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RGS9, a GTPase Accelerator for Phototransduction

changes in internal Ca21) and GTPase-mediated G pro-Wei He,*§ Christopher W. Cowan,*†§

tein/effector inactivation. The contribution each makesand Theodore G. Wensel*†‡

to inactivation kinetics is unclear, but a “dominant time*Verna and Marrs McLean Department
constant” has been described for recovery from flash-of Biochemistry
stimulated activation (Pepperberg et al., 1992; Lyubar-†Graduate Program in Cell and Molecular Biology
sky et al., 1996), and it has recently been proposed thatBaylor College of Medicine
this rate-limiting step for the shut off of phototransduc-Houston, Texas 77030
tion is G protein deactivation via GTP hydrolysis (Sagoo
and Lagnado, 1997).

The problem of the molecularmechanism for terminat-Summary
ing G protein activation has been particularly perplexing.
The intrinsic GTPase activity of Gat hydrolyzes boundThe rod outer segment phototransduction GAP (GTPase-
GTP and returns the G protein to the inactive state onaccelerating protein) has been identified as RGS9, a
a time scale of tens of seconds (Angleson and Wensel,member of the RGS family of Ga GAPs. RGS9 mRNA
1993) and is thus too slow to account for observedexpression is specific for photoreceptor cells, and
phototransduction inactivation kinetics. It was proposedRGS9 protein colocalizes with other phototransduc-
a decade ago that the resolution of this discrepancy liestion components to photoreceptor outer segment
in the action of one or more accessory factors that actmembranes. The RGS domain of RGS9 accelerates
on Gat toaccelerate GTP hydrolysis, and, indeed, photo-GTP hydrolysis by the visual Gprotein transducin (Gat),
transduction was the first G protein cascade in whichand this acceleration is enhanced by the g subunit of
the action of a GTPase-accelerating protein (GAP) wasthe phototransduction effector cGMP phosphodies-
demonstrated (Dratz et al., 1987; Arshavsky et al., 1989).terase (PDEg). These unique properties of RGS9 match
However, the identification of the protein or proteinsthose of the rod outer segment GAP and implicate
responsible has remained an elusive goal (Arshavskyit as a key element in the recovery phase of visual
and Bownds, 1992; Angleson and Wensel, 1993, 1994;transduction.
Antonny et al., 1993; Yamazaki et al., 1993; Pages et al.,
1993; Otto-Bruc et al., 1994; Chen et al., 1996; FaurobertIntroduction
and Hurley, 1997; Nekrasova et al., 1997).

Despite initial reports that Gat did not require an addi-A challenging problem in phototransduction has been
tional protein for subsecond GTP hydrolysis (Vuong andto understand the molecular basis for the temporal reso-
Chabre, 1990, 1991) or that the PDEg subunit was thelution of vision. Psychophysical and electrophysiologi-
GAP for Gat (Arshavsky and Bownds, 1992), there is nowcal experiments have revealed that the sequence of light
considerable evidence that a Gat GAP distinct from PDEactivation and recovery can occur in less than 1 s in
subunits is present in rod outer segment (ROS) mem-mammalian rods and is even faster in cones (Hecht and
branes (Angleson and Wensel, 1993, 1994; Antonny etVerrijp, 1933; Baylor et al., 1984; Kraft, 1988; Schnapf
al., 1993; Otto-Bruc et al., 1994). Moreover, it is well-et al., 1990). The molecular properties of the identified
established that PDEg forms a tight complex with Gatmediators of the phototransduction cascade are well-
without accelerating GTP hydrolysis (Angleson andsuited to achieving activation on this time scale. Upon
Wensel, 1993, 1994; Antonny et al., 1993; Pages et al.,light activation, thephoton receptor rhodopsincatalyzes
1993; Yamazaki et al., 1993; Arshavsky et al., 1994; Otto-rapid release of GDP and uptake of GTP by the G protein
Bruc et al., 1994; Nekrasova et al.,1997) butcan enhancetransducin (Gt), leading, on a millisecond time scale, to
GTP hydrolysis in the presence of an ROS membraneactivation of transducin’s effector, cGMP phosphodies-
protein (Angleson and Wensel, 1994; Arshavsky et al.,terase (PDE). PDE rapidly reduces cytoplasmic [cGMP],
1994; Nekrasova et al., 1997).causing closure of cation channels cooperatively gated

Identification of members of the RGS protein familyby cGMP. A model capable of remarkably accurate pre-
(De Vries et al., 1995; Druey et al., 1996; Koelle anddiction of the activation phase of the light response
Horvitz, 1996) as GAPs for Ga subunits (Berman et al.,can be calculated using only parameters derived from
1996; Watson et al., 1996) raised the possibility thatcareful measurements or reasonable estimates for this
the ROS GAP might be an RGS protein. So far, fewlimited set of molecules and from the well-supported
biochemical studies have been carried out on endoge-assumption of a constant rate of cGMP synthesis during
nous RGS proteins in their native environments. How-this early phase (Lamb and Pugh, 1992; Pugh and Lamb,
ever, cloned RGS cDNA has been used to express1993).
several mammalian RGS proteins or their RGS domainsIn contrast, the molecular basis for rapid termination
in Escherichia coli, allowing them to be assayed forof the light response is much less well-understood. Mul-
GAP activity toward purified G proteins. Although alltiple biochemical events appear to be involved, includ-
the expressed proteins have been soluble, those RGSing receptor inactivation and stimulation of cGMP syn-
proteins whose localization in cells has been studiedthesis (both processes are likely to be regulated by
have proven to be membrane-associated (De Vries et
al., 1996; Dohlman et al., 1996), as is the ROS GAP‡To whom correspondence should be addressed.

