releases Pg to re-
inhibit Pab (1, 4–6). The rate of GTP hydrolysis by transducin
measured in vitro (7, 8) is too slow to account for the fast
photoresponse turnoff in vivo (9, 10). The Pg subunit (11, 12)
and a distinct membrane-associated protein factor (13, 14)
have been shown to enhance transducin GTPase activity in the
activated membrane-bound transducin-PDE complex to a level
comparable with the rate of transducin inactivation in vivo. A
recent study has shown that a retinal specific member of the
RGS family, RGSr, serves as a GTPase-activating protein
(GAP) for transducin, providing an additional dimension to an
already complex picture of the regulation of transducin GTPase
activity (15). Functional relationships between RGSr, the
g-subunit of PDE, and a putative membrane GAP factor are
currently not understood.

Here, we study the interaction between transducin and a
human retinal specific RGS (hRGSr), and regulation of trans-
ducin GTPase activity by hRGSr. We examine the effects of Pg
and photoreceptor membrane concentration on modulation of
the GTPase activity by hRGSr.

EXPERIMENTAL PROCEDURES

Materials—GTP and GTPgS were products of Boehringer Mann-
heim. Blue-Sepharose CL-6B was obtained from Pharmacia. 3-(Bro-
moacetyl)-7-diethylaminocoumarin (BC) was purchased from Molecular
Probes, Inc. [g-32P]GTP (.5000 Ci/mmol) was obtained from Amer-
sham. [35S]GTPgS (1250 Ci/mmol) was purchased from NEN Life Sci-
ences Products. All other chemicals were from Sigma.

Preparation of ROS Membranes, Gtabg, GtaGTPgS, GtaGDP, Gtbg,
and PgBC—Bovine ROS membranes were prepared as described pre-
viously (16). Urea-washed ROS membranes (uROS) were prepared ac-
cording to protocol in Ref. 17. Hypotonically washed ROS membranes
were prepared as described in Ref. 14. Transducin, Gtabg, was extracted
from ROS membranes using GTP as described in Ref. 18. The
GtaGTPgS was extracted from ROS membranes using GTPgS and pu-
rified by chromatography on Blue-Sepharose CL-6B by the procedure
described in Ref. 19. GtaGDP was prepared and purified according to
protocols in Ref. 20. PgBC was obtained and purified as described in
Ref. 6. The purified proteins were stored in 40% glycerol at 220 °C or
without glycerol at 280 °C.

Cloning and Expression hRGSr—A BLAST search at NCBI (Bethes-
da, MD) to compare the mouse mRGSr cDNA sequence against DNA
sequence data bases revealed a human homologue, A28-RGS14p (the
GenBank accession number U70426), which is 85% identical to mRGSr.
DNA prepared from the amplified human retinal cDNA lgt10 library
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(kindly provided by J. Nathans, Johns Hopkins University) was used as
a template for the polymerase chain reaction amplification with prim-
ers that were synthesized based on the A28-RGS14p sequence. The
polymerase chain reaction was performed in 30 ml of reaction mixture
containing 100 ng of the template DNA and 0.5 mM of the following
primers: ATACTCTAGACATGTGCCGCACCCTGGC (59) and ATGC-
CTCGAGACTCAGGTGTGTGAGG (39). The polymerase chain reaction
product (620 bp) was digested with XbaI and XhoI (the restriction sites
are underlined) and subcloned into the pGEX-KG vector (21) for GST-
hRGSr fusion protein expression. The DNA sequence was verified by
automated DNA sequencing at the University of Iowa DNA Core Facil-
ity using the 39-pGEX sequencing primer (Pharmacia) and the 59-
primer shown above. The subcloned sequence was different from A28-
RGS14p at two nucleotide positions of the open reading frame (C125 3
T and A160 3 G), leading to substitutions of amino acid residues Ser42

3 Phe and Asn54 3 Asp. Typically, expression host E. coli DH5a cells
were grown on 2 3 TY medium and induced at OD600 5 0.5 by addition
of isopropyl-1-thio-b-D-galactopyranoside (0.4 mM final concentration).
After a 4-h induction at 37 °C, cells were harvested and sonicated in 20
mM Tris-HCl (pH 8.0) buffer containing 100 mM NaCl, 2 mM MgCl2, 6
mM b-mercaptoethanol, and 5% glycerol (buffer A). The supernatant
(100,000 3 g, 1 h) was loaded on a glutathione-agarose column. GST-
hRGSr was eluted from the column using 50 mM Tris-HCl buffer (pH
8.0) containing 10 mM glutathione. GST-hRGSr was then passed
through a PD-10 column (Pharmacia) to separate glutathione and di-
gested with thrombin (0.25 NIH units/mg) for 90 min at room temper-
ature. hRGSr was reapplied on a glutathione-agarose column to remove
GST.

