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The m am m alian  rod  p h otorecep tor p h osp h od iester
ase (PDE6) h oloen zym e is  iso la ted  in  b oth  a m em brane- 
a ssoc ia ted  and  a so lu b le  form . M em brane b in d in g  is  a 
con seq u en ce o f  p ren y la tion  o f  PDE6 cata ly tic  su bu nits, 
w h ereas so lu b le PDE6 is  p urified  w ith  a 17-kDa prenyl- 
b in d in g  p rotein  (PDES) tigh tly  bound. T his protein , h ere  
term ed PrBP/5, h as b een  h yp oth esized  to red u ce a ctiv a 
tion  o f  PDE6 by tran sdu cin , thereby d esen sitiz in g  the  
p hotorespon se. To test th e p o ten tia l ro le  o f  PrBP/5 in  
regu la tin g  p hototransd u etion , w e exam in ed  the abun
dance, loca liza tion , and p o ten tia l b in d in g  p artners o f  
PrBP/5 in  re tin a  and in  p u rified  rod  ou ter segm ent 
(ROS) su sp en sion s w h ose p h ysio log ica l and b ioch em ica l 
p rop erties are w e ll ch aracterized . The am phibian  homo- 
logu e o f  PrBP/5 w as c loned  and seq u en ced  and foun d  to  
h ave 82% am ino acid  seq u en ce  id en tity  w ith  m am m alian  
PrBP/5. In con trast to b ov in e ROS, all o f  the PDE6 in  
p urified  frog  ROS is  m em brane-associated . H ow ever, 
ad dition  o f  recom b inan t frog PrBP/5 can  so lu b ilize  
PDE6 and p reven t its  activation  by tran sdu cin . PrBP/5  
a lso  b in d s o th er  p ren y la ted  p h o to recep to r  p ro te in s  in 
vitro, in c lu d in g  o p sin  k in a se  (GRK1/GRK7) an d  rab8. 
Q u an tita tive  im m u n ob lot a n a ly s is  o f  th e  PrB P /5 co n 
ten t o f  p u r ified  ROS re v ea ls  in su ffic ie n t am ou n ts o f  
PrB P/5 (<0.1 PrB P /5 p er  PDE6) to  serv e  as a su b u n it o f  
PD E6 in  e ith e r  m am m alian  or am p h ib ian  p h o to recep 
tors. T he im m u n o lo ca liza tio n  o f  PrB P/5 in  frog  and  
b o v in e  re tin a  sh o w s g re a tes t  PrB P/5 im m u n olab e lin g  
ou ts id e  th e  p h o to re ce p to r  ce ll layer . W ithin  p h o to 
re c e p to r s , o n ly  th e  in n e r  se g m e n ts  o f  fro g  d ou b le  
co n es  are  s tro n g ly  la b e le d , w h e r e a s  b o v in e  p h o to 
re ce p to rs  re v ea l m ore PrB P/5 la b e lin g  n ea r  th e  ju n c 
tio n  o f  th e  in n e r  an d  o u te r  se g m e n ts  (c o n n e c t in g  
ciliu m ) o f  p h o to recep to rs. T ogeth er , th e se  r e su lts  ru le  
ou t PrB P/5 as a PD E6 su b u n it an d  im p lica te  PrB P/5 in  
th e  tran sp ort an d  m em brane ta rg e tin g  o f  p ren y la ted  
p ro te in s  ( in c lu d in g  PD E6) from  th e ir  s ite  o f  sy n th e s is  
in  th e in n e r  seg m en t to th e ir  f in a l d estin a tio n  in  th e  
ou ter  seg m en t o f  ro d s an d  con es.
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Sensory  tran sduc tion  o f lig h t stim uli begins in th e  rod  and 
cone photorecep tor cells of th e  v e rteb ra te  re tin a . The ex tensive 
m em brane system  in th e  o u te r segm en t is w here  p ro te in s  in 
volved in v isual excitation  a re  located. A ctivation of th e  visual 
receptor, opsin, by lig h t causes i t  to catalyze th e  exchange of 
GDP for G TP on th e  a -su b u n it o f th e  hete ro trim eric  G -protein, 
tran sd u c in  (T a ).1 U pon dissociation of T a-G TP from Tj3y, th e  
effector enzym e, photoreceptor phosphod iesterase  (PD E 6) is 
ac tiva ted  by d isp lacem ent of its  inh ib ito ry  7-subun it (Py) by 
Ta-G TP. As ac tiva ted  P D E 6 low ers cytoplasm ic cGM P levels, 
cG M P-gated ion channels in th e  p lasm a m em brane a re  closed, 
causing  m em brane hyperpo larization  (for review s, see Refs. 1 
and  2).

Rod photorecep tor PD E 6 is a  cata ly tic  he te rod im er of very 
s im ila r a  and  j3 ca ta ly tic  su b u n its  (Pafi) to  w hich two identical 
inh ib ito ry  7-subun its  (Py) a re  tigh tly  bound. E ach cataly tic 
su b u n it h a s  a  cata ly tic  dom ain responsible for cGM P hydroly
sis and  two regu la to ry  GAF dom ains, one of w hich b inds cGMP 
w ith  high affinity. P y  in te rac ts  allosterically  w ith  both th e  
cata ly tic  and  regu la to ry  dom ains. E ach  cata ly tic  su b u n it is 
p o st-tran sla tiona lly  modified a t  its  C te rm in u s  w ith  an  isopre
nyl group (e ither fam esyl or geranylgeranyl) th a t  is responsi
ble for its  high affin ity  association w ith  o u te r segm ent disk 
m em brane (for review , see Ref. 3).

A  significant fraction of the  total ro d P D E 6 (and all conePD E 6) 
ex tracted  from bovine re tin a  is found in a  soluble form. W hat 
d istinguishes th is soluble PD E6 from m em brane-associated 
PD E6 is th e  binding of a  17-kDa protein  th a t w as originally 
nam ed th e  “fi-subunit” of PD E6 (4 -6 ). I t  should be noted th a t 
soluble PD E 6 is derived from a retinal ex trac t containing broken 
rod and  cone ou ter segm ents, and  therefore the  cellular origin of 
the 17-kDa protein binding to PD E 6 is uncertain . The p rim aiy  
site of in teraction  of th is  17-kDa protein (referred to in th is report 
as prenyl-binding protein/fi (PrBP/fi)) w ith  PD E 6 is a t th e  p reny
lated, earboxym ethylated C term inus of th e  catalytic subun its  (6, 
7). B ased on peptide competition experim ents, PrBP/fi binding to 
PD E 6 requ ires no t only the  prenyl m oiety b u t also the  modified, 
earboxym ethylated C -term inal amino acids of rod PD E 6 a  or j3 
(7). In contrast, th e  rod and  cone opsin k inases (GRK1 and 
GRK7) can be prevented  from binding to PrBP/fi by preincuba
tion w ith  prenyl compounds altogether lacking th e  C -term inal 
peptide sequence (8). This suggests th a t  the  affinity and/or spec
ificity ofPrB P/fi for individual prenylated  pro teins m ay depend

1 The abbreviations used are: T«, transducin; PDE6, phosphodi
esterase; PrBP, prenyl-binding protein; GST, glutathione S-transfer- 
ase; PBS, phosphate-buffered saline; GTPyS, guanosine 5'-3-0-(thio)- 
triphosphate; CHAPS, 3-l(3-cholamidopropyl)dimethylammonioJ-l- 
propanesulfonic acid; IPL, inner plexiform layer; OPL, outer plexi
form layer; ROS, rod outer segment.
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not only on prenyl binding, b u t also on in teractions w ith  amino 
acids in the C -term inal dom ain of th e  prenylated  protein.

