
A G Protein-Coupled Receptor Phosphatase ~hotorece~tor neurons. Unlike vertebrate 
opsin, most invertebrate photopigments are 

Reauired for Rhodo~sin Function not bleached after light activation but can 
be photoconverted Gtween the rhodopsin 

Javier Vinos, Kees Jalink, Robert W. Hardy, Steven G. Britt,* (R) form and a thermally stable, active 

Charles S. Zukert. metarhodopsin (M) form (20). The major 
rhodopsin in the fly retina, rhodopsin 1 
(Rhl), has R and M forms that absorb light 

Heterotrimeric guanine nucleotide-binding protein (G proteinboupled receptors are maximally at 480 nm (blue) and 580 nm 
phosphorylated by kinases that mediate agonist-dependent receptor deactivation. Al- (orange), respectively (21 ). Thus, blue or 
though many receptor kinases have been isolated, the corresponding phosphatases, orange light can be used to shift between 
necessary for restoring the ground state of the receptor, have not been identified. the active and inactive states of rhodopsin. 
Drosophila RDGC (retinal degeneration C) is a phosphatase required for rhodopsin As expected, in white-eyed control flies, 
dephosphorylation in vivo. Loss of RDGC caused severe defects in the termination of the Rhl was phosphorylated in a blue light- 
light response as well as extensive light-dependent retinal degeneration. These pheno- dependent manner, whereas subsequent ex- 
types resulted from the hyperphosphorylation of rhodopsin because expression of a posure to orange light promoted its dephos- 
truncated rhodopsin lacking the phosphorylation sites restored normal photoreceptor phorylation (Fig. 1, A, B, and C). In con- 
function. These results suggest the existence of a family of receptor phosphatases trast, Rhl was hyperphosphorylated in rdgC 
involved in the regulation of G protei~oupled signaling cascades. mutants, and it remained in this state even 

after exposure to orange light (Fig. 1B). 
This result is consistent with the loss of a 
major rhodopsin phosphatase activity in 

G protein<oupled receptors (GPCRs) ma1 functioning of this pathway (1 7). The rdgC mutant photoreceptor cells. No other 
mediate responses to a wide range of extra- rdgC (retinal degeneration C) gene encodes .proteins displayed altered light-dependent 
cellular stimuli. These receptors contain an unusual type of serine-threonine phos- phosphorylation profiles in rdgC flies (22). 
seven putative transmembrane domains and phatase, consisting of an NH,-terminal do- Because most GPCRs are phosphoryl- 
clustered serine and threonine residues in main that has high sequence similarity to ated by GRKs at a series of serine and 
the cytoplasmic COOH-terminus (I ). The the catalytic domain of protein phospha- threonine residues on the COOH-terminal 
p-adrenergic receptor (2) and the light re- tases 1, 2A, and 2B and a COOH-terminal tail of the receptor (23). we predicted that 
ceptor rhodopsin (3) are GPCRs that share domain containing multiple EF-hand calci- the lack of a GPCR phosphatase would lead 
common desensitization and inactivation um-binding motifs (18). On the basis of its to hyperphosphorylation of the COOH-ter- 
mechanisms. Ligand- or light-dependent primary structure, RDGC has been pro- minal region of rhodopsin. Thus, we gener- 
activation of these receptors results in the posed to be a calcium-regulated phospha- ated transgenic flies that express a truncat- 
activation of a GPCR kinase (GRK) that tase (1 8) and has been shown to be required ed rhodopsin molecule, Rh1 A356. This mu- 
phosphorylates several residues in the for efficient dephosphorylation of rhodop- tation eliminates the last 18 amino acid 
COOH-terminus of the receptor (4). Phos- sin in vitro (19). residues that include the serines and threo- 
phorylation results in a slight decrease in To determine whether RDGC functions nines in the Rhl cytoplasmic tail. This trun- 
receptor activity, but also causes the recep- in vivo as a rhodopsin phosphatase, we cated rhodopsin was expressed in a ninaE 
tor to become a high-affinity substrate for analyzed rdgC mutants biochemically, phys- mutant background such that the only 
arrestin (5-9). Arrestin binding terminates iologically, and genetically. We examined rhodopsin present in these photoreceptors 
the active state of the receptor by prevent- the lightdependent phosphorylation of was the one directed by the transgene (Fig. 
ing its coupling to G protein (5, 6, 10). rhodopsin in wild-type and rdgC mutant lB, bottom panel). The truncated receptor 
Although receptor dephosphorylation is es- 
sential for completing the signaling cycle 
(1 1,  12), the molecular identification of a Fig. 1. In vivo phosphoM- 
GPCR phosphatase has proven difficult ation of retinal proteins. (A) +$ ( 