§These authors contributed equally to this work. (Angleson and Wensel, 1993, 1994). Interestingly, all
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RGS proteins studied to date act as fairly nonspecific
accelerators of GTP hydrolysis for all members of the
Gi subfamily of Ga proteins (Berman et al., 1996; Chen
et al., 1996; Hunt et al., 1996; Watson et al., 1996) and
also for Gaq (Hepler et al., 1997). Gat, a member of the
Gi subfamily, has been shown to serve as a substrate
for all RGS proteins tested so far, including RGS1,RGS4,
and GAIP (Watson et al., 1996), RGS16 (also referred to
as RGS-r; Chen et al., 1996), and RET-RGS1 (Faurobert
and Hurley, 1997). This lack of specificity has raised a
number of interesting questions about why so many
RGS proteins with such similar biochemical properties
exist and how specificity for various G protein pathways
might be achieved by superficially promiscuous mem-
bers of the RGS protein family. Another puzzle concern-
ing RGS interactions with Gat has been the observation
that in contrast to PDEg enhancement of the activity of
endogenous ROS GAP, the Gat-GAP activity of RGS4,
GAIP, RGS16, and A28-RGS14 is inhibited by PDEg (Na-
tochin et al., 1997; Nekrasova et al., 1997; Wieland et
al., 1997), leading to the suggestion that the PDEg-de-
pendent ROS GAP may not be an RGS protein (Nekra-
sova et al., 1997).

We report here the identification of the ROS GAP pro-
tein as RGS9. Localization and activity characteristics
of RGS9 are consistent with the highly concentrated,
specialized, and spatially restricted nature of the photo-
transduction cascade and its components, as well as
with all of the previously established biochemical prop-
erties of the ROS GAP, including enhancement by PDEg.
RGS9 is now a mammalian RGS protein identified with

Figure 1. Photoreceptor-Specific Expression of Bovine RGS9a specific signaling pathway, and its expression pattern
mRNA

and effector subunit recognition suggest general mech-
(A) Northern blot analysis of total RNA from (L to R): 10 mg retina,

anisms for achieving specificity in G protein regulation 3 mg retina, 10 mg brain, 6 mg heart, 10 mg lung, 10 mg kidney, 10
by RGS proteins. mg liver.

(B) Control blot using a human b-actin probe.
(C–F) Localization of RGS9 mRNA to photoreceptor cell layer of the

Results and Discussion retina. In situ hybridization of murine eye sections using mouse
RGS9 antisense (C and E) or sense (D and F) riboprobe, labeled

Identification of Retinal RGS cDNAs with digoxigenin (C and D) or 35S (E and F). GCL, ganglion cell
layer; INL, inner nuclear layer; ONL, outer nuclear layer (containsWe screened cDNA libraries for cDNA encoding RGS
cell bodies and nuclei of rod and cone photoreceptor cells); is,domains by degenerate PCR and identified cDNA en-
photoreceptor inner segment layer; os, photoreceptor outer seg-coding several different RGS domains: RGS9, RGS7,
ment layer.

RGS3, RGS4, RGS6, RGS16, and RGS11. These amplifi-
cation products were then used as probes to isolate
cDNA clones for bovine RGS9, RGS4, RGS16, and is much higher in retina than in other tissues, including
RGS7, as well as for murine RGS9, RGS7, RGS6, and the brain, the one other tissue where RGS9 RNA has
RGS11. RGS16 is the name we are tentatively assigning been detected (Koelle and Horvitz, 1996; C. W. C. et al.,
a bovine protein whose sequence is more than 80% unpublished data).
identical to murine and human proteins variously termed
RGS-r (Chen et al., 1996; Natochin et al., 1997), A28- Photoreceptor-Specific Expression of RGS9
RGS14 (Buckbinder et al., 1997), and RGS16 (Chen et Analysis by in situ hybridization localized retinal expres-
al., 1997). sion to the outer nuclear layer and inner segment layer,

indicating a high degree of specificity for photoreceptor
cells (Figures 1C–1F). This same pattern was observedRetina-Specific Expression of RGS9

When probes generated from these clones were used with three different probes, using either digoxigenin (Fig-
ure 1C) or 35S labeling (Figure 1E) for probe detection.to examine mRNA expression by Northern blotting and

in situ hybridization, only RGS9 probes revealed a strong With the digoxigenin-labeled probes, a highly concen-
trated signal in the myoid region of the rod inner seg-pattern of retinal and photoreceptor specificity (Figure

1). In Northern blots, RGS9 message was easily detect- ments was observed, consistent with results obtained
for rhodopsin and Gat. The labeling was sufficientlyable with 3 mg of total retinal RNA, while no signal could

be detected with 10 mg of RNA from other tissues (Figure dense to assure expression in rods but also to make it
difficult to determine whether cones were labeled. In1A). These results indicate that RGS9 mRNA expression
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Figure 2. Deduced Primary Structures of RGS Proteins

(A) Predicted amino acid sequence for bovine RGS9 (R9) and alignment with bovine RGS7 (R7) and C. elegans EGL-10 (E10). Highlighted
sequences are the RGS-N domain (hatched box) and RGS domain (filled box), and the unique RGS9 C-terminal tail (stippled box).
(B) Comparison of domain structures among representative mammalian RGS proteins.

addition to retinal expression, some RGS9 mRNA is also Within the RGS-N domain, there is an z80 residue se-
quence that meets the criteria for a proposed DEP do-found in rodent brain (Koelle and Horvitz, 1996), where

it displays a highly restricted striatal expression pattern main found within many signaling pathway proteins
(Ponting and Bork, 1996), although the functional sig-(Gold et al., 1997; C. W. C., unpublished data).
nificance of this domain is currently unknown. A unique
feature of RGS9 among known RGS proteins is a 52

RGS9 Primary Structure Defines an RGS Subfamily amino acid C-terminal tail.
The sequence of the bovine RGS9 open reading frame
predicted a 484 amino acid protein (Figure 2A) of 56.7
kDa calculated molecular mass. The predicted mouse Localization of RGS9 Protein to Rod