T he c ry s ta l s t ru c tu re  of P rB P /S -su b u n it (9) is s tru c tu ra lly  
s im ila r to a know n p ren y l-b in d in g  p ro te in , R hoG D I (10). 
C om parison  o f th e  two s t ru c tu re s  rev ea ls  th a t  p rac tica lly  the  
en tire  sequence  of P rB P/S  is  an im m unog lobu lin -like dom ain  
th a t  fo rm s a  h igh ly  hydrophobic  p reny l b ind ing  pocket. The 
o u te r su rface  of PrB P/S  also  form s a  com plex w ith  A rl2  (9), 
b u t th is  in te rac tio n  show s no s tru c tu ra l hom ology to the  
b ind ing  s ite  o f Cdc42 on th e  su rface  of RhoG D I (11). H ence, 
th is  fam ily  of p ren y l-b in d in g  p ro te in s  (w hich also  inc ludes 
th e  hom ologous u n c ll9 /R G 4  p ro te in  (10, 12)) consis ts  of a 
h igh ly  conserved  p reny l b ind ing  pocket, a long w ith  p ro te in - 
specific in te rac tio n  s ite s  th a t  confer u n iq u e  func tions for each 
p reny l-b in d in g  p ro te in .

U nlike m ost pho to transduction  pro te ins, PrB P/S is also ex
p ressed  ou tside th e  re tin a  in  num erous o ther tissu es th a t  a re  
no t know n to express photorecep tor PD E6 (6, 13-15). F u r th e r
m ore, PrB P/S in te rac ts  w ith  p ro te in s  u n re la te d  to know n pho
to transduc tion  p ro teins, such as  R a b l3  (14), the  re tin itis  pig
m en tosa  G TPase reg u la to r (16), and  th e  A rf-like p ro te in s Arl2 
and  A rl3 m en tioned  above (9, 17). T h is h igh ly  conserved p ro 
te in  (99% am ino acid iden tity  w ith in  m am m als) h a s  homo- 
logues in  low er v e rteb ra te s  and  in v erteb ra tes , includ ing  eye
less an im als (e.g. C aenorhabditis elegans, 65% am ino acid 
iden tity ) (6, 13, 18, 19). T his suggests th a t  PrBP/S m ay have 
d ifferen t functions and/or biological activ ities depending  upon 
th e  tissue  in  w hich i t  is expressed.

P revious biochem ical s tu d ies  in  re tin a l photoreceptors have 
show n th a t  exogenous bovine PrB P/S can b ind  to rod PD E 6 
w ith  h igh affinity  and  cause re lease  of PD E 6 from th e  d isk  
m em brane (6). In te rac tion  of bovine PrB P/S w ith  rod PD E 6 also 
a lte rs  cGM P b ind ing  to th e  regu la to ry  GAF dom ains, convert
ing  a non-exchangeable cGM P b inding  s ite  to one th a t  read ily  
exchanges bound and  free nucleotide (20). T he solubilization of 
PD E 6 by PrB P/S is accom panied by a  decrease in  its  activation  
by tran sd u c in  (21). T hese in  vitro  re su lts  a re  all consisten t w ith  
th e  hypo thesis th a t  PrB P/S allosterically  reg u la te s  PD E 6, p e r
h ap s serv ing  as  a  desensitiza tion  m echanism  d u ring  ligh t ad 
ap ta tio n  (2 1 ).

To critically  exam ine th e  role of PrB P/S in  p h o to transduc
tion, we have stud ied  th e  b ind ing  p roperties, regu lation , ab u n 
dance, an d  subcellu lar localization of PrB P/S in  both bovine 
and  frog photoreceptors. H aving  cloned, sequenced, and  ex
p ressed  th e  frog hom ologue of PrBP/S, we confirm  th a t  i t  b inds 
to PD E 6 in  vitro, re leases i t  from th e  d isk  m em brane, and  
effectively uncouples tran sd u c in  activation  of PD E 6, sim ilarly  
to its  bovine co un te rpart. However, purified  frog ROS con ta in 
ing  a full com plem ent of soluble and  m em brane p ro te in s (22) 
lacks sufficient PrB P/S to b ind and  solubilize m ore th a n  a  few 
percen t of th e  PD E 6 th a t  is p re sen t in  ROS. F u rtherm ore , 
—90% of to tal PrB P/S im m unoreactiv ity  in frog or bovine re t i
nal sam ples does no t co-purify w ith  in ta c t ROS. We conclude 
th a t  PrB P/S is no t a genuine su b u n it of th e  PD E 6 holoenzym e, 
and  is un likely  to reg u la te  PD E 6 d u ring  photo transduction .

Im m unocytochem ical exam ination  of the  localization of 
PrB P/S reveals th a t  m ost PrBP/S is found outside th e  photo
recep to r cells of th e  re tin a . O f th e  PrB P/S im m unoreactiv ity  
seen in  the  photorecep tor layer, careful exam ination  of its  
subcellu lar d is tribu tion  refines previous observations (6, 8) and  
localizes m ost o f the  PrB P/S to e ith e r th e  in n e r segm en t (frog) 
or to the  junction  betw een th e  in n e r and  o u te r segm en t (bovine) 
of photorecep tor cells. F u rth erm o re , im m unoelectron  m icro
scopy p laces PrB P/S d is ta l to th e  connecting cilium , associated  
w ith  axonem es ex tending  in to  bovine rod  an d  cone o u te r seg
m ents. T ogether, these  re su lts  ind ica te  th a t  PrB P/S is m ost

likely functioning in th e  in trace llu la r  traffick ing  of new ly 
syn thesized  p ren y la ted  p ro te in s from th e  in n e r to th e  o u te r 
segm ent of re tin a l photoreceptors.

EXPERIMENTAL PROCEDURES
Materials—Frogs (Rana catesbeiana.) were obtained from Niles Bio- 

logicals Co. or Charles D. Sullivan Co. and m aintained on a 12-h 
dark-light cycle for 2 weeks before use in experiments (23). Frozen 
bovine retinas were obtained from W. L. Lawson Inc., and fresh bovine 
eyes were kindly provided by Lemay & Sons (Goffstown, NH). Sucrose- 
and Ficoll-purified bovine ROS from freshly isolated retinas (24) were a 
kind gift of Dr. Paul Schnetkam p (University of Calgary). pHJcGMP 
was purchased from PerkinElm er Life Sciences. Supplies for immuno
blotting were purchased from Schleicher & Schuell, Pierce, or Bio-Rad. 
Chemicals were obtained from Sigma. The bovine recombinant GST- 
PrBP/<5 fusion protein was a kind gift of Drs. Terry Cook and Joe Beavo 
(University of Washington).