Binding of Transducin to GST-hRGSr-agarose—GtaGDP or
GtaGTPgS (6 mM final concentration) were mixed with glutathione-
agarose retaining ;10 mg of hRGSr in 40 ml of 20 mM HEPES buffer (pH
7.6), 100 mM NaCl, and 2 mM MgCl2 (buffer B). Where indicated, the
buffer contained 30 mM AlCl3, 10 mM sodium fluoride, and 10–30 mM Pg.
After incubation for 20 min at room temperature, the agarose beads
were spun down, washed with 1 ml of buffer B, and the bound proteins
were eluted with a sample buffer for SDS-polyacrylamide gel
electrophoresis.

Fluorescence Assays—Fluorescence assays were performed on a
F-2000 Fluorescence Spectrophotometer (Hitachi) in 1 ml of buffer B
essentially as described in Ref. 6. Where indicated, the buffer contained
30 mM AlCl3 and 10 mM sodium fluoride. Typically, hRGSr was added to
PgBC prior to addition of transducin. The assays were carried out at
equilibrium which was reached in less than 3 s after mixing of the
components except when GtaGDP and AlF4

2 were used. In the latter
experiments the equilibrium due to GtaGDP activation by AlF4

2 was
reached in less than 15 s. Fluorescence of PgBC was monitored with
excitation at 445 nm and emission at 495 nm. Concentration of PgBC
was determined using e445 5 53,000.

Analytical Methods—Single turnover GTPase activity measure-
ments were carried out essentially as described in Ref. 22. The reaction
was initiated by mixing bleached ROS membranes with 200 nM

[g-32P]GTP (;5 3 104 dpm/pmol) in a total volume of 20 ml. The reaction
was quenched by addition of 100 ml of 7% perchloric acid. Nucleotides
were then precipitated using charcoal, and 32Pi formation was meas-
ured by liquid scintillation counting. Concentrations of transducin in
different preparations of ROS membranes were determined using the
[35S]GTPgS binding assay. ROS membranes were incubated with 2 mM

GTPgS (105 dpm/pmol) for 10 min at room temperature in 20 ml of
buffer B, and the mixture was applied onto GF/B filters (Millipore). The
filters were washed with 3 ml of 40 mM Tris-HCl buffer (pH 8.0)
containing 100 mM NaCl and 4 mM MgCl2 and counted in a liquid
scintillation counter. To determine if hRGSr or Pg may affect the
nucleotide binding to Gtabg, 200 nM [35S]GTPgS was added to uROS
membranes (5 mM rhodopsin) reconstituted with 0.4 mM Gtabg and 1 mM

hRGSr (and/or 1 mM Pg) in 20 ml of buffer B. The mixture was imme-
diately (,2 s) diluted into 3 ml of cold 40 mM Tris-HCl buffer (pH 8.0)
containing 100 mM NaCl, 4 mM MgCl2, and 2 mM GTPgS. The GTPgS
binding was then measured as described above. The PDE activity was
measured using the proton-evolution assay as described in Ref. 23.
Protein concentrations were determined by the method of Bradford (24)
using IgG as a standard or using calculated extinction coefficients at
280 nm. SDS-polyacrylamide gel electrophoresis was performed by the
method of Laemmli (25) in 12% acrylamide gels. Rhodopsin concentra-
tions were measured using the difference in absorbance at 500 nm
between “dark” and bleached ROS preparations. The Kd and IC50 values
were calculated as described in Ref. 26. The results are expressed as the
mean 6 S.E. of triplicate measurements.

RESULTS

Expression and Purification of hRGSr—The sequence encod-
ing for the human homologue of mouse retinal RGSr protein
was polymerase chain reaction amplified from the retinal
cDNA library, subcloned into the pGEX-KG vector, and ex-
pressed as a GST fusion protein as described under “Experi-
mental Procedures.” Eluate of GST-hRGSr from a column with
glutathione-agarose is shown in Fig. 1 (lane 2). GST-hRGSr
migrated on SDS gels with the expected mobility of a 52-kDa
protein. Appearance of an additional doublet at ;28–30 kDa,
which most likely contains GST polypeptide, is typical for the
GST fusion expression system (27). hRGSr, purified after cleav-
age of the fusion protein GST-hRGSr with thrombin, migrated
as a 25-kDa protein (Fig. 1, lane 3). The yield of hRGSr was
;6 mg/liter of culture.

