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A 49-Kilodalton Phosphoprotein in the Drosophila 
Photoreceptor Is an Arrestin Homolog 

The gene encoding the 49-kilodalton protein that undergoes light-induced phospho- 
rylation in the Drosophila photoreceptor has been isolated and characterized. The 
encoded protein has 401 amino acid residues and a molecular mass of 44,972 daltons, 
and it shares approximately 42 percent amino acid sequence identity with arrestin (S- 
antigen), which has been proposed to quench the light-induced cascade of guanosine 
3',5'-monophosphate hydrolysis in vertebrate photoreceptors. Unlike the 49-kilodal- 
ton protein, however, arrestin, which appears to bind to phosphorylated rhodopsin, 
has not itself been reported to undergo phosphorylation. In vitro, ca2+ was the only 
agent found that would stimulate the phosphorylation of the 49-kilodalton protein. 
The hosphorylation of this arrestin-like protein in vivo may therefore be triggered by P+ a Ca signal that is likely to be regulated by light-activated phosphoinositide-specific 
phospholipase C. 

A LTHOUGH THE ROLE OF G PRO- sponding pathway in invertebrate photore- 
tein-mediated guanosine 3',5'-mo- ceptors has not been clearly delineated. A 
nophosphate (cGMP) hydrolysis in 49-kD protein of Drosophila melanogaster un- 

the visual transduction pathway of verte- dergoes light-induced, reversible phospho- 
brates has been elaborated ( I ) ,  the corre- cylation in vivo (2). In norpA (no receptor 
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potential A) mutants, which ark likely to be 
defective in an intermediate process of visual 
transduction (3), the light-induced phos- 
phorylation of this protein is blocked (2). 
The 49-kD protein is abundant (2) and has 
an epitope that has been observed in all of 
the photoreceptors of the compound eye (4, 

5) as well as in the ocelli and larval photore- 
ceptors (4). The epitope has been immuno- 
localized to the rhabdomeres and to the cell 
bodies and axons (4), and the 49-kD protein 
has been isolated from a Drosophila rhabdo- 
mere preparation (5). These results suggest 
that the reversible phosphorylation of the 
49-kD protein may be important in visual 
transduction. We now report the molecular 
cloning of the gene encoding the 49-kD 
protein and show that its amino acid se- 
quence resembles that of vertebrate arrestin. 
Arrestin has been proposed to interact with 