Antibodies—Rabbit polyclonal antiserum  to the  PrBP/<5 protein was 
raised in rabbits by immunization with the  full-length recombinant 
bovine protein and was affinity-purified on PrBP/<5-Sepharose (FL an 
tibody). O ther rabbit polyclonal antibodies used in th is study and raised 
in our laboratory include a PDE6 anti-peptide antibody directed to the  
GAFb domain th a t is conserved in all PDE6 catalytic subunit sequences 
(NC) and an affinity-purified antibody to the  C term inus of the  Py- 
subunit of PDE6 (CT-9710) (23). Commercial antibodies to other pro
teins included the  following: rod transducin «-subunit (K-20, Santa 
Cruz Biotechnology), rhodopsin (1D4, Chemicon) (25), opsin kinase 
(G-8, Affinity Bioreagents) (26), and Rab8 protein (Rab8, BD Bio
sciences). O ther antibodies to phototransduction proteins were gener
ously provided by the  following individuals: rod and cone PDE6 cata
lytic subunits (ROS1, Dr. R. L. Hurwitz (27)), cone arrestin  (7G6, P. R. 
MacLeish) (28), rod arrestin  (SC-128, W. C. Smith), and cone opsin 
(COS-1, A. Szel) (29). Horseradish peroxidase-conjugated secondary 
antibodies for W estern blotting were from Pierce, whereas fluoro- 
chrome-conjugated orbiotinylated secondary antibodies (Alexa-350, Al- 
exa-488, or fluorescein isothiocyanate) and the  tyram ide amplification 
kit for immunohistochemistry were from Molecular Probes.

Cloning and Expression o f Frog PrBP/S—A frog (Rana pipiens) reti
nal cDNA library was prepared as described elsewhere (30). Frog 
PrBP/<5 was cloned by screening the  cDNA library with the  bovine 
PrBP/<5 nucleic acid sequence. The resulting clone, fpdedl, contained a 
2.7-kb cDNA insert in pBluescript SK. The 450-bp coding region of 
PrBP/<5 was PCR-amplified with prim ers 5'-GGATCCATGTCTAGTA- 
ATGAGCGA and 5'-GAATTCTCAAACATAAAACAGCCTG, containing 
Bam H l and EcoRI restriction sites. This PCR product was inserted into 
the  TOPO cloning vector (Invitrogen) and then transferred into the  
pGEX-KG expression plasmid (Amersham Biosciences). Sequencing of 
both strands confirmed th a t th e  coding region contained the  authentic 
nucleotide sequence. The GenBank™  accession num ber for the  frog 
PrBP/<5 sequence is AY044177.

The pGEX-KG/PrBP/<5 construct was transform ed into th e  Esche
richia coli strain  BL2KDE3) for protein expression. Frog PrBP/<5 ex
pression was induced by addition of 1.0 m M  isopropyl-£i-n-thiogalacto- 
pyranoside to log phase cultures. Growth continued for 1 h a t  37 °C 
prior to extraction of the  recombinant fusion protein by sonication and 
centrifugation. GST-PrBP/<5 was purified on a glutathione-agarose col
umn. Following thrombin cleavage of th e  fusion protein from PrBP/<5 
and subsequent removal of throm bin with the  Thrombin Cleavage 
C apture Kit (Novagen), PrBP/<5 was separated from GST by glutathi- 
one-agarose chromatography, and the  flow-through fraction was con
centrated by ultrafiltration (Millipore BioMax 5K MWCO filter). Re
combinant protein concentration was determined by a colorimetric 
protein assay (31), which agreed with spectrophotometric estim ates. 
Purity of the  protein was >95%, as judged by SDS-PAGE. Bovine 
GST-PrBP/<5 was expressed and purified in an identical manner.

Preparation o f Retinal Extracts and Purified ROS—To prepare reti
nal extracts, frog or bovine retinas were placed in extraction buffer (10 
m M  Tris, pH 8.0, 150 m M  NaCl, 1% Triton X-100, 2 m M  dithiothreitol, 
and m ammalian protease inhibitor m ixture (Sigma)) and homogenized 
with a motor-driven pestle in a glass m ortar. Detergent-solubilized 
proteins w ere separated from particulate m atter by centrifugation for 5 
min a t  100,000 x g  in an Airfuge. The concentrations of protein (31), 
rhodopsin (32), and PDE6 (23) were determined. U nder these condi
tions, >90% of the  visual pigm ent was solubilized, indicating extraction 
of most intrinsic m embrane proteins. For immunoblotting, th e  retinal 
homogenate was added to SDS-PAGE gel sample buffer. For Fig. 2/3, 
freshly isolated retinas were immediately frozen in liquid nitrogen,
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pulverized with a liquid nitrogen-cooled ceramic m ortar and pestle, 
and directly transferred to boiling gel sample buffer to minimize 
sample degradation.

Osmotically intact frog ROSs were purified on a discontinuous Per- 
coll gradient exactly as described previously (23). Purified ROSs were 
then homogenized in a pseudo-intracellular medium containing 77 m M  

KC1, 35 m M  NaCl, 2.0 m M  MgCl2, 1.0 m M  CaCl2, 1 m M  EGTA, 10 m M  

HEPES (pH 7.5), 2 m M  dithiothreitol, 1 m M  4-(2-aminoethyl)benzene- 
sulfonyl fluoride, 1 /am leupeptin, and 1 /am pepstatin.

Bovine ROSs were purified on a discontinuous sucrose gradient as 
previously described (33). Bovine ROSs were homogenized as described 
for frog ROSs above, except th a t complete disruption of ROS structure 
required tritu ra tion  through a 26-gauge syringe needle.

Subcellular fractionation of ROS homogenates, where carried out, 
was accomplished by centrifugation a t 110,000 x g  in an Airfuge. 
G reater than  95% of the rhodopsin w as recovered in the ROS membrane 
pellet under these conditions. Purification of PDE6 followed established 
procedures in our laboratory (23, 34).

PDE6 cGMP B inding and Activity  Assays—The PDE6 concentration 
of frog ROS hom ogenates was measured by the known ability of PDE6 
to bind 2.0 mol of pHJcGMP per mole of holoenzyme under defined 
assay conditions (PDE6 being the sole high affinity cGMP-binding 
protein in ROS (23, 35)). In brief, PDE6-containing sam ples were incu
bated for 10 min a t room tem perature in the presence of 1 jam 
pHJcGMP, 200 /liM zaprinast, and a 2-fold molar excess of Py. Samples 
were filtered onto pre-wet nitrocellulose membranes (Millipore 
HAWP25) and immediately washed three  tim es with 1 ml of ice-cold 
intracellular medium (23).