Outer Segmentsprotein is 91.5% identical. Bovine (Figure 2A) and mouse
RGS7 clones predict 469 amino acid proteins, 99% iden- We generated polyclonal antibodies that recognized re-

combinant RGS9 and used them to determine whethertical to one another and to a partial human sequence
(Koelle and Horvitz, 1996). RGS9 and RGS7 share con- RGS9 protein is present in photoreceptor outer seg-

ments. Western blots with anti-RGS9 immune serum butsiderable sequence identity outside the RGS domain,
especially over a domain of z190 amino acids near the not preimmune serum revealedan immunoreactiveband

of the same electrophoretic mobility as full-length re-N terminus, where identity (42%) is nearly as high as in
the RGS domain (49%). This conserved RGS-N domain combinant His-RGS9 in purified ROS preparations, with

no other immunoreactive bands detected (Figure 3A).is shared by EGL-10, the Caenorhabditis elegans syn-
apse-specific RGS protein (Koelle and Horvitz, 1996), To verify that the immunoreactive band in ROS was

RGS9, we performed partial V8 protease digestion map-and by partial sequences from RGS6 and RGS11 (W. H.,
unpublished data). Comparison of RGS domain se- ping. Digestion patterns for recombinant full-length His-

RGS9 and the immunoreactive band in ROS were identi-quences also suggests that RGS9, RGS7, RGS6, RGS11,
and EGL-10 belong to a subfamily of RGS proteins. cal (Figure 3B), verifying the presence of RGS9 in ROS.
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The similarity in primary structure of RGS9 and other
subfamily members (RGS6, RGS7, RGS11) raises the
possibility of confusion of these with RGS9 in immu-
noblots. We tested our RGS9 antibodies for cross-reac-
tivity with recombinant RGS7 and found that more than
100-fold higher levels of RGS7 were needed to obtain
signals comparable to those obtained with RGS9. Immu-
noblots with RGS7-specific antibodies revealed that its
levels in ROS are undetectable (i.e., at least 100-fold
lower than RGS9 levels), thus ruling out detectable
cross-reactivity with RGS7 as a source of confusion in
Figure 3 (W. H., unpublished data). As the other subfam-
ily members (RGS6 and RGS11) show even less retinal
expression at the mRNA level than RGS7, and the other
retinal RGS proteins differ greatly in molecular weight
from RGS9, it is extremely unlikely that the immunoblot-
ting results shown in Figure 3 could represent cross-
reactivity with another retinal RGS protein.

To determine whether RGS9 is an endogenous ROS
protein or is simply a contaminant originating from inner
segments or other cells in the retina, we used the RGS9
antibodies to assay for RGS9 protein at all stages of a
sucrose density purification of ROS from bovine retinas.
We found that RGS9 protein copurified with rhodopsin
(Figure 3C), the major component of ROS, and was not
detectable in any samples enriched in non-ROS compo-
nents. Thus, RGS9 is predominantly a photoreceptor
outer segment protein.

We also used immunoblots to explore the solubility
of endogenous RGS9 in ROS. A buffer of moderate ionic

Figure 3. RGS9 Protein in Purified Bovine Rod Outer Segments strength (buffer A) did not remove a detectable amount
(A) Immunoblots of recombinant (lane 1) His-RGS9c used as immu- of RGS9 from ROS membranes; the membranes used
nizing antigen for rabbit antisera, (lanes 2–4) full-length His-RGS9, for the immunoblots in Figures 3A and 3B were washed
and (lanes 6–8) purified ROS. Amounts of recombinant protein

with this buffer. Low salt (buffer B), which removes sev-loaded were 3 ng (lane 2), 30 ng (lane 3), or 300 ng (lane 4), and
eral other peripheral proteins such as PDE and Gt fromamounts of rhodopsin loaded were 3.4 mg (lane 6), 10 mg (lane 7),
dark-adapted membranes, also did not remove a detect-or 34 mg (lane 8). Preimmune serum did not detect any of these

bands (data not shown). able amount of RGS9 from ROS membranes. As ob-
(B) Immunoblot following treatment with 50 ng V8 protease of His- served previously for the ROS GAP (J. K. Angleson and
RGS9 (left panel) or ROS immunoreactive band (right panel). C. W. C., unpublished data), the nonionic detergent octyl
(C) RGS9 colocalization with rhodopsin in ROS purification from

glucoside (OG) did solubilize RGS9. Approximately halfbovine retinas. ROS were purified from bovine retinas by a discontin-
of the RGS9 was solubilized at 30 mM OG, with maximaluous sucrose density gradient (Papermaster and Dreyer, 1974), and
solubilization at 40 mM (in buffer C). This is the samefractions were analyzed by change in rhodopsin absorbance at 500

nm after bleach (closed circles). Fractions were also analyzed by concentration at which maximal soluble GAP activity is
immunoblot using anti-RGS9c rabbit polyclonal serum (inset). observed in ROS.
(D) Immunoblots of endogenous RGS9 in three different prepara-
tions of purified ROS (a, b, c; 30 mg of rhodopsin loaded for each),
compared to recombinant His-RGS9 standards (L to R, in ng: 3.3,

GTPase Accelerating Activity of RGS910, 33, 100, 333). The average value for the mass ratio of RGS9:rho-
To test for the ability of RGS9 to accelerate transducindopsin, determined by densitometry and interpolation on the stan-
GTPase, we used purified recombinant RGS9. All formsdard curve, was 26.5 6 10 ng RGS9 per 30 mg of rhodopsin (molar

ratio 1:1640). of RGS9 expressed so far have been insoluble, appar-
ently sequestered within inclusion bodies in E. coli.
While full-length RGS9 was completely insoluble afterEstimates of the ratio of RGS9 to rhodopsin in three
purification and slow removal of denaturant (see Experi-separate ROS preparations were made by densitometric
mental Procedures), two forms (His-RGS9c, His-RGS9d)comparison of the immunoblot signals obtained with
retained sufficient solubility for their GAP activity to bevarying amounts of recombinant RGS9 to those ob-
tested, with His-RGS9d being the more soluble of thetained on the same blot from ROS containing an amount
two. Both accelerated GTP hydrolysis by Gat. Resultsof rhodopsin determined by spectrophotometry (Figure
with His-RGS9d, a recombinant fragment containing the3D). The results gave an estimate of 1 mole of RGS9
RGS core domain and an N-terminal His6 tag, are shownper 1640 (6 619) mole of rhodopsin, or about 1 molecule
in Figure 4 for a single-turnover GTPase assay (Anglesonof RGS9 for every 6.6 molecules of holo-PDE (PDEabgg)
and Wensel, 1993, 1994) that is sensitive to the hydroly-in ROS. Because of the tight membrane association of
sis of bound GTP rather than the kinetics of nucleotideRGS9 (see below), it seems unlikely that there is much