Fig. 1. In vitro translation products of poly(A)+ 
mRNA hybrid-selected by the putative 49-kD 
recombinant DNA clone cTYpl-2. (A) Coomas- 
sie bluestained gel. (B) 35S autoradiogram. Ap- 
proximate p H  of the first dimension isoelectric 
focusing (IEF) and the molecular masses of inter- 
nal markers in the second dimension [SDS-ply- 
acrylamide gel electrophoresis (SDS-PAGE)] are 
indicated. The location of the 49-kD protein is 
indicated by arrows. A Drosophila cDNA library 
constructed in Agtll from Canton S adult head 
poly(A)+ mRNAs was screened with the mono- 
clonal antibody P27 to the 49-kD protein (4) as a 
probe. One of two positive clones, cTYpl-2, was 
localized to the left arm of the third chromosome 
(66D) by in situ hybridization to the DNA of 
salivary gland polytene chromosomes (28). This 
cTYpl-2 clone was positively identified as repre- 
senting the gene for the 49-kD protein by hybrid 
selection followed by in vitro translation in a 
rabbit reticulocyte lysate (Amersham) in the pres- 
ence of [35S]methionine (29). The translated pro- 
tein sample was dissolved, together with 200 
dissected eyes (dark-adapted), in an IEF lysis 
buffer and subjected to two-dimensional gel anal- 
ysis (2). The identity of this spot as the 49-kD 
protein was confirmed by staining the immuno- 
blot with polyclonal antibody to the 49-kD pro- 
tein (30) and also by the fact that this spot shifts in 
the acidic direction upon light adaptation (31). 
The presence of a faint spot to the right of the 49- 
kD protein in the autoradiogram may be due to 
49-kD protein phosphorylated by an endogenous 
protein kinase. Asterisks indicate location of 
markers. 
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Fig. 2. (A) Map of the 49-kD protein gene DNA of D .  melar~ogastev; A507 
represents the 2.3-kb Eco RI fragment of the genomic DNA clone A507 
reported by Levy el a / .  (8). The cDNA map drawn below A507 was 
constructed from the nvo cDNA clones, cTYpl-2 and cTY12-5A. (B) 
Putative amino acid sequence (9)  of the 49-kD protein. The translational 
initiation site, shown in (A) by an arrowhead, was unequi~~ocally determined 
based on the NH2-terminal amino acid sequence (underlined) (7) and by the 
existence of a TAA termination signal (nucleotides -7 to -9) upstream 
from the assigned methionine codon (31). The NH2-terminal methionine of 
the 49-kD protein appears to be posttranslationall!r cleaved. Northern 
(RNA) blot anal!rsis indicated that the cDNA clone cTYpl-2 hybridizes to 
onh~  one mRNA band of about 1.8 kb (31). Therefore, the composite cDNA 
map covers almost the full length ofthe 49-kD protein mRNA. We observed 
a slight nucleotide polymorphism benveen the cDNAs cTYpl-2 and cTY 12- 
5A. Seven cases of third nucleotide substitution leading to no differences at 
the amino acid level and one case of second and third nucleotide substitution 
changing the amino acid from S (asterisk) to N were found. These variations 
may originate from differences in genetic background. The sequence analysis 
indicates that the nucleotide sequence of the protein coding region of the 
gene for the 49-kD protein is ~ 5 5 %  identical to that of bovine arrestin 
[analyzed by the FastA program of University of Wisconsin Genetic 

phosphoqrlated rhodopsin, thereby inhibit- 
ing the cGMP hydrolytic cascade (6). 

The recombinant cDNA clone represent- 
ing the gene for the 49-kD protein was 
selected from a cDNA expression library by 
antibody screening (Fig. 1). The authentic- 
ity of the clone was verified by translation in 
vitro of mRNA hybrid-selected from poly- 
adenplated [polp(A)+] mRNAs of Dvosophi- 
la heads with the putative 49-kD protein 
cDNA clone cTYpl-2. Two-dimensional gel 
analysis of the translation products shows 
the incorporation of 3 5 ~  radioactivity specif- 
ically into the 49-kD protein spot, indicat- 
ing that the clone cTYpl-2 encodes this 
protein (Fig. 1). Furthermore, we se- 
quenced the NH2-terminal ten amino acids 
of the 49-kD protein (7); the amino acid 
sequence obtained matches that derived 
from the nucleotide sequence of the cDNA 
clone (Fig. 2B). 

The head-specific genomic clone A507 
reported by Levy et al. (8) overlaps with 
cTYpl-2. We further screened an additional 
library by using cTYpl-2 as a probe and 
isolated the cDNA clone cTY12-5A (8). The 
restriction enzyme maps and the deduced 
amino acid sequence (9) of the gene for the 
49-kD protein constructed from these 
clones are shown in Fig. 2. The gene en- 
codes a polypeptide consisting of 401 amino 
acids [with a calculated molecular mass of 
44,972 daltons and an isoelectric point (PI) 
of 8.91. The amino acid sequence of the 49- 
kD protein is similar to that of vertebrate 
arrestin (1G12); the two proteins share 
=42% amino acid identity, and the con- 
served amino acids are concentrated in sev- 
eral regions of the proteins (Fig. 3A) (13). 
Some of the homologous domains include 
the three putative phosphoryl binding sites 
of vertebrate arrestin (1G12) : amino acids 
73 to 76 ( D m ) ,  135 to 141 (APQDV- 
GK), and 292 to 298 (GIALDGK) ofio- 
vine arrestin versus amino acids 68 to 71 

A 
Eco R I  Pst I  Pst I  Hind Il l  Eco RI 

, 
:. 