The rate of transducin-activated PDE6 hydrolysis of cGMP was 
measured by a coupled-enzyme phosphate release assay (23). GTPyS 
(equal in concentration to the  am ount of rhodopsin) was added to the 
PDE6 sam ple for 1 min prior to the addition of 10 m M  cGMP. For each 
experiment, rate m easurem ents were obtained a t a minimum of three 
individual time points, during which <30% of substra te  w as consumed. 
M easurem ents of the  activity were made in the following buffer: 100 m M  

Tris (pH 7.5), 10 m M  MgCl2, 0.5 m M  EDTA, 2 m M  dithiothreitol, and 0.5 
mg/ml bovine serum  albumin. This PDE6 activity assay was also used 
to estim ate the  bovine PDE6 concentration under assay conditions 
where the  enzyme was fully activated by trypsin-induced proteolysis of 
its inhibitory Py-subunits (20, 36).

PrBP/S Solubilization  Assay—Recombinant PrBP/S or GST-PrBP/S 
was added to ROS homogenates a t various molar ratios relative to the 
PDE6 concentration. After overnight incubation, ROS mem branes were 
pelleted, and the solubilized PDE6 in the supernatan t was quantitated. 
In some cases, pull-down assays were then performed using either 
glutathione-agarose beads (to pull down GST-PrBP/S) or ROSl-Sul- 
folink beads (to pull down PDE6-binding proteins). The ROS1 antibody 
was covalently coupled to Sulfolink beads (Pierce) following the  m anu
facturer’s recommended procedure.

Pull-down Assays o f PrBP/S-interacting Proteins—To identify poten
tial binding partners for PrBP/S, recombinant frog or bovine PrBP/S was 
coupled to cyanogen bromide-activated Sepharose 4B (Sigma) following 
the m anufacturer’s protocol. Detergent-solubilized ROS homogenates 
(containing 10 m M  CHAPS) were incubated with PrBP/S-Sepharose 
beads for 12 h, then pelleted, and washed three  tim es with TMN buffer 
(10 m M  Tris, pH 7.5, 1 m M  MgCl2, 300 m M  NaCl, 1 m M  dithiothreitol). 
Proteins bound to the resin were eluted with gel sam ple buffer and 
analyzed by SDS-PAGE and immunoblotting. Unbound proteins in the 
supernatan t were trichloroacetic acid-precipitated before loading onto 
the gel. Control sam ples were pretreated with a large excess of recom
binant PrBP/S prior to mixing the beads with the ROS homogenate to 
test for nonspecific binding of proteins to the resins.

Immunoblot Analysis—Samples for immunoblotting were prepared 
in Laemmli gel sam ple buffer. The proteins were separated on SDS- 
PAGE and then transferred to Immobilon-PSQ (Millipore) membranes. 
The blots were blocked with 1% bovine serum  albumin in T'TBS (20 m M  

Tris, pH 7.6, 137 m M  NaCl, 0.5% Tween 20) prior to incubation for 1 h 
with the prim ary antibody. Binding of the prim ary antibody was de
tected with the appropriate goat anti-host secondary antibody coupled 
to horseradish peroxidase (1:5000 dilution, 1-h incubation), followed by 
chemiluminescent detection (Pierce SuperSignal W est Pico Chemilumi- 
nescent Substrate). For quantitative analysis of the PrBP/S content of 
total retinal homogenates and ROSs, known concentrations of recom
binant frog or bovine PrBP/S were run on the sam e gel, and the density 
of immunoreactive bands from W estern blots was analyzed with Quan- 
tiscan (Biosoft).

Immunohistochemistry and Immunoelectron Microscopy—Light- 
adapted bovine eyes were hemisected, and the lens and vitreous were

removed. The posterior eyecup was everted and fixed in freshly made 
4% paraform aldehyde in PBS, pH 7.4, for 1-2 h a t room tem perature. 
Fixative was removed by three  changes of PBS. Dissected areas of 
central retina with or w ithout attached eyecup were cryoprotected in 
30% sucrose/PBS, oriented, and snap-frozen in optimal cutting tem per
a tu re  compound (OCT, VWR International). Blocks were held a t -8 0  °C 
until sectioned. Frog eyes from dark- and light-adapted animals were 
treated in essentially the same manner: following hemisectioning and 
removal of the lens, eyecups were fixed, rinsed, and cryoprotected as 
described. The entire eyecup was then oriented and snap-frozen in OCT.

Frozen sections (10 /nm) were mounted on SuperFrost Plus slides 
(VWR International) and processed for standard  indirect immunofluo
rescence. Briefly, sections were incubated in prim ary antibody, either 
for 2 -4  h a t room tem perature or overnight a t 4 °C. All antibodies were 
diluted in PBS containing 5% normal goat serum  and 0.5% Triton 
X-100. Following prim ary antibody incubation, slides were washed in 
PBS three  tim es for 5 min, then incubated for 1 h a t room tem perature 
in the appropriate secondary antibody, and finally washed as above. 
(For Fig. 7C, additional amplification of the PrBP/S prim ary antibody 
was obtained using a biotin-labeled secondary antibody followed by a 
streptavidin-Alexa 488 conjugate (Molecular Probes). For Fig. 8J ,  tyra- 
mide amplification (Molecular Probes) was used for enhancing the 
detection of the PrBP/S prim ary antibody.) Sections were mounted in 
ProLong Gold (Molecular Probes), with 4',6-diamidino-2-phenylindole 
included (as a nuclear stain) in some cases. Slides were viewed by 
phase-contrast and epifluorescence microscopy on a Nikon Optiphot 2, 
and images were photographed with a SPOT-RT digital cam era (Diag
nostic Instrum ents). All antibodies were tested a t several concentra
tions to optimize specific binding. Tissue autofluorescence and back
ground staining were minimal in our experiments. Secondary reagents 
were found to be species-specific, and there was no overlap of the 
fluorescent signals from two different fluorophores. The specificity of 
PrBP/S staining by the  FL antibody was confirmed by preincubating the 
prim ary antibody with equim olar recombinant PrBP/S; no detectible 
fluorescence above background was observed (data not shown).

For immunoelectron microscopy, after cryoprotection, retinas were 
frozen and thawed three  tim es (to enhance reagent penetration) and 
mounted in 4% agarose. Radial Vibratome sections (100 /nm) were 
immunostained as above, except th a t Triton X-100 (0.1%) was added 
only to the  preincubation medium. (Complete elim ination of Triton 
X-100 gave no staining.) Sections were incubated with secondary an ti
body conjugated to horse-radish peroxidase, developed using diamino- 
benzidene and hydrogen peroxide, and intensified using the  gold-sub- 
stitution silver intensification method (37). The sections were then 
treated with osmium tetroxide (2%; 60 min), stained with 2% uranyl 
acetate in 10% ethanol, dehydrated in graded ethanol series (70-100%), 
cleared in propylene oxide, and embedded in Epon 812. U ltrath in  sec
tions were mounted on Formvar-coated slot grids and stained with 
uranyl acetate prior to viewing.