(12). We have used Drosophih phototrans- Autoradiogram of SDS .446. z 
duction, a phospholipase C-mediated, cal- Pl~acVlamide gel elec- 
cium-regulated G protein<oupled pathway trophoresis (PAGE) of 
for a genetic dissection of GPCR function 32P04 in 'jVO labeled 

nal proteins from flies that and regulation (1 3). were exposed to blue light 
Several mutations that lead to lightde- (B) or orange light (0) for 

f pendent retinal degeneration have been 15 min (37). ~l~~ light pro- 
isolated in Drosophih (14-1 6). Most of mot& phosphorylation of w i v  rdgC = BO B BO 
these define genes important for photore- Rhl, whereas orange light 
ceptor cell signaling, suggesting that photo- promoted dephosphorylation (w, white-eyed control flies). (B) The experiment in (A) was repeated with 
receptor cell integrity depends on the nor- a 20-s pulse of light to quantitatively -mine the rdgC phenotype. Upper panel: Autoradiogram of 

SDS-PAGE of 32P04 in vivo labeled retinal proteins. B denotes flies exposed to 20 s of blue light; BO 
denotes flies exposed to 20 s of blue light followed by 20 s of orange light (37). ninaE represents a null 
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was expressed in near normal amounts, sponses by electroretinograrns (ERGs) and rate of control cells (time to 85% deactiva- 
and the cells displayed normal light re- intracellular recordings showed that rdgC tion tB5 = 1.78 s versus 0.17 s; Fig. 3C). If 
sponses (24). As predicted, rhodopsin was mutants exhibited a notable decrease in the the deactivation defect of rdgC is attribut- 
not hyperphosphorylated in the Rh1 A3.56; rate of deactivation relative to control flies able to the hyperphosphorylation of the 
rdgC flies (Fig. 1B). (Fig. 3, A and B). The deactivation rate of serine and threonine residues in the 

The finding that Rhl was hyperphospho- rdgC mutant cells was less than 10% the COOH-terminal tail of rhodopsin, then the 
rylated in rdgC mutants suggested that im- 
proper rhodopsin function may underlie the 
retinal degeneration phenotype. Some 
forms of lightdependent retinal degenera- 
tion in Drosophila are the result of uncon- 
trolled signaling and thus are suppressed by 
second-site mutations that prevent signal- 
ing. For instance, light-dependent retinal 
degeneration induced by a mutation in ar- 
restin (Aw2) is suppressed by a null muta- 
tion in the effector phospholipase C (en- 
coded by *A) (16). Like arrestin mu- 
tants, the rdgC degeneration is completely 
light-dependent (Fig. 2, A and B) because 
mutant flies that are mown in the dark have - 
morphologically normal photoreceptor cells 
(1 5). However, this degeneration is not pre- 
vented by norpA, whereas it is suppressed by 
loss-of-function mutations in rhodopsin 
(25) or mutations that reduce rhodopsin 
amounts (26). Thus, rdgC acts at or down- 
stream of rhodopsin, but upstream of *A. 

Two lines of evidence demonstrate that 
hyperphosphorylated rhodopsin is the 
cause of the light-dependent retinal de- 
generation. We genetically mapped the 
site of action of RDGC by generating 
double mutants between rdgC and other 
components of the phototransduction cas- 
cade. In Drosophih, photoconversion of 
rhodopsin activates a Gaq, encoded by 
the Dgq gene, which in turn stimulates a 
phospholipase C. A mutation in Dgq (27) 
does not protect rdgC flies from retinal 
degeneration, because Dgq; rdgC double 
mutants still degenerate (Fig. 2, C and D). 
This indicates that degeneration does not 
require the activation of components im- 
mediately downstream of rhodopsin. We 
also examined the effect of the Rh1 A356 
transgene on light-induced, rdgC-depen- 
dent retinal degeneration. Rhl A356 by it- 
self does not affect retinal morphology 
(Fig. 2E). However, if the COOH-termi- 
nal hyperphosphorylation of Rhl is direct- 
ly responsible for retinal degeneration in 
rdgC, then elimination of the phosphoryl- 
ation target sites in Rh1 A356; rdgC double 
mutants should prevent the degeneration. 
Indeed, Rh1 A356 acts as a strong suppres- 
sor of rdgC degeneration (Fig. 2F). 