-: . . 
I cTYp l -2  ; I . . ' E b  

cTY 12-5A' 

B 
WSVKVFKKATPNGKVTFYLGRRDFIDHIDYCDPVDGVIWEPDYLKNRKVFGQLRTTY 6 0  

RYGREEDEVMGVKFSKELILCREQIVPMTNPNMEMTPMQEKLVRKLGSSAHPFTFHFPPN 1 2 0  

SPSSVTLQQEGDDNGKPLGVEYTIRAFVGDSEDDRQHKRSMVSLVIKKLQYAPLNRGQRL 1 8 0  

PSSLVSKGFTFSNGKISLEVTLDREIYYHGEKTAATVQVSNNSKKSVKSIKCFIVQHTEI 2 4 0  

TMVNAQFSKHVAQLETKEGCPITPGANLTKTFYLIPLAANNKDRHGIALDGHLKDEDVNL 3 0 0  

ASSTMVQEGKSTGDACGIVISYSVRIKLNCGTLGGEMQTDVPFKLLQPAPGTIEKKRSNA 3 6 0  

MKKMKSIEQHRNVKGYYQDDDDNIVFEDFAKMRMNNVNMAD 4 0 1  

Computer Group (UWGCG)]. The sequence of the 49-kD protein gene has 
been deposited in GenRank (accession number, M32141). 

Fig. 3. (A) Homologv com- A 
' 0 parison '' Dvo- 49  kD . . .MWSVKVFKKATPNGKVTNLCRRDFIDHIDYCDPVDGVIWEPDYLKNRKVFGQ 5 5  

sopllila 49-kD protein and : I l l  I I  I I I : I I ~ I I I  . I I I I I : : I . I :  . I  : I :  bovine arrestin (ARR), ARR M K A N K P A P N H V I F K K I S R D K S V T I Y L G K R D Y I D H V E R V E P V D G W L V D P E L V K G K  60 

0 
l i - 7 0  

Identical pairs of amino ac- LATTYRYGREEDEVMGVKFSKELILCREQIVPMTNPNMEMTPMQEKLVRKLGSSPFTF 1 1 5  
ids are indicated by a bar. I  : I l l  I  : I l l :  I :  I  I  I  I  I I  I  I l l  I I  
Homologous pairs of amino LTCAFRYGQEDIDVMGLSFRRDLYFSQVQVFPPVGASGATTRESLLGTYPFLL 120 

1 3 - 1  6 

acids are indicated by a co- o 
HFPPNSPSSVTLQQEGDDNGKPLGVEYTIRAFVGDS .EDDRQHKRSWSLVIKKLQYA 1 7 2  

Ion. The amino acid se- 1 1  I  1 1  1 1  I  1 1  1 1 : :  I : I I  I  I : I .  I l l  I  I I I . I . I  I  
quence of the 49-kD protein TFPDYLPCSVM~PAPQDVGKSCGVDFEIKAFATHSTDVEEDKIPKKSSVRLLIRKVQHA 180 

is 41.5% identical to that t '35-1'1 0 0 0  PWRGQRLPSSLVSKGFTFSNGKISLEVTLDREIYYHGEKTAATVQVSNNSKKSVKSKC 232  
of bovine arrestin (analyzed I  I  I  I  I  I  : I  I : I  : I I I I I I I  I I  1 . 1  : 1 . 1 1  I I  
by the Gap program of PRDMGPQ PRAEASWQFFMSDKPLRLAVSLSKEIYYHGEPIPVTVAVTNSTEKTVKKKV 2 3 9  

UWGCG). The arrestin se- FIVQHTEITWNAQ.FSKHVAQLETKEGCPITPGANLTKTNLIPLAANNKDRHGIALDG 291 
quences discussed in the text I I :  I  I I  I  I  I  I I I I  1 . 1 1  I I I l : I  I I I I I I  
are underhed. The potential LVEQVTNWLYSSDWIKTVAAEEAQEKV PPNSSLTKTLTLVPLLANNRERRGIALDG 2 9 7  