RESULTS AND DISCUSSION

The Frog 17-kDa P renyl-b ind ing  Protein (PrBP/8) Is  H igh ly  
Conserved—To de te rm ine  th e  sequence of th e  frog homologue 
of th e  m am m alian  PrB P/S p ro tein , an  R. p ip iens  re tin a l cDNA 
lib ra ry  w as screened  u sin g  the  bovine nucleotide sequence as a 
probe. C lones con tain ing  th e  com plete open read in g  fram e w ere 
iden tified  an d  sequenced. T he deduced am ino acid sequence of 
frog PrBP/S (Fig. 1) is 82% identical to know n m am m alian  
sequences. W hen five m am m alian , one chicken, an d  two fish 
PrB P/S sequences a re  aligned  w ith  th e  frog sequence, 78% of 
th e  positions a re  iden tical for a t  le a s t e igh t of th e  n ine  v e rte 
b ra te  sequences (Fig. 1, red letters). O rthologs o f th e  v e rteb ra te  
PrB P/S p ro te in  have  been iden tified  in  in v e rteb ra te s  as well 
(38, 39). Inclusion of six in v e rteb ra te  PrB P/S sequences in  th e  
m ultip le  sequence a lignm en t show s th a t  th e  frog PrB P/S se 
quence also h as >61%  id en tity  w ith  each of th e  in v e rteb ra te  
sequences. Indeed, a t  45% of th e  to ta l sites, th e  frog sequence 
is iden tical to a t  le a s t 14 of th e  15 sequences com piled for the  
sequence analysis  (Fig. 1, red boldface le tters). O f th e  16 re s i
dues rep resen tin g  likely contact sites  w ith in  th e  prenyl b inding 
pocket (based on s tru c tu ra l homology of PrB P/S to RhoGDI (9)), 
12 a re  iden tical in  15 of 16 PrB P/S sequences, an d  th e  rem a in 
ing  4 a re  iden tical am ong th e  v e rteb ra te  sequences analyzed  
h ere  (Fig. 1, blue shaded  sites). B ased on th e  h igh ly  conserved

D
ow

nloaded 
from 

w
w

w
.jbc.org 

at 
UNIV 

OF 
UTAH 

on 
August 

13, 2007

http://www.jbc.org


17-kDa Prenyl-binding Protein in Retinal Photoreceptors 1251

I 11 P' I
P rB P /S  RANPJ I t  SN -Ef -KKlMDOi ■
P rB P /S  BOVIN H AK E>.= REILR Crr

PrB P/S^ RANPI 
PrBF/S_BOVIJJ

P rB P /S  BOVIN

• A F- EMENFW
r AtGWrn

i w i f i n
*TtHTa :• Fr

W  raL:Vp,*v™ afc/
i i* 1

49
50

Ktvsr1 CfVHP 99
100

1 P7 |
VKTWQ H ILA A P  j t  J" n  N-r h

ps 1 1 P9
! 1 (YUAI 1, -i ' i

nrrwQ . iiaat J -U m> oilv* IW[1
149
150

F ig . 1. T he frog hom olog  o f  m am m alian PrBP/S is  h igh ly  conserved . The amino acid sequence of R. pipiens PrBP/S was aligned and 
compared with eight other vertebrate sequences: bovine (shown), human, dog, rat, mouse, chick, fugu (partial sequence from genomic data base), 
and zebrafish (from genomic data base). Residues in red are identical in at least eight out of nine vertebrate species. Multiple sequence alignment 
was also performed, including six invertebrate, full-length PrBP/S orthologous sequences: C. elegans, C. briggsae, C. intestinalis, D. melanogaster, 
A. gambiae, and Haloeynthia roretzi. Residues in boldface red are identical in at least 14 out of 15 species. Secondary structure (above sequence) 
is based on the PrBP/S crystal structure, and sites tha t are structurally equivalent to the prenyl interacting sites in the crystal structure of RhoGDI 
are boxed (9).
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am ino acid sequence and  s tru c tu ra l homology m odeling, i t  is 
ev iden t th a t  p ractically  th e  en tire  sequence o f frog PrB P/S folds 
in to  a  functional p reny l group-binding pocket. Sequence and  
s tru c tu ra l analysis of PrB P/S w ith  th e  re la ted  p ro te in s u n c i 19/ 
HRG4 (12, 40) and  RhoGDI (9, 11) su p p o rt th e  hypothesis th a t  
PrB P/S is th e  basic proto type for a  fam ily of p ro te ins con tain ing  
a  hydrophobic pocket th a t  b inds p reny l groups.

Recombinant Frog PrBP/S Quantitatively Releases PDES 
from R O S M embranes—E xpression  o f frog PrB P/S as a  GST 
fusion p ro te in  in  E. coli yielded ~ 4  m g of affinity-purified 
GST-PrBP/S p e r li te r  o f cu ltu re . Following cleavage of th e  fu 
sion protein, a  17-kDa protein  th a t  m igrated  identically  to native 
frog PrBP/S on SDS-PAGE w as recovered (Fig. 2A). A polyclonal 
antibody (FL) ra ised  aga in s t th e  full-length bovine recom binant 
PrBP/S protein  recognized a  single 17-kDa band on im m unoblots 
of both frog and  bovine re tina l extracts (Fig. 2B), dem onstrating  
th e  specificity o f the  FL  antibody for PrBP/S.

To te s t  th e  functional activ ity  o f th e  expressed frog PrBP/S, 
we exam ined its  ab ility  to  solubilize P D E 6 from ROS m em 
branes. Frog ROS m em branes w ere p rep a red  from Percoll- 
purified  ROS, and  th e  soluble p ro te ins w ere rem oved by cen
tr ifuga tion  (see “E xperim en ta l P rocedures”). In  c o n tra s t to 
bovine ROSs w here —25% of th e  to ta l PD E 6 is recovered as a 
soluble p ro te in  (7), Percoll-purified frog ROSs have negligible 
am oun ts (1.0 ±  0.2%, n = 5) of P D E 6 in  th e  soluble fraction. 
W hen increasing  am oun ts of recom binan t frog PrB P/S w ere 
added to ROS m em branes, PD E 6 w as re leased  from th e  m em 
b ran e  in  a  dose-dependent m an n e r (Fig. 3A). The IC 60 for 
PrB P/S solubilization  of P D E 6 from frog ROS m em branes 
(128 ±  11 iim) rep resen ts  a  su b s ta n tia l excess o f PrB P/S re la 
tive to  th e  P D E 6 concentration . In te resting ly , th e  tim e  course 
o f P D E 6 solubilization  w as very  slow: only 30% of th e  P D E 6 
w as re leased  a fte r a  5-h incubation , and  17 h w ere needed to 
observe com plete solubilization. T his slow process w as no t due 
to  PrB P/S b ind ing  to  ROS m em branes, because im m unoblot 
analysis show ed no increase  in  PrB P/S im m unoreactiv ity  in 
ROS m em branes following incubation  of PrB P/S w ith  ROS ho- 
m ogenates (d a ta  no t shown).