Binding of GST-hRGSr to GtaGDPAlF4
2, GtaGTPgS, and

GtaGDP—A number of RGS proteins (RGS1, RGS4, and mouse
RGSr) have been shown to interact preferentially with a tran-
sitional GaGDPAlF4

2 conformation of Ga subunits (15, 28, 29).
We examined the ability of GST-hRGSr bound to glutathione-
agarose to co-precipitate Gta in different conformations. Fig. 2A
shows that GST-hRGSr precipitated stoichiometric amounts of
GtaGDPAlF4

2, while amounts of GtaGTPgS and GtaGDP that
co-precipitated with GST-hRGSr were significantly lower. In
control experiments, GtaGDPAlF4

2, GtaGTPgS, and GtaGDP
did not co-precipitate with glutathione-agarose that contained
no bound GST-hRGSr (not shown). The results suggest that the
affinity of hRGSr for the Gta conformations decreases in the
following order: GtaGDPAlF4

2 .. GtaGTPgS . GtaGDP.
Effects of Pg on the Interaction between hRGSr and

GtaGDPAlF4
2—To determine if Pg can compete with hRGSr for

the interaction with GtaGDPAlF4
2, we initially tested effects of

Pg on GtaGDPAlF4
2 binding to GST-hRGSr. Even at high con-

centrations (up to 30 mM) Pg did not affect binding of
GtaGDPAlF4

2 to GST-hRGSr immobilized on glutathione-aga-
rose (Fig. 2B). We next investigated effects of hRGSr on the
interaction between Pg and GtaGDPAlF4

2 or GtaGTPgS using a
fluorescence assay. Addition of GtaGDPAlF4

2 to a fluorescently
labeled Pg, PgBC, produced an approximately 7.5-fold maximal
increase in the BC fluorescence (Fig. 3A), while GtaGTPgS
enhanced the fluorescence of PgBC by more than 6-fold (not
shown). The Kd values for the GtaGDPAlF4

2 and GtaGTPgS
binding to PgBC were 2.8 6 0.1 and 2.1 6 0.1 nM, respectively.
The affinity of GtaGDPAlF4

2 binding to PgBC was somewhat
higher in the presence of 100 nM hRGSr (Kd 1.2 6 0.1 nM),
suggesting that hRGSr and Pg bind to GtaGDPAlF4

2 noncom-
petitively (Fig. 3A). Addition of hRGSr had no effect on the
fluorescence of PgBC alone (not shown), but resulted in a
dose-dependent decrease in the fluorescence enhancement of
PgBC caused by the latter binding to GtaGDPAlF4

2 (Fig. 3B).
The fluorescence was decreased maximally by ;40% with an

FIG. 1. Expression and purification of hRGSr. SDS-polyacryl-
amide gel (12%) stained with Coomassie Blue. Lane 1, soluble fraction
after sonication of the E. coli cells induced with isopropyl-1-thio-b-D-
galactopyranoside as described under “Experimental Procedures.” Lane
2, GST-hRGSr fusion protein. Lane 3, hRGSr purified after cleavage of
GST-hRGSr with thrombin.
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IC50 of ;35 nM. Since hRGSr and Pg interact with
GtaGDPAlF4

2 noncompetitively, this IC50 value may serve as
an estimate for the affinity of hRGSr interaction with
GtaGDPAlF4

2. In control experiments, hRGSr did not affect the
fluorescence of the GtaGTPgSzPgBC complex (not shown).

Effects of hRGSr on Transducin’s GTPase Activity—Single
turnover measurements of GTPase activity were carried out as
described under “Experimental Procedures.” Under these con-
ditions ([GTP] , [Gt]) the GTPase reaction can be analyzed
using an exponential function: % GTP hydrolyzed 5 100(1-e-kt),
where k is a rate constant for GTP hydrolysis. First, transducin
GTPase activity was measured in the reconstituted system
with uROS membranes. According to previous reports, uROS
membranes lack the GAP activity of a membrane factor, and
the Pg subunit did not affect the GTPase activity of transducin
when uROS membranes were used (14). The calculated rate of
GTP hydrolysis by transducin (0.4 mM) reconstituted with
uROS containing 5 mM rhodopsin was 0.022 6 0.001 s21 (Fig.
4A). Addition of 1 mM hRGSr resulted in acceleration of the
GTPase activity by more than 10-fold (k 5 0.23 6 0.01 s21). The
basal GTPase activity of transducin was not significantly al-
tered in the presence of 1 mM Pg (k 5 0.019 6 0.003 s21).
However, Pg substantially reduced the accelerated GTPase
activity of the GtazhRGSr complex (k 5 0.085 6 0.005 s21). In
control experiments, hRGSr, Pg, or the two proteins combined
had no notable effect on the binding of [35S]GTPgS to transdu-
cin under similar conditions (not shown). The reaction was
complete in less than 2 s.