0 
292, 

phosphorylation sites for HLKDEDVNLASSTWQEGKSTGDACGIVISYSVRIKWCGTLGGEM.. .QTDVPFKLL 346  

protein b a s e  C [(SIT)-X- . I  I I  I I I I I I  I I  I l l  I I  . . .  I I  I  I I  I : I I I : I  
(RIK)] (0) (32) or Ca2+l KIKHEDTNLASSTIIKEGIDKTVM.GILVSYQ1KVKLTVSGLLGELTSSEVATEVPFRLM 356  

+ 2  9 8 

calmodulin4ependent pro- 4 0 ,  

QPAPGTIEKKRSNAMWSIEQHRNVKGWQDDDDNIVFEDFAKMRMNNVNMAD . . .  
tein kinase I1 [R-X-X-(SIT)] I  I  I  I  I  I  I  I I I : I I :  
(+) (33) are shown. (B) Hy- HPQP . . .  . . . . . . . . . . .  EDPDTAKESFQ..DENFVFEEFARQNLKDAGEYKEEKTD 397  

3 1 1 .  ,391 

dropathy profiles of the Dvo- . . . .  3 8 4 3 8 9  

sophila 49-kD protein (upper 4 0 1  

curve) and bovine arrestin QEAAMDE 

(lower cunle). The positive 
value on the ordinate indi- B 
cates hydrophhcity, and the 
negative value indicates hy- 
drophobicity (34). The ab- 
scissa represents amino acid 
residue number. Potential 
glycosylation sites [N-X- 
(SIT)] of both arrestin and 
the 49-kD protein are shown 
by arrows. The residue win- 
dow size used was six. The 
49-kD protein cunTe is shh-  1 100 200 300 400 

ed six amino acids toward the 
COOH-terminus. Both curves were generated by DNASIS (Hitach). 

( E m ) ,  130 to 136 ( E G D Q N Z ) ,  
and 286 to 292 (GIALDGH) of the 49-kD 
protein, respectively (identical residues are 
underlined). However, the major consensus 
features of a phosphoryl binding site (14), 
D-X-X-G and (A/G)-X-X-X-X-G-K (where 
X represents any amino acid), are imperfect 
in the 49-kD protein. 

A small stretch of arrestin sequence (ami- 
no acids 371 to 391) at the COOH-termi- 
nus resembles the cr subunit of transducin. 

This region has been proposed to be a 
putative rhodopsin binding site (1G12). 
The corresponding sequence in the 49-kD 
protein (amino acids 380 to 400) is similar 
to that of arrestin only in the first half of the 
sequence. The arrestin sequences that resem- 
ble the adenosine diphosphate-ribosylation 
sites of transducin-amino acids 17  to 20 
(SRDK) and 384 to 389 (NLKDAG)--of 
bovine arrestin (10, 11) are not found in the 
49-kD protein. 
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Flg. 4. Ca2+ activates the A , phosphotylation of the Dro- B , 2 3 4 5  1 2 3 4  
kD -- 

sophila and M u m  49-kD kD 
proteins in viao. Wild-type 94  

Drosophila tlies were dehy- , , - 

drated by acetone at -20°C 
(2). The retinas of Musca, 43 . * 94 
compound eyes were b h l y  
dissected. For the cefl-frec 6 7 
suspension of the com- 30 - 
pound eye sample, the reti- 
nas from 70 Drosophila or 5 20 - 
M u m  were dkc t ed  and 
h0m0@ in 210 4 of 14 