loss during ROS purification. exchange. In the absence of His-RGS9d, GTP hydrolysis
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that PDEg inhibits GAP activity of other nonphotore-
ceptor-specific RGS proteins (RGS4, GAIP, RGS16),
while PDEg enhances GAP activity of the endogenous
ROS GAP (Arshavsky and Bownds, 1992; Angleson and
Wensel, 1994). At PDEg concentrations in the range of
33–333 nM, significant enhancement of GTPase acceler-
ation was observed (Figure 4, inset), with a maximal
effect of about 3-fold (333 nM PDEg; kinact 5 0.24 s21).
By itself, i.e., without added RGS9, PDEg at concentra-
tions up to 3.3 mM did not significantly accelerate trans-
ducin GTPase, as reported previously (Angleson and
Wensel, 1993, 1994; Antonny et al., 1993). At higher His-
RGS9d concentrations (e.g., 2–3 mM) PDEg also en-
hanced GAP activity, but the fold activation was less

Figure 4. Transducin GTPase Acceleration by the RGS Domain of (1.3- to 1.5-fold), although it is unclear whether the maxi-
RGS9 (His-RGS9d) mum rate constant observed (kinact 5 1.04 s21) reflects
Data points (closed circles) represent mean percent GTP hydro- an inherent property of the proteincomplex or limitations
lysis 6 SEM (n 5 3), except for 0.33 mM His-RGS9d (n 5 1), at 5 s

of our assay. The GTPase accelerating interactions in-after addition of buffer or His-RGS9d in single-turnover GTPase
volving PDEg and RGS9 appear to occur rapidly; theassays. (Inset) Effect of PDEg (recombinant, His6-tagged) on GTPase
acceleration shown in Figure 4 was observed within 5 sacceleration by 1 mM His-RGS9d. Addition of up to 3.3 mM PDEg in

the absence of His-RGS9d did not significantly affect GTPhydrolysis after PDEg and His-RGS9d were added simultaneously.
by transducin. While PDEg enhancement of GTPase acceleration by

His-RGS9d is somewhat less than that observed for
the endogenous ROS GAP, the recombinant protein is

was slow (kinact 5 0.022 s21), whereas addition of His- missing more than half of the mass of RGS9, and it is
RGS9d resulted in dramatic acceleration of GTP hy- possible that restoration of the missing N- and C-termi-
drolysis by transducin. At 8 mM, His-RGS9d increased nal domains and reconstitution of proper membrane
the percent of GTP hydrolyzed in 5 s from the basal value association could increase the enhancement.
of 19.8% 6 2.1%, corresponding to a kinact of 0.022 s21, to This observation of enhancement is in sharp contrast
99.5% 6 1.8%, corresponding to a nominal kinact of 1.04 to the potent inhibition by PDEg of RGS16 (Natochin et
s21. Because the value of kinact, calculated as described in al., 1997; Wieland et al., 1997), GAIP, and RGS4 (Nekra-
Experimental Procedures, becomes much less accurate sova et al., 1997). Interestingly, only partial inhibition
when more than 90% of the GTP is hydrolyzed, these was observed with GAIP and RGS4 at saturating PDEg,
results allow us to estimate only a lower limit for the indicating that an RGS domain and PDEg can bind trans-
maximal GTPase acceleration by His-RGS9d: kinact 5 ducin simultaneously, as implied by the enhancement
0.71 s21, corresponding to the lower extreme of the error of GAP activity we observe and by direct binding studies
bar for the 8 mM point in Figure 4. However, it seems with RGS16 (Natochin et al., 1997).
likely that maximal GTPase acceleration is even greater
than that suggested by the kinact calculated for the aver-
age value of GTP hydrolyzed at 8 mM His-RGS9d; i.e., Other Retinal RGS Proteins

In addition to RGS9, several other RGS cDNAs havekinact . 1.04 s21, implying acceleration greater than 47-
fold. This result does not necessarily represent the maxi- been isolated from retinal cDNA libraries. These include

RGS4, RGS3, RGS7, RGS6, RGS11 (this work), RGS16mal GTPase acceleration attainable by RGS9, even at
238C, as determination of that value will require solubili- (this work; Chen et al., 1996; Natochin et al., 1997), and

RET-RGS1 (Faurobert and Hurley, 1997). We exploredzation and purification in active form of full-length re-
combinant or endogenous RGS9 as well as the use of the expression patterns of RGS4, RGS7, RGS6, RGS11,

and RGS16 (data not shown) and found none of themassays with greater temporal resolution. The relatively
high concentrations of His-RGS9d required for GTPase to be expressed in the retina at levels comparable to

those of RGS9. All were expressed in other tissues atacceleration raise the interesting possibility that Gt inac-
tivation may be limited by intracellular RGS9 concentra- higher levels than in the retina, except for RGS16. How-

ever, photoreceptor expression of RGS16 RNA was un-tions.
detectable using the same in situ hybridization condi-
tions as used for Figures 1C–1F, and when the NorthernEnhancement of RGS9 GAP Activity

by the Effector Subunit PDEg blot used for Figures 1A and 1B was probed for RGS16,
its RNA could be readily detected in the liver as well asAs explained above, kinact values become less accurate

using our standard GTPase assay when almost all of the retina. In other work, RGS16 was reported to be
specific for the liver and pituitary (Chen et al., 1997),the GTP is hydrolyzed before quenching, as occurs at