The basal GTPase activity of transducin in the suspension of
untreated native ROS membranes containing 5 mM rhodopsin
and 0.41 mM transducin was higher (k 5 0.052 6 0.002 s21)
than in the reconstituted system with uROS (Fig. 4B). How-
ever, the elevation of transducin GTPase activity by hRGSr
was only ;3.3-fold (k 5 0.17 6 0.01 s21). Perhaps, the presence
of PDE containing the Pg subunit in native ROS preparations
prevented a larger enhancement of the GTPase activity by
hRGSr as seen using uROS. To test this idea we have prepared
hypotonically washed dROS membranes depleted of PDE. The
GTPase activity in suspensions of dROS containing 5 mM rho-
dopsin and 0.38 mM transducin (k 5 0.031 6 0.001 s21) was
accelerated by ;7.5-fold (k 5 0.23 6 0.02 s21) with addition of
hRGSr (Fig. 4C). The Pg subunit increased transducin’s
GTPase activity by more than 2-fold to a rate of 0.075 6 0.003
s21. Effects of hRGSr and Pg on transducin were not additive.
Moreover, the GTPase activity of transducin was lower in the

presence of both hRGSr and Pg (k 5 0.18 6 0.01 s21) than in
the presence of hRGSr alone. Interestingly, hRGSr enhanced
the GTPase rates in suspensions of untreated ROS to levels
similar to those in suspensions of dROS membranes reconsti-
tuted with Pg.

The GTPase activity of transducin has been shown to elevate
with increasing concentrations of ROS membranes presumably
due to the action of a putative membrane GAP factor (11–14).
At low concentrations of ROS membranes the GtaGTPzPg com-
plex dissociates from Pab and is mainly soluble (30, 31). In-
creasing the membrane concentration shifts the equilibrium
toward the membrane bound complex (GtaGTP)2Pabg2 (32–34)
allowing the interaction of GtaGTP with a putative GAP factor.
The calculated rate for the GTP hydrolysis in the suspension of
native ROS membranes containing 30 mM rhodopsin was ;3-
fold higher (k 5 0.16 6 0.02 s21) than that seen using 5 mM

rhodopsin (Fig. 4D). hRGSr was at least as effective at higher
concentrations of ROS membranes as it was in diluted ROS
suspensions. We estimate that the rate of GTP hydrolysis in

FIG. 2. Binding of GST-hRGSr to Gta. SDS-polyacrylamide gel
(12%) stained with Coomassie Blue. A, binding of GtaGDP,
GtaGDPAlF4

2, and GtaGTPgS to GST-hRGSr immobilized on glutathi-
one agarose was carried out as described under “Experimental Proce-
dures.” Lanes: 1, GtaGDP; 2 and 3, GtaGDP and GtaGDPAlF4

2 bound to
GST-hRGSr, respectively; 4, GtaGTPgS; 5, GtaGTPgS bound to GST-
hRGSr. B, effects of Pg on binding of GtaGDPAlF4

2 to GST-hRGSr.
Lanes: 1, GtaGDP; 2, GtaGDPAlF4

2 bound to GST-hRGSr; 3 and 4,
GtaGDPAlF4

2 bound to GST-hRGSr in the presence of 10 and 30 mM Pg,
respectively.

FIG. 3. Effects of hRGSr on the interaction between
GtaGDPAlF4

2 and PgBC. A, the relative increase in fluorescence (F/Fo)
of PgBC (5 nM) alone (squares) or in the presence of 50 (triangles) and
100 nM (circles) hGGSr was determined after addition of increasing
concentrations of GtaGDP and is plotted as a function of the free
GtaGDPAlF4

2 concentration. The assay buffer contained 30 mM AlCl3
and 10 mM sodium fluoride. The binding curve characteristics are:
squares, Kd 5 2.8 6 0.1 nM, maximum F/Fo 5 7.5 6 0.2, r 5 0.99;
triangles, Kd 5 1.6 6 0.1 nM, maximum F/Fo 5 5.2 6 0.2, r 5 0.98;
circles, Kd 5 1.2 6 0.1 nM, maximum F/Fo 5 3.9 6 0.1, r 5 0.98. B, the
relative increase in fluorescence (F/Fo) of PgBC (5 nM) in the presence
of increasing concentrations of hRGSr was determined after addition of
10 nM GtaGDP. The assay buffer contained 30 mM AlCl3 and 10 mM

sodium fluoride. The fluorescent change (F/Fo) is plotted as a function of
hRGSr concentration. The IC50 value of 35 nM is calculated from the
curve.
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ROS suspensions containing 30 mM rhodopsin in the presence of
1 mM hRGSr is .0.7 s21.