10 mM ais-HC1 (pH 7.5) 
con-e: 0.5 mM EGTA. 
Proteins 130 4) of these 
homogenates and 10 4 of 3 o 
each &kctor were mixed 
and incubated at 25°C for 5 min. The reaction was initiated by adding 30 of [32P]ATP (adenosine 
triphosphate) mixture [0.1 mM [r-32P]ATP (10 Gi), 10 mMMgC12, and 25 mM ais-HC1 (pH 7.5)J. 
The final concentrations of each mgredient were 15 mM tris-HCI (pH 7.5), 0.21 mM EGTA, 43 pM 
[y-32P]ATP (10 Gi), and 4.3 mMMg2+. The reaction mimves were incubated for 5 min at 25°C. The 
reaction was stopped by the addition of mchloroacetic acid at a  MI concenuation of 15%. The 
resulting precipitates were se arated by centdigation, washed by a mixture of ethe-r and ethanol (1: l), 
dissolved in 0.115M ma-HC!(pH 6.8) conmining 5% p-mercaptocthanol and 2% SDS, and subjected 
to SDS-PAGE. The gel was transferred electrophoretically to nitrocellulose. The n i t f ~ ~ e l l u l ~ ~ ~  was 
stained with polydonal antibody to the 49-kD protein (30) and a horseradish peroxidas+conjugated 
goat antibody to rabbit immunoglobulin G. An autoradiogram was taken from each nitroceUulose filter. 
The final concentration of each effector was Ca2+ [354 pit4 (final total concentration); 140 pM 
(estimated effective concentration after compensation by EGTA], CAMP (10 CLM), cGMP (10 CLM), IP3 
(10 m, and TPA (1 m. (A) Ca2+ activation of the Drosophila 49-kD protein phosphorylation: 
autoradiogram taken from the immunoblot shown in (B). (B) Immunoblot showing the Drosophila 49- 
kD protein in each lane. Lane 1, control (no effector); lane 2, Ca2+; lane 3, CAMP; lane 4, EGMP; and 
lane 5, IP3. M, molecular size markers. In (A) and (B) the positions of the 80-kD protein and the 49-kD 
protein (2) are indicated by an arrowhead and an arrow, respectively. (C) Autoradiogram showing the 
Ca2+ activation of the Mwca 49-kD protein hosphorylation. The 49-kD protein is indicated by an 
arrow. The experimental conditions used fa J e  Drosophila retinas shown in (A) and (B) were repeated 
for the experiment shown in (C), except that freshly dissected Mum eye homogcnates were d. Lane 
1, control (no effector); lane 2, Ca2+; lane 3, Ca2+ and phosphatidylserine (1 mglml); and lane 4, Ca2+, 
phosphatidylserine (1 mg/ml), and TPA. 

Arrestin and the 49-kD protein share 
almost identical hydropathic structural do- 
mains (Fig. 3B). Also, the positions of two 
possible glycosylation sites predictable in 
both arrestin and the 49-kD protein are well 
conserved (Fig. 3B). Such a resemblance in 
hydropathy profiles is surprising because the 
two proteins have different PI'S. The p1 of 
the 4 9 - 0  protein is basic (pI = 8.9), 
whereas that of arrestin is acidic (pI = 6.0). 

To characterize the phosphorylation of 
this arrestin-like protein, we examined its 
phosphorylation in vitro. We evaluated pos- 
sible activators of protein kinases: Ca2+, 
adenosine %',St-monophosphate (CAMP), 
cGMP, inositol 1,4,5-msphosphate (IP3), 
and 12-0-tetradecanoyl phorbol-13-acetate 
P A ,  an analog of dia lglycerol (DAG)]. 
We h d  that only C3+  activated 49-kD 
protein phosphorylation in vitro (Fig. 4) 
(19, whereas CAMP activated the phospho- 
rylation of an 80-kD protein (Fig. 4A, lane 
3) that is also a photoreceptor-specific phos- 
phoprotein and which undergoes light-in- 
duced, reversible phosphorylation (2). TPA 
did not activate 49-kD protein phosphoryl- 
ation in homogenates of Musca retina (Fig. 
4C) (16); however, calcium activated 49-kD 
protein phosphorylation. 