In wild-type photoreceptor cells, termi- 
nation of the light response results from the 
concerted action of regulatory events at 
multiple steps (3, 11 , 17,28). Because rdgC 
mutants accumulate phosphorylated rho- 
dopsin, we expected alterations in the ki- 
netics of photoreceptor cell inactivation. 
Examination of photoreceptor light re- 

Fig. 2 Rh1A356 sup- 
presses nlgC light-de- 
pendent retinal degener- 
ation. Shown are cross 
sections (1 pm thick) 
through adult retinas af- 
ter 6 days of light expo- 
sure (38). (A) Control f l i  
showing normal retinal 
morphology, with om- 
matidial clusters orga- 
nized as a patterned ar- 
ray. (6) Retinas from 
rdgC flies show marked 
degeneration. (C) Dgq 
mutants that lack the a 
subunit of the G protein 
that couples rhodopsin 
to PLC do not show 
light-dependent degen- 
eration. (D) Dgq is unL 
able to suppress the de- 
generation of the Dgq; 
rdgC double mutants. 
(E) Rh1 A356 transgenic 
flies display normal reti- 
nal morphology. (F) 
Rh 1 A356 drastically 
suppresses nlgC de- 
generation in RhlA356; 
rdgC double mutants. If 
kept in the dark, all geno- 
types display normal ret- 
inal morphology (39). Scale bar, 40 pm. 

Fig. 3. rdgC mutants have defec- A 
tive deactivation kinetics. (A) ERGs 
of w, rdgC, RhlA356, and 
RhlA356; rdgC mutant flies (40). 
Photoreceptors were given a 0.5-s 
pulse of orange light. rdgC mutants 
display strong defects in the deac- f-------) 

tivation kinetics (arrow), and this 8 1 / 
phenotype is suppressed by the 
Rh 1 A356 truncation. Traces from 
15 independent measurements - 
were averaged. (6) lntracellular re- 
cordings of light-activated respons- 
es from control and rdgC photore- 5 
ceptors. This recording configura- 
tion demonstrates the photorecep- 
tor specificity of the phenotype; 
note the strong deactivation pheno- 
type (arrow). For control flies, t ,  = 
34 2 2 ms; for rdgC flies, t ,  = 
136 + 22 ms (n = 26). Data are % 

means 2 SEM. (C) Histogram of the 5 
deactivation time for the dierent 
ERG phenotypes. For control flies, 
t ,  = 0.1 7 2 0.03 s; for rdgC flies, 
t ,  = 1.8 2 0.3 s; for Rh1 A356flies, 
t ,  = 0.16 2 0.03 s; for RhlA356; rdgC flies, t, = 0.32 2 0.03 s (n = 15). Data are means 2 SD. 
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Rh1A356 truncation s l~ould restore normal 
physiology to  the mutant cells. Recordings 
froin col~trol  flies expressing Rh1A356 
showed that these photoreceptors displayed 
norinal kinetics of activation and deactiva- 
tion. As predicted, Rh1 A356 suppressed the  
deactivation defect of rdgC  mutants (Fig. 
3A). Thus, continued phosphorylation of 
Rh1  is responsible for the  defects in  deac- 
tivation kinetics. 

Arrestin binding is required for terinina- 
tion of the active state of GPCRs (5 .  6 ,  29. 
30) .  In vertebrate photoreceptors, the  for- 
tnation of the rhodopsin-arrestin complex is 
largely determined by the phosphorylation 
state of rhodopsin ( 5 ,  6 ,  8-1 0 ,  3 1 ). Because 
,.a-C tnutants accumulate hyperphosphoryl- 
ated rhodopsin, the  deactivation defect may 
result fro111 a defect in the  rhodoasin-arrest111 
interaction. A ~nanifestation of this interac- 
tion in vivo is the prolonged depolarizing 
aftei-potential (PDA)  (16, 32 ) ,  a sustained 
photoresponse that occurs when a substan- 
tial amount of rhodopsin has been photo- 
conr-erted froin R to the  active X1 state (Fig. 
4A) .  A P D A  results ~ y h e n  lnetarhodopsin is 
produced in escess of free arrestin. Wild- 

n n n n n n  
O B B B O O  

A 

Fig. 4. Defects n the PDA response of ro'gC flies. 
(A) ERG recording of a whrte-eyed control fly 
showrng a protot)/pcal PDA response. 0, orange 
g h t  (M + R converson); B, blue light (R -+ M 
conversion), fB) Hstogram of reatrve amo~rnt of 
blue light required to enter a PDA for the dfferent 
genotypes. Values are normalzed to control flies 
and represent means i SEM of trplicate deterrr- 
nations. Arr2, a known mutant wrth a PDA defect 
(16) is shown for corrparatve purposes. 