high His-RGS9d concentrations. Therefore, to see if and human A28-RGS14, which has been reported to be
the human ortholog of RGS16 (Natochin et al., 1997),PDEg could enhance GAP activity of RGS9, we tested

a concentration of His-RGS9d that gave intermediate shows a widespread pattern of expression in multiple
human tissues (Buckbinder et al., 1997). This expressionGTPase acceleration (1 mM; kinact 5 0.08 s21) for the effect

of adding PDEg. Previous studies (Natochin et al., 1997; pattern and the inhibitory effects of PDEg on RGS16
GAP activity render RGS16/RGS-r an unlikely candidateNekrasova et al., 1997; Wieland et al., 1997) have found
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for the ROS GAP. Likewise, RET-RGS1 (Faurobert and temperature is increased from 238C to 378C (Arshavsky
et al., 1987; Ting and Ho, 1991; Angleson and Wensel,Hurley, 1997) does not show the photoreceptor-specific

pattern of expression in the retina expected for a major 1993). Therefore, GTP hydrolysis in mammalian retina
is likely to be at least twice as fast as the maximum ratephototransduction component. No evidence has been

reported for the presence of any of these proteins other constant we have observed with His-RGS9d, corre-
sponding to a time constant of about 0.5 s or less.than RGS9 in ROS. It is likely that these multiple RGS

proteins expressed at low levels in the retina and else-
where play important roles in other G protein pathways RGS9 and GTPase Acceleration in Cones
whose components are less concentrated and special- While the properties of RGS9 match well those of the
ized than those of phototransduction; alternatively, if endogenous GAP of ROS, it or a closely related RGS
they are present in ROS, they may supplement the role protein is very likely to be present at high levels in cone
of RGS9. outer segments. Preliminary immunocytochemical re-

sults with mouse antisera raised against RGS9 reveal
that both rod and cone outer segments are stained, but

RGS9 as the ROS Transducin GAP the signal in cones is stronger (K. Palczewski, personal
Unlike any other RGS proteins examined so far, RGS9 communication). The response kinetics of cones are
displays all the hallmarks of an endogenous ROS GAP much faster than those of rods, and GTPase accelera-
for transducin: (1) its mRNA expression is the most spe- tion by RGS9 may be the answer to the long-standing
cific for the retina; (2) within the retina, the expression question of how physiological recovery on time scales
is restricted to photoreceptors, a pattern it shares with of tens of milliseconds (Hecht and Verrijp, 1933; Schnapf
other transduction components, such as transducin a et al., 1990) can be mediated by G proteins with hydroly-
and g subunits, PDE subunits, rhodopsin, and cone vi- sis kinetics on the order of tens of seconds.
sual pigments, and the cGMP-gated channel subunits;
(3) RGS9 protein is predominantly localized in outer seg- Experimental Procedures
ments, as are transducin and the other phototransduc-

Degenerate PCR, Screening of cDNA Libraries,tion components; (4) RGS9 is tightly membrane-asso-
and Northern Blot Analysisciated; (5) the RGS domain (His-RGS9d) accelerates
Degenerate primers 5E, 5R, 3T, and 3A (Koelle and Horvitz, 1996) astransducin GTPase .47-fold; (6) like the endogenous
well as 59 primers 5W01 (TGGI(A/T)(G/A/C)GCITG(C/T)GA(A/G)GA(T/

transducin GAP, RGS9’s GTPase-accelerating activity G/C)T(T/A)CAAG) and 5W02 (TGGI(A/T)(G/A/C)GCITG(C/T)GA(A/
is enhanced by PDEg, while other RGS proteins tested G)GA(T/G/C)CT(G/C)A AG) and a 39 primer 3W01 (AA(A/G)C(T/G)(A/
are inhibited by PDEg. While the physiological impor- G)(C/G)G(A/G)TAIGA(A/G)TC(C/A/G)(T/ C)T(C/T)T) were used to am-

plify by PCR cDNA encoding RGS domains from bovine and murinetance of PDEg enhancement of the ROS GAP activity
lZAPII retinal cDNA libraries and a Charon BS2 murine retina plusremains uncertain, it is clearly a distinguishing feature
pigment epithelium cDNA library. The four 59 and three 39 primersof the accelerated transducin GTPase activity found in
were used in all 12 possible combinations. Full-length cDNA clones

purified ROS (Arshavsky and Bownds, 1992; Angleson were isolated by plaque hybridization using the identified RGS do-
and Wensel, 1994). The achievement of highly specific main cDNAs as radiolabeled probes. Northern blots were generated
regulation of transducin by RGS9 througha combination from total RNA of various bovine tissues purified by standard gua-

nidinium isothiocyanate/CsCl precipitation protocol or Qiagenof highly restricted mRNA and protein localization and
RNeasy Midiprep kit. RNA was separated on a 1% agarose/formal-functional discrimination by the effector may represent
dehyde gel and transferred overnight to supported nitrocellulosea general paradigm for assignment of specific functions
membrane. Northern blots were hybridized with a 32P-labeled 275

to superficially promiscuous RGS proteins. nucleotide bovine RGS9 DNA probe. Hybridization was performed
At present, we cannot rule out the possibility that at 428C overnight, and high-stringency washes were performed in

other proteins supplement the role of RGS9 as a Gat 0.13 SSC/0.1% SDS at 658C. Control hybridizations were performed
with a 32P-labeled human b-actin probe (Clontech).GAP in ROS. While our antibodies do not significantly

inhibit GAP activity, it may be possible to prepare anti-
In Situ Hybridizationbodies that do inhibit or that can be used for immunode-
In situ hybridizations were performed on z7 mm thick wax-embed-pletion of RGS9 from solubilized ROS. Such experiments
ded sections of adult murine eyes (Novagen) with 35S-UTP-labeled

would allow an estimate of the fraction of ROS GAP riboprobes generated by in vitro transcription of an z920 bp mRGS9
activity due to RGS9. fragment, corresponding to amino acids 150–457 of mouse RGS9