Acceleration of PDE Inactivation by hRGSr—We measured
PDE inactivation in suspensions of bleached native ROS mem-
branes using the proton evolution assay (23). The activation
and inactivation of PDE was monitored after addition of GTP
under single turnover conditions using a pH microelectrode.
The PDE activity was maximal in less than 1 s after addition of
GTP. Therefore, we were unable to resolve the activation
phase. As shown earlier, the rate of PDE inactivation can be
well approximated by fitting the inactivation phase with a
single exponential decay function (14). The PDE activity in the
assay is proportional to the concentration of active GtaGTP.
The change of pH due to hydrolysis of cGMP under single GTP
turnover conditions can be described using an exponential
function: pH 5 DpHmax(1-e-kt) or [cGMP]hydrolyzed 5
D[cGMP]max(1-e-kt). The PDE activity represents a derivative of
this function, and it decays with the inactivation constant k
from the equation above. In diluted suspensions of native ROS
(5 mM rhodopsin), PDE was inactivated with a rate of 0.096 s21.
In the presence of hRGSr, PDE inactivation was enhanced to a
rate of 0.31 s21 (Fig. 5A). The increase in kinact (.3-fold) cor-
related well with the decrease in maximal amounts of cGMP
hydrolyzed in the presence of hRGSr (Fig. 5A). Furthermore,
the acceleration of PDE inactivation caused by hRGSr was
proportional to the elevation of transducin GTPase activity. We
next tested effects of ROS membrane concentration on the
modulation of PDE inactivation by hRGSr. The PDE inactiva-

tion rate (0.26 s21) was significantly higher in suspensions of
ROS membranes containing 30 mM rhodopsin than in diluted
ROS suspensions (Fig. 5B). However, this enhanced rate was
not accompanied by an equivalent decrease in the maximal
amount of hydrolyzed cGMP because the initial PDE activity
after addition of GTP was higher. It has been shown previously
that PDE activation by transducin is more efficient at higher
concentrations of photoreceptor membranes (32–34). Addition
of 1 mM hRGSr to ROS membranes containing 30 mM rhodopsin
resulted in ;3-fold increase in the PDE inactivation rate. The
PDE inactivation rate was as high as 0.75 s21 and correlated
well with the GTPase rate (.0.7 s21) measured under the same
conditions. To determine if hGRSr can serve as an antagonist
for PDE and block the enzyme activation, we have measured
effects of hRGSr on GTPgS-induced PDE activity in suspen-
sions of ROS membranes containing 5 mM rhodopsin. The rates
of the GTPgS-induced cGMP hydrolysis were not significantly
affected by hRGSr. In the presence of relatively high concen-
trations of hRGSr (5 mM) PDE activity was suppressed by only
;15% (not shown).

DISCUSSION

Recent findings have established that members of a new
family of RGS proteins serve as GAPs for heterotrimeric G-
proteins and attenuate G-protein-mediated signal transduction
(28, 35, 36). Evidence suggests that RGS proteins accelerate
the rate of GTP hydrolysis by Ga subunits but do not affect
GDP/GTP exchange induced by activated G-protein-coupled

FIG. 4. The time course of GTP hydrolysis in suspensions of ROS membranes was determined as described under “Experimental
Procedures.” The reaction mixtures contained: A, uROS (5 mM rhodopsin) reconstituted with: squares, 0.4 mM Gtabg alone; circles, 0.4 mM Gtabg and
1 mM Pg; triangles, 0.4 mM Gtabg and 1 mM hRGSr; and diamonds, 0.4 mM Gtabg, 1 mM Pg, and 1 mM hRGSr; B, untreated ROS (5 mM rhodopsin)
containing 0.41 mM Gtabg alone (squares) or in the presence of 1 mM hRGSr (triangles). C, dROS membranes (5 mM rhodopsin) containing 0.38 mM

Gtabg alone (squares) or in the presence of: circles, 1 mM Pg; triangles, 1 mM hRGSr; diamonds, 1 mM Pg and 1 mM hRGSr. D, untreated ROS (30 mM

rhodopsin) containing 2.46 mM Gtabg alone (squares) or in the presence of 1 mM hRGSr (triangles).
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receptors (35). Precise mechanisms of RGS GAP activity are
not yet clear. It has been demonstrated that at least some RGS
proteins (RGS1, RGS4, GAIP, and mRGSr) interact preferen-
tially with the AlF4