- 

type photoreceptors require -2C96 conrrer- 
sion of R to b\/I to trigger a PDA. This 
atnount of rhodopsin isoinerization approx- 
~mately equals the  total nu~nber  of arrest111 
~nolecules in the  photoreceptor cell (16).  

PDA - 
h 

Mutants expressing sinall atnounts of arres- 
t ln enter a PDA with very little light (be- 
cause only a sinall amount of b\/I would readi- 
1v saturate arrestin avallabilltv).  hereas as 

/ 10 s 

, , ,  

mutants that reduce ainounts of R h l  to less 
than those of arrestin prevent entry lnto a 
PDA (there could never be a n  escess of b\/I 
over arrestin). In  dark-rased rdeC mutants. 
the  ainounts of arrestin and rhodopsin are 
the  same as in the wild type (22).  Llke 
arrestin mutant photoreceptors, rdgC photo- 
receptors entered a PDA with approximate- 
ly one-eighth as inuch light as did photore- 
ceptors in control flies (Fig. 4B) (16).  In  
contrast, RhlA356; rcl& double mutants 
disrlaved a nor~na l  PDA. Thus, R D G C  is 

& ,  

required for normal rhodopsin function, and 
the  deactivation defect may be atrributable 
to  impaired arrestin f~lnction that results 
from rhodopsin hyperphosphorylation. 

Extensive research in other s ~ s t e m s  had 
shown that receptor phosphorylation 1s re- 
quired for arrestin binding; ho\vever, 
Rh1 A356 transgenic flies displayed norinal 
deactivation physiology. This contrasts to 
vertebrate rhodopsin, in which a truncation 
of the  COOH-terminal tail abolished arres- 
t in  binding (9 )  and led to  severe defects in  
deactivatioll (29) .  Drosopiula rhodopsin 
col ld  be a special case, but this is not  likely 
given the  conservation of G P C R  function 
in different systems. Instead, the  C O O H -  
terminus of rhodonsin lnav f ~ ~ n c t i o n  as an  
autoinhibitory dolAain for arrestin binding. 
In  this case, the  lack of the  COOH-termi- 
nus in Rhl A356 \vould eliminate the  need 
for receptor phosphorylation and would ex- 
plain the  rescue of rdgC  phenotypes by the  
RhlA356 t r ~ ~ n c a t i o n .  

Also, photoreceptor cell degeneration 
resulted directly from a n  excess of phospho- 
rylated rhodopsin. Because rhodopsin de- 
phosp l~ory la t~on  is essential for photore- 
ceptor cell integrity, rhodopsin phosphatase 
 nuta at ions in vertebrates may also lead to 
retinal dysf~!nction and may account for 
solne of the  hu~na l l  retinal degenerative dis- 
orders. Indeed. these results could also heln 
to explain the retinal degeneration seen in 
human retinitis pigmentosa patients and in 
transgenic mice that express a Lys'" + Glu 
rnissense mutation in rhodopsin (which 
eliminates the chromophore binding site and 
leads to light-independent receptor activa- 
tion in 1-itro) (33, 34) .  However, the LysZg6 
+ Glu  inutatioll does no t  lead to  degen- 

mechanisins ( 3 4 ,  35 ) .  
Although there are hundreds of GPCRs, 

there are only a few G proteins, receptor 
kinases, and arrestins. R D G C  is also ex- 
nressed in the  mushroom bodies of the  flv 
brain ( l a ) ,  which suggests that this phos- 
phatase participates in  different path\vays. 
T h e  recent finding of R D G C  homologs in 
the  nervous systems of humans and mice 
(36)  indicates that  the  conservation of 
GPCR f ~ ~ n c t i o n  probably extends to recep- 
tor phosphatases. 
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Simplification of DNA Topology Below 
Equilibrium Values by Type II Topoisomerases 

Valentin V. Rybenkov, Christian Ullsperger, 
Alexander V. Vologodskii, Nicholas R. Cozzarelli* 

Type II DNA topoisomerases catalyze the interconversion of DNA topoisomers by trans- 
porting one DNA segment through another. The steady-state fraction of knotted or 
catenated DNA molecules produced by prokaryotic and eukaryotic type II topoisomer- 
ases was found to be as much as 80 times lower than at thermodynamic equilibrium. 
These enzymes also yielded a tighter distribution of linking number topoisomers than at 
equilibrium. Thus, topoisomerases do not merely catalyze passage of randomly juxta- 
posed DNA segments but control a global property of DNA, its topology. The results imply 
that type II topoisomerases use the energy of adenosine triphosphate hydrolysis to 
preferentially remove the topological links that provide barriers to DNA segregation. 