Another unanswered question concerns the role of protein (sequence deposited in GenBank) subclonedinto pBS KS(2)
vector as an EcoRI/XhoI insert, using either T7 (antisense) or T3RGS9 in setting the dominant time constant of recovery.
(sense) RNA polymerase. Hybridization and wash conditions wereIn amphibians, this value has been established as ap-
performed as described (Albrecht et al., 1997). High-stringencyproximately 2 s over a wide range of light intensities
washes were performed at 668C. Alternatively, hybridization was

(Nikonov et al., 1998), so even within the limits of our carried out with digoxygenin-labeled probes as recommended by
current assays, it seems likely that RGS9-accelerated the reagent manufacturer (Boehringer Mannheim), with visualization
GTP hydrolysis would be kinetically competent to play by anti-digoxigenin alkaline phosphatase conjugate and NBT/BCIP.

The digoxigenin-labeled RGS9 probes were generated using a 698this role. Electroretinographic studies in mice suggest
bp 39-untranslated region, beginning at the stop codon, from theit is an order of magnitude faster (z0.2 s; Lyubarsky
RGS9 cDNA, subcloned into pCR-Script Amp SK(1).and Pugh, 1996), so it will be necessary to determine if

at physiological concentrations of RGS9, PDE subunits,
Expression and Purification of Recombinant Proteins

and Gat, it is possible to attain GTP hydrolysis on that Recombinant His-RGS9c (corresponding to amino acids 226–484),
time scale. It has been reported previously that the GTP His-RGS9 (corresponding to the full-length protein), and His-RGS9d

(corresponding to amino acids 291–418 of the RGS9 core domain)hydrolysis rate constant is approximately doubled when



RGS9, a GTPase Accelerator for Phototransduction
101

were expressed in bacteria using pET14b (Novagen), which incorpo- Acknowledgments
rates an N-terminal His6 tag. RGS9 recombinant proteins were ex-
pressed in BL21(DE3) pLysS cells by addition of 1 mM IPTG at a cell We thank Gregor Eichele and members of his laboratory for assis-

tance with the in situ hybridization experiments, Wolfgang Baehrdensity of A600 5 0.4–0.7 and growth for 3 hr at 378C. The recombinant
proteins were all solubilized from inclusion bodies and purified with and coworkers for cDNA libraries, Hong Wang, Brian Perkins, and

Chau Le for technical assistance, Krzysztof Palczewski for sharingNi21-NTA agarose (Qiagen) under denaturing conditions, using the
manufacturer’s recommended protocol, with final elution in a buffer data prior to publication, and the NIH (EY07981, DK07696) and Rob-

ert F. Welch Foundation for funding.containing 6 M guanidinium chloride and 0.2 M acetic acid. His-
RGS9d was renatured by overnight dialysis at 48C in buffer D. Insolu- Correspondence and requests for materials should be addressed

to T. G. W. (email: twensel@bcm.tmc.edu).ble RGS9d was removed by two rounds of centrifugation at 84,000 3

g and 48C for 30 min each. Full-length His-RGS9 was not soluble
upon removal of denaturant (urea or guanidinium chloride) under a Received October 6, 1997; revised November 14, 1997.
variety of conditions tried, including stepwise dialysis over several
days. His-RGS9c was slightly soluble, although much less so than References
His-RGS9d.

Recombinant PDEg was expressed with an N-terminal His6 tag Albrecht, U., Eichele, G., Helms, J.A., and Lu, H.-C. (1997). Visualiza-
tion of gene expressionpatterns by insitu hybridization. In Molecularusing pET14b (Novagen) and purified by Ni21-NTA agarose (Qiagen)

under denaturing conditions and reverse phase HPLC (Angleson and Cellular Methods in Developmental Toxicology, G.P. Daston,
ed. (Boca Raton, FL: CRC Press), pp. 23–48.and Wensel, 1994). His-PDEg gave essentially identical results to

those obtained with recombinant PDEg (Angleson and Wensel, 1994) Angleson, J.K., and Wensel, T.G. (1993). A GTPase-accelerating
for both enhancement of ROS GAP activity and inhibition of trypsin- factor for transducin, distinct from its effector cGMP phosphodies-
activated PDE. His-PDEg concentration was calculated from a func- terase, in rod outer segment membranes. Neuron 11, 939–949.
tional protein assay as described (Angleson and Wensel, 1993). Angleson, J.K., and Wensel, T.G. (1994). Enhancement of rod outer

segment GTPase accelerating protein activity by the inhibitory sub-
unit of cGMP phosphodiesterase. J. Biol. Chem. 269, 16290–16296.Antibodies and Immunoblot Analysis
Antonny, B., Otto-Bruc, A., Chabre, M., and Vuong, T.M. (1993). GTPRabbits were injected with purified His-RGS9c at Bethyl Labora-
hydrolysis by purified alpha-subunit of transducin and its complextories using a standard immunization protocol. Preimmune and
with the cyclic GMP phosphodiesterase inhibitor. Biochemistry 32,immune sera were tested for immunoreactivity to His-RGS9c by
8646–8653.Western blot analysis on nitrocellulose membranes by standard

techniques (Harlow and Lane, 1988). Blots were incubated overnight Arshavsky, V.Y., and Bownds, M.D. (1992). Regulation of deactiva-
with a 1/1000 dilution of His-RGS9c rabbit antiserum in 5% nonfat tion of photoreceptor G protein by its target enzyme and cGMP.
dry milk/TBS, followed by incubation for 45 min with 1/10,000 dilu- Nature 357, 416–417.
tion of anti-rabbit peroxidase antibodies (Amersham ECL kit). West- Arshavsky, V.Y., Antoch, M.P., and Philippov, P.P. (1987). On the
ern blots were developed using the ECL kit (Amersham) andexposed role of transducin GTPase in the quenching of a phosphodiesterase
to Kodak Biomax MR film. Partial V8 protease digestion of proteins cascade of vision. FEBS Lett. 224, 19–22.
excised from gel bands was carried out as described (Harlow and

Arshavsky, V.Y., Antoch, M.P., Lukjanov, K.A., and Philippov, P.P.
Lane, 1988).