To d eterm ine  w h e th e r th e  PrB P/S rem ained  associated  w ith  
PD E 6 following solubilization  of th e  enzym e from ROS m em 
branes , w e u sed  th e  ROS1 an tibody (41) coupled to Sulfolink 
beads to im m unoprecip ita te  th e  soluble P D E 6. As show n in 
Fig. 3B , q u an tita tiv e  im m unoprecip ita tion  of P D E 6 by the  
ROS1 antibody also co-precip itated  PrBP/S. In  a  sim ila r exper
im en t, we solubilized P D E 6 w ith  GST-PrBP/S, and  th en  used 
g lu ta th ione-agarose  beads to pu ll down th e  GST-PrBP/S. We 
found th a t  all of th e  P D E 6 co-precip itated  w ith  PrB P/S (d a ta  
no t shown), confirm ing th a t  PrB P/S form s a  s tab le  complex 
w ith  P D E 6. These re su lts  preclude each m olecule o f PrB P/S 
re leasing  m ultip le  P D E 6 m olecules from  th e  m em brane and  
th en  dissociating  from th e  enzyme.

A.
250— a 
100_
75—
50—
37— ^ * ’

B.
kDa 

75 — 
50 — 
37 —

25—
20—

15—
10“

25 —
20 —
15— ’
10 —

-

GST- PrBP/5 
PrBP/8

Bovine Frog

Fig. 2. R ecom binant ex p ression  o f  frog  PrBP/8 and antibody  
sp ec ific ity  o f  the PrBP/8 an tibody (FL). A, bacterially expressed 
frog GST-PrBP/S fusion protein was purified by glutathione agarose 
affinity chromatography and then treated  with thrombin to cleave the  
fusion partner from PrBP/S. Samples were analyzed by SDS-PAGE and 
Coomassie staining. Lane 1: 20 /ng of frog GST-PrBP/S. Lane 2: 20 /ng of 
PrBP/S. B, th e  specificity of the  PrBP/S antibody (FL) was tested by 
immunoblot analysis of bovine and frog retinal extracts (11 /ng of pro
tein) run on SDS-PAGE, transferred to polyvinylidene difluoride mem
branes, and the  membranes probed with 1:1000 dilution of the  FL 
antibody and 1:3000 dilution of secondary antibody.

PrBP/8 Is Able to D isrupt Transducin Activation o f PD ES—A 
proposed role o f PrB P/S in  m am m alian  pho to transduetion  is to 
decrease th e  ab ility  of tran sd u c in  to  ac tiva te  PD E 6, thereby  
desensitiz ing  th e  response to  lig h t s tim u la tion  (21). To te s t 
w h e th e r th is  m echanism  is re lev an t to  P D E 6 activation  in  frog 
ROS, we f irs t tre a te d  ROS hom ogenates w ith  PrBP/S, an d  then  
assayed  th e  m axim um  ex ten t of tran sd u c in  activation  of P D E 6 
in  light-exposed ROS hom ogenates th a t  h ad  been incubated  
w ith  GTP-yS (to irreversib ly  ac tiva te  transducin ). As seen  in 
Fig. 4A, increasing  am oun ts o f PrB P/S cause a  progressive 
reduction  in  P D E 6 activation  by tran sd u c in  in  light-exposed 
ROS. U nder conditions w here 90% of th e  P D E 6 h ad  been re 
leased  from ROS m em branes, a  70% reduction  in  PD E 6 ac ti
vation  by tran sd u c in  w as seen. T his behavior is generally  con
s is te n t w ith  a  previous rep o rt w ith  bovine ROSs (21). The IC 60 
values for d isrup tion  of tran sd u c in  activation  and  for so lubili
zation of m em brane-associated  P D E 6 w ere also observed to be 
s im ila r (Fig. 4A). The s im p lest exp lanation  is th a t  th e  reduced 
ab ility  o f tran sd u c in  to ac tiva te  P D E 6 is a  d irec t consequence of 
PrB P/S rem oving P D E 6, b u t no t tran sd u c in , from ROS m em 
branes , co nsis ten t w ith  Cook et al. (21). (We verified th a t  the  
T a -su b u n it o f tran sd u c in  rem ains fully m em brane-associated  
a t  all o f th e  PrB P/S concentrations te s ted  (Fig. 4B).) T his is 
consisten t w ith  ea rlie r  s tud ies  w ith  purified , reconstitu ted  
ROS p ro te ins show ing th a t  efficient activation  o f P D E 6 by 
tran sd u c in  requ ires  m em brane a tta ch m en t o f both pro te ins on 
th e  ROS d isk  m em brane (42^45).
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Fig. 3. R ecom binant frog  PrBP/S so lu b ilizes PDE6 from  ROS 
m em branes and form s a  stab le com plex  in  v itro . A , purified frog 
ROS homogenates (30 nM PDE) were incubated with increasing 
am ounts of recombinant frog PrBP/<5 for >17 h a t 4 °C. Each sample 
was centrifuged to separate m em brane-associated ( • )  from soluble (O) 
PDE6. The PDE6 concentration was determined by quantifying cGMP 
binding (see “Experim ental Procedures") and normalized to the PDE6 
concentration in the absence of added PrBP/<5 (<5% soluble). D ata are 
mean ± S.E. for six separate experiments. B, frog ROS homogenates 
were incubated overnight a t 4 °C with an 8-fold molar excess of frog 
PrBP/<5 relative to PDE6. Solubilized PDE6 was separated from ROS 
membranes by centrifugation. ROSl-Sulfolink was then incubated with 
the supernatan t fraction for 2 h a t 22 °C. Precipitated proteins were 
recovered by brief centrifugation of the  antibody beads. The pellet and 
supernatan t fractions were mixed with SDS-PAGE gel sam ple buffer, 
electrophoresed, and transferred to membranes. The immunoblot was 
probed with a m ixture of PrBP/<5 (FL) and PDE6 (NC) antibodies. HC 
and LC  refer to IgG heavy and light chains, which cross-reacted with 
the secondary reagent.

PrBP/S Associates with Other Prenylated Photoreceptor Pro
teins in Vitro— In addition to PD E6, a  num ber of o ther photore
ceptor proteins contain post-translational m odifications th a t re 
su lt in  prenylation and  carboxym ethylation. These include th e  
transducin  7-subunit (farnesylated), opsin k inases (GRK1, farne- 
sylated; GRK7, geranylgeranylated), and  rabS (farnesylated). To 
te s t th e  ability  of PrBP/S to in te rac t w ith  photoreceptor proteins 
o ther th an  PD E6, we prepared  PrBP/S covalently coupled to 
Sepharose beads (PrBP/S-Sepharose) and  th en  incubated  th e  im 
mobilized PrBP/S w ith  detergent-solubilized bovine ROS homo
genates. (Bovine ROSs w ere used for these  experim ents because 
of the  g rea te r availability  of antibodies th a t  recognize bovine, b u t 
no t frog photoreceptor proteins.) As a  control for th e  specificity of 
th e  in teraction  w ith  th e  PrBP/S-Sepharose, sam ples w ere p re
incubated w ith  an  excess of recom binant PrBP/S. As seen in  Fig.