2 bound conformation of Ga subunits and
thus may accelerate GTP hydrolysis through stabilization of
the transitional state of G-proteins (15, 28, 29). In several
signaling systems the GTPase activity of G-proteins is en-
hanced by their effector enzymes (11, 37). Regulation of the
visual G-protein appears to be even more complicated. The g
subunit of PDE in concert with an unidentified membrane
factor accelerate GTPase activity of transducin (11–14). The
mouse retinal specific RGS (mRGSr) protein has been recently
identified and preliminarily characterized. mRGSr was shown
to enhance GTPase activity under steady-state conditions (15).

We have investigated the regulation of transducin GTPase
activity by human RGSr and examined effects of Pg and pho-
toreceptor membrane concentration on the functional activity
of hRGSr. Our results support the data that retinal RGS binds
tightly to the transitional conformation of transducin,
GtaGDPAlF4

2 (15), and extend this observation by showing that
it also weakly interacts with GtaGTPgS and GtaGDP. Using a
fluorescence assay of interaction between PgBC and
GtaGDPAlF4

2, we demonstrated that Pg and hRGSr interact
with GtaGDPAlF4

2 noncompetitively. Furthermore, the affinity
of the Pg/GtaGDPAlF4

2 interaction was modestly enhanced in

the presence of hRGSr. This increase in affinity may reflect a
stabilization of the GtaGDPAlF4

2 conformation which interacts
with Pg with high affinity. Binding of hRGSr to GtaGDPAlF4

2

affected the Gta conformation resulting in a decrease of the
maximal fluorescence enhancement caused by GtaGDPAlF4

2

binding to PgBC. We used this effect to estimate the affinity of
the hRGSr/GtaGDPAlF4

2 interaction (;35 nM). Interestingly,
GtaGTPgS and GtaGDPAlF4

2 had similar high affinities for Pg

and significantly different affinities for hRGSr, supporting the
conclusion that GtaGDPAlF4

2 has distinct interfaces for inter-
action with Pg and hRGSr. Comparison of the crystal struc-
tures of GtaGTPgS and GtaGDPAlF4

2 shows limited conforma-
tional differences in the switch I and II regions of transducin
(38). This suggests that hRGSr interacts with the switch I
and/or switch II regions of GtaGDPAlF4

2. Indeed, a crystal
structure of RGS4 bound to Gia1AlF4

2, that has been published
during the review of this paper, shows that the RGS4-binding
site is formed by the three switch regions of Gia1 (39). The
switch III, a3/b5, and a4/b6 regions of transducin have been
earlier implicated in Gta interaction with Pg (5, 40–43). The Pg

and hRGSr-binding sites on Gta may possibly overlap, partic-
ularly, at the switch III region. Because the interactions be-
tween the switch III region and RGS protein are not extensive
(39), such potential overlap would not cause a significant effect
of hRGSr on apparent affinity of Pg binding to Gta.

Binding of RGS proteins to the switch regions of G-proteins
supports the idea that RGS proteins may serve as antagonists
for some effectors (39). RGS4 has been shown to block activa-
tion of phospholipase Cb by GqaGTPgS (44). In our experi-
ments, initial rates of cGMP hydrolysis in suspensions of ROS
membranes after addition of GTP were unaffected in the pres-
ence of hRGSr (Fig. 5). Likewise, hRGSr has little effect on
PDE activity in ROS membranes stimulated by GTPgS. It
appears that the main mode of RGS action in the transducin/
PDE signaling system is to accelerate G-protein and effector
inactivation rather than to block effector activation.

Measurements of GTPase activity under single turnover con-
ditions presented in this study demonstrate that hRGSr can
dramatically increase the kcat of GTP hydrolysis by transducin.
Effects of hRGSr on transducin’s GTPase activity were atten-
uated but not eliminated by Pg. Even in the presence of Pg,
hRGSr accelerated the GTPase activity by ;3-fold. Similar
inhibitory effects of Pg on stimulation of transducin GTPase
activity by mouse RGSr have just been reported (45). However,
our data indicate that Pg attenuates effects of RGSr allosteri-
cally rather than competitively as suggested by Wieland et al.
(45). In agreement with earlier observations, the rates of GTP
hydrolysis were significantly higher in more concentrated sus-
pensions of photoreceptor membranes (11–14). hRGSr was
equally potent as a GAP for transducin regardless of the mem-
brane concentration, indicating that: (a) a putative membrane
GAP factor for transducin represents a distinct non-RGS-like
protein, and (b) the membrane factor does not compete with
hRGS for binding to transducin. A newly discovered second
retina-specific RGS protein (RET-RGS1) is a membrane-bound
protein and therefore is a potential candidate for a putative
GAP factor (46). Our study indicates that RET-RGS1 and an
unidentified GAP factor are likely to be different proteins.