(1989). Transducin GTPase provides for rapid quenching of the
cGMP cascade in rod outer segments. FEBS Lett. 250, 353–356.

Arshavsky, V.Y., Dumke, C.L., Zhu, Y., Artemyev, N.O., Skiba, N.P.,Buffers
Hamm, H.E., and Bownds, M.D. (1994). Regulation of transducinAll buffers used with proteins and ROS contained solid PMSF and
GTPase activity in bovine rod outer segments. J. Biol. Chem. 269,in addition: buffer A: 10 mM MOPS (pH 7.4), 30 mM NaCl, 60 mM
19882–19887.KCl, 2 mM MgCl2; buffer B: 5 mM Tris-HCl (pH 7.5), 3 mM EDTA, 1

mM DTT; buffer C (octyl glucoside buffer): 10 mM Tris-HCl (pH 7.4), Baylor, D.A., Nunn, B.J., and Schnapf, J.L. (1984). The photocurrent,
50 mM NaCl, 0, 20, 40, or 60 mM octyl glucoside; buffer D (GAP noise and spectral sensitivity of rods of the monkey Macaca fascicu-
assay buffer): 10 mM Tris-HCl (pH 7.4), 100 mM NaCl, 2 mM MgCl2, laris. J. Physiol. 357, 575–607.
0.02 mM AMP-PNP. Berman, D.M., Wilkie, T.M., and Gilman, A.G. (1996). GAIP and RGS4

are GTPase-activating proteins for the Gi subfamily of G protein
alpha subunits. Cell 86, 445–452.

Rod Outer Segment Purification
Buckbinder, L., Velasco-Miguel, S., Chen, Y., Xu, N., Talbott, R.,Rod outer segments were purified from frozen bovine retinas by a
Gelbert, L., Gao, J., Seizinger, B.R., Gutkind, J.S., and Kley, N. (1997).standard sucrose gradient technique (Papermaster and Dreyer,
The p53 tumor suppresor targets a novel regulator of G protein1974). Samples from every stage of the procedure were tested for
signaling. Proc. Natl. Acad. Sci. USA 94, 7868–7872.the presence of RGS9 immunoreactivity by immunoblotting and for
Chen, C.K., Wieland, T., and Simon, M.I. (1996). RGS-r, a retinalrhodopsin by visible absorbance.
specific RGS protein, binds an intermediate conformation of trans-
ducin and enhances recycling. Proc.Natl. Acad. Sci. USA 93, 12885–

Single-Turnover GTPase Assays 12889.
Single-turnover GTPase assays were carried out essentially as de- Chen, C., Zheng, B., Han, J., and Lin, S.C. (1997). Characterization
scribed (Angleson and Wensel, 1993, 1994). Four molar urea– of a novel mammalian RGS protein that binds to G alpha proteins
washed ROS membranes (devoid of endogenous GAP activity) were and inhibits pheromone signaling in yeast. J. Biol. Chem. 272, 8679–
reconstituted at final assay concentrations of 15 mM freshly illumi- 8685.
nated rhodopsin with 1 mM transducin in buffer D. All measurements

De Vries, L., Mousli, M., Wurmser, A., and Farquhar, M.G. (1995).were performed in a final assay volume of 100 ml at 238C with contin-
GAIP, a protein that specifically interacts with the trimeric G proteinuous mechanical stirring. The GTPase assay was initiated by the
G alpha i3, is a member of a protein family with a highly conservedaddition of 50 nM [g-32P]GTP (GTP ,, Gat), followed by addition
core domain. Proc. Natl. Acad. Sci. USA 92, 11916–11920.of buffer, GTPgS, or accelerating factors (His-RGS9d or His-PDEg,
De Vries, L., Zlenko, Z., Hubler, L., Jones, T.L.Z., and Farquhar, M.E.alone or together), at 5 s. The reaction was stopped at 10 s by
(1996). GAIP is membrane-anchored by palmitoylation and interactsaddition of 50 ml of 50% TCA, incubated with 5% activated charcoal,
with the activated (GTP-bound) form of Gai subunits. Proc. Natl.10% TCA, 5 mM NaH2PO4, and free 32Pi was determined by scintilla-
Acad. Sci. USA 93, 15203–15208.tion counting. The GTP hydrolysis rate constant was determined

according to: kinact 5 2(ln[percent GTP unhydrolyzed at 10 s/percent Dohlman, H.G., Song, J., Ma, D., Courchesne, W.Z., and Thorner,
J. (1996). SSt2, a negative regulator of pheromone signaling in theGTP unhydrolyzed at 5 s])/(5 s).



Neuron
102

yeast Saccharomyces cerevisiae: expression, localization and ge- the activation steps in phototransduction. Biochim. Biophys. Acta
1141, 111–149.netic interaction and physical association with Gpa1 (the G protein

a subunit). Mol. Cell. Biol. 16, 5194–5209. Sagoo, M.S., and Lagnado, L., (1997). G protein deactivation is rate-
limiting for shut-off of the phototransduction cascade. Nature 389,Dratz, E.A., Lewis, J.W., Schaechter, L.E., Parker, K.R., and Kliger,

D.S. (1987). Retinal rod GTPase turnover rate increases with concen- 392–395.
tration: a key to the control of visual excitation? Biochem. Biophys. Schnapf, J.L., Nunn, B.J., Meister, M., and Baylor, D.A. (1990). Visual
Res. Commun. 146, 379–386. transduction in cones of the monkey Macaca fascicularis. J. Physiol.