Fig. 4. PrBP/S b lock s transd ucin  a c tiva tion  o f  PDE6 in  v itro  
w ith o u t re lea sin g  T«*-GTP-yS from  ROS m em branes. A , nueleo- 
tide-depleted, light-exposed frog ROSs (40 nM PDE6) were incubated 
overnight a t 4 °C with the indicated am ount of PrBP/S. To one portion 
•

which PDE6 could be activated by transducin. Another portion (O) was 
centrifuged to determ ine the  extent to which non-activated PDE6 was 
solubilized (as in Fig. 3). B, immunoblot analysis of ROS homogenates 
treated with the  indicated am ounts of PrBP/S prior to centrifugation. 
Supernatan ts OS) and membrane pellets (A/0 were analyzed on immu- 
noblots using a transducin (T«) antibody.

5, PrBP/S is able to form stable, specific complexes w ith  GRK1, 
PD E6, RabS, and  th e  transducin  |3-subunit. In  all of these cases, 
addition of excess PrBP/S blocked m ost or all of th e  specific 
in teraction  w ith  these  pro teins (Fig. 5, “N S ”). A lthough th e  tra n s 
ducin |3-subunit lacks a  prenyl modification itself, i t  tightly  a s 
sociates w ith  th e  farnesylated  transducin  7-subunit, th u s  ex
p lain ing  its  ability  to be pulled down by PrBP/S. In  contrast, 
a rrestin , an ab u n d an t soluble photoreceptor protein, w as not 
pulled down by PrBP/S-Sepharose. These resu lts  dem onstrate  
th a t  exogenous PrBP/S is capable of forming stab le  in teractions 
w ith  several photoreceptor proteins o ther th a n  PD E 6, all of 
which contain C -term inal farnesyl or geranylgeranyl groups, or, 
in  th e  case of transducin  |3-subunit, a re  tightly  associated w ith  a 
prenylated  protein.

Quantitative Analysis o f PrBP/S Reveals Low Abundance in 
Retina and in RO Ss— In o rder for PrB P/S to serve a s  a  reg u la 
to ry  p ro te in  for PD E 6 d u ring  pho to transduction , th e re  m u s t be 
enough PrBP/S p re sen t to b ind a  sign ifican t fraction  of th e  
PD E 6. P revious s tud ies  have  failed to  q u an tify  th e  ra tio  of 
PrB P/S re la tive  to PD E 6. To exam ine th is , we p rep ared  re tin a l 
ex trac ts  and  purified  ROS sam ples of know n rhodopsin  and  
PD E concentration , along w ith  a  series of PrB P/S recom binan t 
p ro tein  s tan d a rd s , and  perform ed q u an tita tiv e  im m unoblot 
analysis. Fig. 6A show s th a t  a  frog re tin a l e x trac t con tain ing  
1.0 pmol of PD E 6 h a s  sub-stoichiom etric am oun ts of PrBP/S 
(0.4 mol of PrB P/S p e r mol of PD E 6; T able I) re la tive  to PD E 6. 
The am oun t of frog PrB P/S re la tive  to PD E 6 is ~  10-fold low er 
in  sam ples of osm otically in tac t, purified  frog ROS (Fig. 6A and  
T able I). (N ote th a t  Percoll-purified  frog ROSs re ta in  th e  full 
com plem ent of soluble p ro te in s (22), an d  hence loss of PrBP/S
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Fig. 5. PrBP/S b in ds to severa l p renylated  ph otorecep tor  pro
te in s in  b ov in e  ROS hom ogenates. Detergent-solubilized bovine 
ROS (3.5 pmol of PDE6) were incubated with PrBP/8-Sepharose (2 mg 
of PrBP/S per m illiliter of resin), and proteins bound to the resin (Bnd) 
were separated from unbound proteins (UB) by centrifugation. As a 
control for nonspecific binding to the  resin (NS), identical samples were 
incubated w ith a large excess of PrBP/S. Equivalent amounts of the 
sta rting  sample (ROS) were also loaded. After SDS-PAGE and transfer 
to polw invlidene difluoride, blots were probed with prim ary antibodies 
to GRK1, PDE6, Rab8, transducin /3-subunit, and arrestin .

A.
Ret. R _ „  PrBP/8 standards (fmol) 
Ext. 30 60 125 250 500

PrBP/6 standards (fmol) 
250 500

F ig. 6. Q uan titating  PrBP/S co n ten t in  retin a l ex tra cts and  in
ROS. A, detergent-treated frog retinal extracts (1.0 pmol of PDE6) and 
Percoll-purified frog ROS (1.0 pmol of PDE6) were examined for their 
PrBP/S content by reference to the  indicated am ounts of purified, re
combinant frog PrBP/S. B, detergent-treated bovine re tinal extracts 
(0.25 pmol of PDE6) and sucrose-purified ROS (0.5 pmol of PDE6) were 
analyzed as in panel A,

T a b le  I
The content o f PrBP/S in retina and purified R OSs 

The am ounts of PrBP/S in retinal extracts, purified ROSs, and puri
fied soluble rod PDE6 were determ ined by quantitative immunoblot 
analyses of samples where the  concentration of PDE6 was independ
ently determ ined and the  PrBP/S standards fell w ithin the  range of the 
unknown samples. Each value represents the  m ean ± S.E. for a t least 
three  different experiments.

Sample
PrBP/8 content

Bovine Frog

mol per mol PDE6
Retinal extract 0.6 ± 0.1 0.4 ± 0.1
Purified ROS 0.09 ± 0.01 0.03 ± 0.01
Purified soluble PDE6 1.0 ± 0.1 NA“

“ NA, not applicable.

from th e  o u te r segm en t canno t explain  th is  re su lt.) O f th e  
PrB P/S th a t  is found in frog ROSs, >80%  is recovered as a 
soluble p ro tein  following cen trifugation  of ROS hom ogenates in 
an  isotonic buffer. U n d er these  conditions, —99% of th e  PD E 6 
is m em brane-associated , ind ica ting  th a t  only m in u te  am ounts 
of PrB P/S a re  bound to PD E 6 in  frog ROSs.

Q ualita tive ly  s im ila r re su lts  a re  ob tained  for bovine re tin a l

ex trac ts  or bovine ROSs ( Fig. 6B  and  T able I). O verall, th e  to tal 
con ten t of PrBP/S is sligh tly  h ig h e r for bovine com pared w ith  
am phib ian  re tin a l ex trac ts  (0.6 PrBP/S p e r  P D E 6). In  bovine 
ROS, th e re  is <0 .1  PrB P/S p e r  P D E 6 (Table I). S im ila r va lues 
for PrB P/S re la tive  to P D E 6 w ere obtained  for bovine ROSs 
purified  from fresh ly  iso lated  or frozen re tin a s , and  for ROSs 
purified  on a  Ficoll g rad ien t (24).