The PDE inactivation rates were increased by hRGSr pro-
portionally to the acceleration of the GTPase rates. The evi-
dence that transducin’s GTPase activity represents a major
mechanism for inactivation of PDE in the turnoff of visual
signals (11, 13, 47) has been disputed (48, 49). Our data support
the conclusion that transducin’s GTPase activity controls PDE
inactivation. The rates of GTP hydrolysis and PDE inactivation
(.0.7 s21) observed at relatively high concentrations of photo-

FIG. 5. Effects of hRGSr on the PDE inactivation rates. PDE
activity in suspensions of bleached ROS containing 5 mM (A) and 30 mM

(B) rhodopsin was measured in the absence (I) or in the presence of 1 mM

hRGSr (II) using the proton-evolution assay (23). The pH meter outputs
were recorded after addition of 150 nM GTP and fitted with an expo-
nential function [cGMP]hydrolyzed 5 D[cGMP]max(1-e-kt). Results of a
typical experiment are shown. Each curve fitted the data with an r
value better than 0.998. The calculated PDE inactivation rates are: A:
I, 0.096 6 0.03 s21; II, 0.31 6 0.02 s21; B: I, 0.26 6 0.02 s21; II, 0.75 6
0.05 s21.
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receptor membranes in the presence of RGS are adequate to
explain fast turnoff kinetics in the visual transduction cascade
in vivo.

REFERENCES

1. Chabre, M., and Deterre, P. (1989) Eur. J. Biochem. 179, 255–266
2. Yarfitz, S., and Hurley, J. B. (1994) J. Biol. Chem. 269, 14329–14332
3. Stryer, L. (1996) Proc. Natl. Acad. Sci. U. S. A. 93, 557–559
4. Otto-Bruc, A., Antonny, B., Vuong, T. M., Chardin, P., and Chabre, M. (1993)

Biochemistry 32, 8636–8645
5. Skiba, N. P., Bae, H., and Hamm, H. E. (1996) J. Biol. Chem. 271, 413–424
6. Artemyev, N. O. (1997) Biochemistry 36, 4188–4193
7. Fung, B. K.-K., Hurley, J. B., and Stryer, L. (1981) Proc. Natl. Acad. Sci.

U. S. A. 78, 152–156
8. Baehr, W., Morita, E. A., Swanson, R. J., and Applebury, M. L. (1982) J. Biol.

Chem. 257, 6452–6460
9. Sitaramayya, A., and Liebman, P. A. (1983) J. Biol. Chem. 258, 12106–12109

10. Hodgkin, A. L., and Nunn, B. J. (1988) J. Physiol. 403, 439–471
11. Arshavsky, V. Y., and Bownds, M. D. (1992) Nature 357, 416–417
12. Arshavsky, V. Y., Dumke, C. L., Zhu, Y., Artemyev, N. O., Skiba, N. P., Hamm

H. E., and Bownds, M. D. (1994) J. Biol. Chem. 269, 19882–19887
13. Angleson, J. K., and Wensel, T. G. (1993) Neuron 11, 939–949
14. Angleson, J. K., and Wensel, T. G. (1994) J. Biol. Chem. 269, 16290–16296
15. Chen, C. K., Wieland, T., and Simon, M. I. (1996) Proc. Natl. Acad. Sci. U. S. A.

93, 12885–12889
16. Papermaster, D. S., and Dreyer, W. J. (1974) Biochemistry 13, 2438–2444
17. Yamanaka, G., Eckstein, F., and Stryer, L. (1985) Biochemistry 24, 8094–8101
18. Stryer, L., Hurley, J. B., and Fung, B. K.-K. (1983) Methods Enzymol. 96,

617–627
19. Kleuss, C., Pallat, M., Brendel, S., Rosenthal, W., and Scultz, G. (1987) J.

Chromatogr. 407, 281–289
20. Yamazaki, A., Tatsumi, M., and Bitensky, M. W. (1988) Methods Enzymol.

159, 702–710
21. Guan, K., and Dixon, J. E. (1991) Anal. Biochem. 192, 262–267
22. Arshavsky, V. Y., Dumke, C. L., and Bownds, M. D. (1991) J. Biol. Chem. 267,

24501–24507
23. Liebman, P. A., and Evanczuk, A. T. (1982) Methods Enzymol. 81, 532–542
24. Bradford, M. M. (1976) Anal. Biochem. 72, 248–254
25. Laemmli, U. K. (1970) Nature 227, 680–685
26. Granovsky, A. E., Natochin, M., and Artemyev, N. O. (1997) J. Biol. Chem.