427, 681–713.Druey, K.M., Blumer, K.J., Kang, V.H., and Kehrl, J.H. (1996). Inhibi-
tion of G protein-mediated MAP kinase activation by a new mamma- Ting, T.D., and Ho, Y.-K. (1991). Molecular mechanism of GTP hydro-
lian gene family. Nature 379, 742–746. lysis by bovine transducin: pre-steady-state kinetic analysis. Bio-

chemistry 30, 8996–9007.Faurobert, E., and Hurley, J.B. (1997). The core domain of a new
retina specific RGS protein stimulates the GTPase activity of trans- Vuong, T.M., and Chabre, M. (1990). Subsecond deactivation of
ducin in vitro. Proc. Natl. Acad. Sci. USA 94, 2945–2950. transducin by endogenous GTP hydrolysis. Nature 335, 71–74.
Gold, S.J., Ni, Y.G., Dohlman, H.G., and Nestler, E.J. (1997). Regula- Vuong, T.M., and Chabre, M. (1991). Deactivation kinetics of the
tors of G protein signaling proteins: region-specific expression of transduction cascade of vision. Proc. Natl. Acad. Sci. USA 88, 9813–
nine subtypes in the brain. J. Neurosci. 17, 8024–8037. 9817.
Harlow, H., and Lane, D. (1988). Antibodies: A Laboratory Manual. Watson, N., Linder, M.E., Druey, K.M., Kehrl, J.H., and Blumer, K.J.
(New York: Cold Spring Harbor Laboratories). (1996). RGS family members: GTPase-activating proteins for hetero-

trimeric G protein alpha-subunits. Nature 383, 172–175.Hecht, S., and Verrijp, C.D. (1933). Intermittent stimulation by light
III. The relationship between intensity and critical fusion frequency Wieland, T., Chen, C.K., and Simon, M.I. (1997). The retinal specific
for different retinal locations. J. Gen. Physiol. 17, 251–268. protein RGS-r competes with the gamma subunit of cGMP phospho-
Hepler, J.R., Berman, A.G., Gilman, A.G., and Kazasa, T. (1997). diesterase for the alpha subunit of transducin and facilitates signal
RGS4 and GAIP are GTPase-activating proteins for Gqa and block termination. J. Biol. Chem. 272, 8853–8856.
activation of phospholipase Cb by g-thio-GTP-Gqa. Proc. Natl. Yamazaki, A., Yamazaki, M., Tsuboi, S., Kishigami, A., Umbarger,
Acad. Sci. USA 94, 428–432. K.O., Hutson, L.D., Madland,W.T., andHayashi, F. (1993). Regulation
Hunt, T.W., Fields, T.A., Casey, P.J., and Peralta, E.G. (1996). RGS10 of G protein function by an effector in GTP-dependent signal trans-
is a selective activator of G alpha i GTPase activity. Nature 383, duction. An inhibitory subunit of cGMP phosphodiesterase inhibits
175–177. GTP hydrolysis by transducin in vertebrate rod photoreceptors. J.

Biol. Chem. 268, 8899–8907.Koelle, M.R., and Horvitz, H.R. (1996). EGL-10 regulates G protein
signaling in the C. elegans nervous system and shares a conserved

GenBank Accession Numbersdomain with many mammalian proteins. Cell 84, 115–125.

Kraft, T.W. (1988). Photocurrents of cone photoreceptors of the
The sequences described in this paper have been depositedgolden-mantled ground squirrel. J. Physiol. 404, 199–213.
in GenBank under the accession numbers AF011357 (bRGS9),

Lamb, T.D., and Pugh, E.N., Jr. (1992). A quantitative account of the
AF011358 (mRGS9), AF011359 (bRGS7), AF011360 (mRGS7),

activation steps involved in phototransduction in amphibian photo-
AF011361 (bRGS16/-r).

receptors. J. Physiol. 449, 719–758.

Lyubarsky, A.L., and Pugh, E.N., Jr. (1996). Recovery phase of the
murine rod photoresponse reconstructed from electroretinographic
recordings. J. Neurosci. 16, 563–571.

Lyubarsky, A.L., Nikonov, S.S., and Pugh, E.N., Jr. (1996). The kinet-
ics of inactivation of the rod phototransduction cascade with con-
stant Ca21

i. J. Gen. Physiol. 107, 19–34.

Natochin, M., Granovsky, A.E., and Artemeyev, N.O. (1997). Regula-
tion of transducin GTPase activity by human retinal RGS. J. Biol.
Chem. 272, 17444–17449.

Nekrasova, E.R., Berman, D.M., Rustandi,R.R., Hamm, H.E., Gilman,
A.G., and Arshavsky, V.Y. (1997). Activation of transducin guanosine
triphosphatase by two proteins of the RGS family. Biochemistry 36,
7638–7643.

Nikonov, S., Engheta, N., and Pugh, E.N., Jr. (1998). The kinetics of
recovery of the dark-adapted salamander rod photoresponse. J.
Gen. Physiol. 111, 1–31.

Otto-Bruc, A., Antonny, B., and Vuong, T.M. (1994). Modulation of
the GTPase activity of transducin. Kinetic studies of reconstituted
systems. Biochemistry 33, 15215–15222.

Ponting, C.P., and Bork, P. (1996). Pleckstrin’s repeat performance:
a novel domain in G protein signaling? Trends Biochem. Sci. 21,
245–246.

Pages, F., Deterre, P., and Pfister, C. (1993). Enhancement by phos-
phodiesterase subunits of the rate of GTP hydrolysis by transducin
in bovine retinal rods. Essential role of the phosphodiesterase cata-
lytic core. J. Biol. Chem. 268, 26358–26364.

Papermaster, D.S., and Dreyer, W.J. (1974). Rhodopsin content in
the outer segment membranes of bovine and frog retinal rods. Bio-
chemistry 13, 2438–2444.

Pepperberg, D.R., Cornwall, M.C., Kahlert, M., Hofmann, K.P., Jin,
J., Jones, G.J., and Ripps, H. (1992). Light-dependent delay in the
falling phase of the retinal rod photoresponse.Vis. Neurosci. 8, 9–18.

Pugh, E.N., Jr., and Lamb, T.D. (1993). Amplification and kinetics of