In invertebrate photoreceptors, the hy- 
drolysis of phosphatidylinositol 4,5-bis- 
phosphate (PIP2) is likely to follow the 
excitation of rhodopsin which leads to plas- 
ma membrane depolarization (17). The hy- 
drolytic products of PIP2, DAG and IP3, are 
known in both mammalian and invertebrate 
systems to activate protein kinase C and to 
increase the concentration of cvtosolic Ca2+. 
respectively (1 8). Phosphoinositide-specific 
phospholipase C (PI-PLC), which is re- 
sponsible h r  the hydrolysis of PIP2, is defec- 
tive in the compound eyes of Drosophila 
norpA mutants (19). In fact, the notpA gene 
has been shown to encode a putative PI- 
PLC (20). Thus, it appears that the block of 
49-kD protein phosphorylation in the norpA 
mutants is due to a defect in the activation 
mechanism of the  rotei in kinase rather than 
to a lack of kinasc'or its substrate (21). 

The 49-kD protein of the Drosophila pho- 
toreceDtor resembles vertebrate arrestin in 

I 

its amino acid sequence and hydropathy 
profile; however, there are distinctions be- 
tween these proteins. For example, the 49- 
kD protein Ea  phosphoprotein (22), where- 
as no phosphorylation of arrestin has been 
reported (23). In addition, their pPs differ 
(24). Although the sequences similar to the 

presumed phosphoryl binding and rhodop- 
sin binding sites of armtin are present in the 
49-kD protein, there is always a deviation of 
the 49-kD sequence fiom the smct consen- 
sus (25). Such differences in biochemical 
properties may reflect the differences in their 
physiological functions. As the light-in- 
duced phosphorylation of the 49-kD pro- 
tein is blocked in the norpA mutants, which 
carry a defective PI-PLC gene, the phospho- 
rylation of the 49-kD protein may be regu- 
lated in vivo by cytosolic ca2+ through the 
activation of PI-PLC (26). Because arrestin 
homologs have been implicated in transduc- 
tion systems other than photoreceptors, 
such as p-adrenergic receptors and musca- 
rinic acetylcholine receptors (27, our find- 
ing of this arrestin-like protein and its phos- 
phorylation by Ca2+ may provide an insight 
into regulation of transduction systems of 
both vertebrates and invertebrates. 
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A Bacterial Enhancer Functions to Tether a 
Transcriptional Activator Near a Promoter 

The nitrogen regulatory protein NtrC of enteric bacteria activates transcription of the 
glnA gene by catalyzing isomerization of closed complexes between RNA polymerase 
and the glnA promoter to open complexes. NtrC binds to sites upstream of glnA that 
have properties of eukaryotic transcriptional enhancers. NtrC-binding sites were 
found to facilitate open complex formation when these sites and the glnA promoter 
were located on different rings of a singly linked catenane, but not when the two rings 
were decatenated. The results provide evidence that NtrC contacts RNA polymerase- 
promoter complexes in a process mediated by formation of a DNA loop. NtrC-binding 
sites serve to tether NtrC near the glnA promoter, thereby increasing the frequency of 
collisions between NtrC and polymerase-promoter complexes. 

E UKARYOTIC TRANSCRIPTIONAL EN- 

hancers are DNA sequences that 
serve as binding sites for proteins 

that increase (or in some cases decrease) the 
rate of transcription of nearby genes (1). 
Defining characteristics of enhancers include 
their ability to function efficiently over large 
distances, at least in vivo (Z), and to function 
downstream as well as upstream of tran- 
scriptional start sites. 

Sequences analogous to transcriptional 
enhancers have been identified in prokary- 
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otes (3). One of the best studied of these is 
the enhancer upstream of the glnA gene of 
enteric bacteria ( 4 ) ,  which encodes gluta- 
mine synthetase. This enhancer, which is 
composed of multiple binding sites for the 
nitrogen regulatory protein NtrC ( 5 ) ,  is 
amenable to detailed analysis because glnA 
transcription can be studied in a purified in 
vitro system with well-defined DNA tem- 
plates. Moreover, the functions of the en- 
hancer-binding protein NtrC and its target 
protein a54-holoenzyme, an alternative ho- 
loenzyme form of RNA polymerase, are 
comparatively well understood. NtrC cata- 
lyzes isomerization of closed recognition 
complexes between c ~ ~ ~ - h o l o e n z ~ m e  and the 
glnA promoter to open complexes in which 
DNA around the transcription start site is 
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