Randomly  cyc1~:-ed D K A  ~~lolecules  can be 
found In three topological forms (1 ): super- 
coils, knots, and catenanes (Fig. 1). If cy- 
clization is sufficiently slow, the distrihu- 
tion of topological isoforms of circular 
D N A  will he at therinodynarnic equilibri- 
um. This equilibriuin distribution depends 
solely on  the confor~nations adopted by 
D K A  during its the r~na l  fluctuations in so- 
lution ( 2 ,  3 ) .  T h e  study of topological equi- 
librium has pro~.ided valuable information 
about D N A  superhelical energy- (4 ,  5) ,  
D N A  effective diameter (6), and the con- 
formations of supercoiled D N A  (3) .  
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A videly held belief 1s that,  with the 
obvious exception of D N A  gyrase and re- 
verse gyrase, which introduce supercoiling 
in circular D N A  (i), topological equilihri- 
urn is also achievecl in the reactions cata- 
17-zed by D N A  topoisomerases. Accordingly, 
topoisoinerases mere described as enzymes 
that convert a real D N A  chain into a phan- 
tom chain that freely- passes through itself 
to generate the  equilihriuin set of topolog- 
ical isomers. In support of this \-iew, a 
mouse type I topoisomerase (topo I )  gener- 
ated the same Gaussian distribution of link- 
ing number (Lk) topoisoiners as did l~gat ion 
of a nicked circular D N A  (5). Type I1 to- 
poisomerases (topo 11) can also relax super- 
coiled DNA.  They can  unlink knotted (8, 
9 )  or catenated D N A  (10 ,  i i ) and promote 
catenation if the  D N A  concentration is 
high enough ( I  1 ). In all these reactions, the 
systems approach equilibrium. Howel-er, 
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the question of whether the en-; ~ ~ m e s  create 
a n  eauilibrium distribution of relaxed, cat- 
enated, or knotted lnolecules has not  been 
carefully examined. 

Our  previous studies of equillbriu~n 
D N A  confor~nations (3,  6)  provided the 
tools to deterinine \vhether the  product dis- 
tributions of the reactions catalvzed bv mo- , 

liaryotic and euliaryotic type 11 topoisomer- 
ases matched those at eaullibrium. First, we 
measured the eq~lilibri~1111 fraction of cat- 
enanes between two nicked clrcular D N A  
molecules (3,  6) .  Bacteriophage P4 D N A  (2 
pg/ml) was cyclized by means of its long 
cohesive ends in the presence of excess (50 
yg/inl) nicked plasmid pAB4 DNA,  and 
the fraction of heterodinleric catenanes 
ainone all cvclized molecules was measured. 
b lo re ihan  90% of the catenanes were sin- 
gly linlied dlmers. T h e  probability of cate- 
nation was proportional to  the concentra- 
tion of pAB4 DNA. Previous experimental 
data strongly support the  conclusion that 
cyclization of D N A  by its cohesive ends 
results in an eauilibrium distribution of to- 
pological species, and this lvas confirlned by 
Monte Carlo simulations (2. 3 1. , , 

T o  measure the  fraction of catenanes in 
a topoisoinerase-catalyzed reaction, we 
used the  same mixture of p 4 B 4  and P4 
D N A  inolecules as a substrate but n-ith 
twice the  equilibrium fraction of cat- 
enanes 11 21. T h e  fraction of catellanes as 
a f i~nc t ion  of the  amount of E x h e r i c h i n  coli 
topoisomerase IV was measured by agarose 
gel electrophoresis (Fig. ? A ) .  This  fraction 
decreased to  0.204 when the molar ratio of 
enzyme to  D N A ,  s ,  was 2.1 t o  1 (Fig. 2B). 
Over this range of s ,  lve fo~und the same 
fraction of catellanes in the  re!-erse reac- 
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