272, 11686–11689

27. Ausubel, F. M., Brent, R., Kingston, R. E., Moore, D. D., Seidman, J. G., Smith,
J. A., and Struhl, K. (1993) in Current Protocols in Molecular Biology
(Jansen, K., ed) Green Publishing Associates and John Wiley & Sons, Inc.,
New York

28. Watson, N., Linder, M. E., Druey, K. M., Kehrl, J. H., and Blumer, K. J. (1996)
Nature 383, 172–175

29. Berman, D. M., Kozasa, T., and Gilman, A. G. (1996) J. Biol. Chem. 271,
27209–27212

30. Deterre, P., Bigay, J., Robert, M., Pfister, C., Kuhn, H., and Chabre, M. (1986)
Proteins Struct. Funct. Genet. 1, 188–193

31. Fung, B. K-K., and Griswold-Prenner, I. (1989) Biochemistry 28, 3133–3137
32. Clerc, A., and Bennet, N. (1992) J. Biol. Chem. 267, 6620–6627
33. Catty, P., Pfister, C., Bruckert, F., and Deterre, P. (1992) J. Biol. Chem. 267,

19489–19493
34. Malinski, J. A., and Wensel, T. G (1992) Biochemisry 31, 9502–9512
35. Berman, D. M., Wilkie, T. M., and Gilman, A. G. (1996) Cell 86, 445–452
36. Hunt, T. W., Fields, T. A., Casey, P. J., and Peralta, E. G. (1996) Nature 383,

175–177
37. Berstein, G., Blank, J. L., Jhon, D. Y., Exton, J. H., Rhee, S. G., and Ross, E.

M. (1992) Cell 70, 411–418
38. Sondek, J., Lambright, D. G., Noel, J. P., Hamm, H. E., and Sigler, P. B. (1994)

Nature 372, 276–279
39. Tesmer, J. J. G., Berman, D. M., Gilman, A. G., and Sprang, S. R. (1997) Cell

89, 251–261
40. Noel, J. P., Hamm, H. E., and Sigler, P. B. (1993) Nature 366, 654–663
41. Artemyev, N. O., Mills, J. S., Thornburg, K. R., Knapp, D. R., Schey, K. L., and

Hamm, H. E. (1993) J. Biol. Chem. 268, 23611–23615
42. Cunnick, J., Twamley, C., Udovichenko, I., Gonzalez, K., and Takemoto, D. J.

(1994) Biochem. J. 297, 87–91
43. Liu, Y., Arshavsky, V. Y., and Ruoho, A. E. (1996) J. Biol. Chem. 271,

26900–26907
44. Hepler, J. R., Berman, D. M., Gilman, A. G., and Kozasa, T. (1997) Proc. Natl.

Acad. Sci. U. S. A. 94, 428–432
45. Wieland, T., Chen, C.-K., and Simon, M. I. (1997) J. Biol. Chem. 272,

8853–8856
46. Faurobert, E., and Hurley, J. B. (1997) Proc. Natl. Acad. Sci. U. S. A. 93,

2945–2950
47. Otto-Bruc, A., Antonny, B., and Vuong, T. M. (1994) Biochemistry 33,

15215–15222
48. Erickson, M. A., Robinson, P., and Lisman, J. (1992) Science 257, 1255–1258
49. Ting, T. D., and Ho, Y.-K. (1991) Biochemistry 30, 8996–90

Functional Characterization of Retinal RGS 17449

 by guest on N
ovem

ber 16, 2020
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


Michael Natochin, Alexey E. Granovsky and Nikolai O. Artemyev
Regulation of Transducin GTPase Activity by Human Retinal RGS

doi: 10.1074/jbc.272.28.17444
1997, 272:17444-17449.J. Biol. Chem. 

  
 http://www.jbc.org/content/272/28/17444Access the most updated version of this article at 

 Alerts: 

  
 When a correction for this article is posted•  

 When this article is cited•  

 to choose from all of JBC's e-mail alertsClick here

  
 http://www.jbc.org/content/272/28/17444.full.html#ref-list-1

This article cites 48 references, 20 of which can be accessed free at

 by guest on N
ovem

ber 16, 2020
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/content/272/28/17444
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;272/28/17444&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/272/28/17444
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=272/28/17444&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/272/28/17444
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/272/28/17444.full.html#ref-list-1
http://www.jbc.org/