W e also exam ined  th e  sto ichiom etry  of PrBP/S bound to 
purified, soluble bovine rod PD E 6 iso lated  from th e  bovine 
re tin a l ex trac ts . U sing q u an tita tiv e  im m unoblot analysis (Ta
ble I), w e e s tim ated  th a t  1.0 ±  0.1 PrB P/S is bound to th e  
cata ly tic  d im er of bovine rod P D E 6. W e also estim a ted  th e  P y  
con ten t of ou r PD E 6 sam ples u sin g  q u an tita tiv e  im m unoblot 
analysis (1.8 ±  0.2 P y  p e r  P D E 6; n = 4) to confirm  th a t  th e  
PD E 6 concentration  loaded on th e  gel w as accurate . T his leads 
to th e  in te re s tin g  conclusion th a t  PrBP/S binds only one of th e  
two prenyl g roups a ttach ed  to th e  P D E 6 cata ly tic  afi dim er. 
A lthough PrB P/S can b ind  to P D E 6 stoichiom etrically , th e  low 
abundance  of PrB P/S in  photorecep tors ( T able I) precludes a 
sign ifican t am oun t of P D E 6 from being bound to PrB P/S in 
in ta c t ROSs. W e th in k  i t  m ost likely  th a t  m ost soluble rod 
PD E 6 (contain ing bound PrBP/S) iso la ted  from bovine re tin a l 
ex trac ts  re su lts  from b ind ing  of PrB P/S derived from o ther 
re tin a l cells d u ring  hom ogenization of th e  re tin a .

Immunohistochemical Localization o f PrBP/8 in Frog R eti
na—B ased on our finding th a t  m ost of th e  PrB P/S p re sen t in 
frog re tin a  is no t recovered in  purified , sealed  ROSs, w e p e r
form ed ind irec t im m unofluorescen t labeling  of PrB P/S in  frog 
re tin a l cryosections. The FL an tibody to PrB P/S w as u sed  in 
conjunction w ith  a panel of well characterized  an tibodies to 
o th er re tin a l p ro te in s to localize PrB P/S w ith in  th e  re tin a . Fig. 
7 (A and  B) show s th a t  in frog re tin a  th e  m ajority  of PrB P/S is 
located in th e  in n e r plexiform  lay e r (IPL, p a rticu la rly  s tra tu m  
1 ), in  th e  optic nerve fiber layer ben ea th  th e  ganglion cell layer, 
and, to a  lesse r ex ten t, in th e  o u te r plexiform  lay e r (OPL). 
W ith in  th e  photorecep tor layer, w e observe in ten se  s ta in in g  in 
in n e r segm en ts of a subpopulation  of photorecep tor cells ( Fig. 
7, A  and  B). In  an effort to  detec t low levels of PrB P/S in  th e  
photorecep tor layer, w e am plified th e  signal by using  a  biotin- 
conjugated secondary  antibody, w hich w as th e n  visualized  w ith  
strep tav id in  conjugated  to th e  A lexa 488 fluorophore. T his 
m ethod  am plified PrB P/S s ta in in g  in  th e  rod in n e r segm ents 
(Fig. 7C, arrowhead). F a in t labeling  of th e  ROS w as also occa
sionally  observed, b u t u su a lly  occurred in  sections w here  back
g round  s ta in in g  w as g rea te r. T hese im m unohistochem ical re 
su lts  a re  fully consisten t w ith  th e  q u an tita tiv e  im m unoblot 
ana ly s is (Table I) show ing th a t  <10%  of th e  to ta l PrB P/S im- 
m unoreactiv ity  in  frog re tin a  co-purifies w ith  ROSs.

To b e tte r  define th e  subcellu lar localization of PrB P/S w ith in  
th e  photorecep tor lay e r of th e  frog re tin a , w e perform ed co
localization s tu d ies  w ith  several antibodies specific for rod 
and/or cone pho to transduction  pro te ins. A lthough PrB P/S is 
w idely regarded  in  th e  li te ra tu re  as a  su b u n it of PD E 6, th e  
rod/cone PD E 6 cata ly tic  su b u n it an tibody (ROS1) show s th a t  
PD E 6 fails to co-localize w ith  PrB P/S (Fig. 7, D-F). In  con trast, 
an  antibody to th e  bona fide  P y -subun it does indeed show 
co-localization w ith  th e  PD E 6 cata ly tic  su b u n its  in  rods and  
cones u n d e r  iden tical im m unosta in ing  conditions (Fig. 1G). W e 
n ex t iden tified  th e  cell type th a t  s ta in ed  in tensely  w ith  th e  FL 
antibody in  th e  in n e r segm en t lay e r using  th e  COS-1 antibody 
th a t  is specific for m edium /long w avelength-sensitive cone 
opsins in  m any  v e rteb ra te  species (46). T his antibody p refe r
en tia lly  labels th e  o u te r segm en t of th e  large single cone and  
th e  double cone ( consisting of p rim ary  and  accessory m em bers) 
of Xenopus re tin a  (47). As seen in  Fig. 1H , th e  brigh t, p u n c tu 
a te  s ta in in g  for PrB P/S in  th e  in n e r segm en t is a lm ost alw ays
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Fig. 7. Im m u noh istoeh em ieal lo ca liza tion  o f  PrBP/8 in  frog  
retina . Frog retina was isolated, fixed, and sectioned as described 
under “Experim ental Procedures” and incubated with prim ary antibod
ies to the  indicated proteins: A, PrBP/S antibody (FL, green). B, same as 
A  with phase contrast superimposed and retinal layers identified: OS, 
outersegm ent; RIS, rod inner segment; ONL, outer nuclear layer, OPL, 
outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform 
layer; GCL, ganglion cell layer. Stain appears greatest in certain inner 
segm ents and stra tum  1 of the  IPL. Arrowheads indicate cone outer 
segments, while arrows indicate rod outer segment. C, FL antibody 
signal amplified with biotin-streptavidin detection reagents perm its 
labeling of all rod inner segm ents (arrowhead). D-F, double labeling 
with FL (green) and R0S1 (a PDE6 catalytic subunit antibody, red) 
stainings do not co-localize. G, superimposition of PDE6 (ROS1, red) 
and Py-subunit (CT-9710, green) show co-localization in the  outer seg
ments. H, superimposition of phase contrast image with FL (green) and 
red/green cone opsin (COS-1, red). Arrows point to two double cones: pc, 
principal cone; ac, accessory cone. Arrowhead points to rod inner seg
m ent (RIS). I, double staining of FL (green) and rod arrestin  (SCT-128, 
red).

s itu a ted  ju s t  below a  C O S-l-im m unoreactive ou ter segm ent 
th a t  lacks an  oil d rop let in  its  in n e r segm ent. T his iden tifies th e  
PrB P/S-reactive photorecep tor a s  th e  accessory m em ber of th e  
double cone. N ote th a t  o ther C O S -l-s ta ined  o u te r segm ents a re  
jo ined  to in n e r segm ents con ta in ing  oil d rop lets an d  rep re sen t 
e ith e r th e  principal m em ber of th e  double cone or single la rge  
cones th a t  p redom inate  in  frog re tin a . F a in t PrB P/S im m uno
reac tiv ity  w as also seen in  th e  p rincipal (“red") rod in n e r seg
m en ts  (Fig. 7H ). F inally , an  antibody specific for rod  a rre s tin  
(SCT-128) did no t s ta in  th e  PrB P/S-positive cone in n e r seg
m en ts  a t  all, confirm ing th a t  PrB P/S in frog photoreceptors is 
p rim arily  located in accessory cone in n e r segm ents. We con
clude th a t  th e  p reponderance of PrB P/S in  frog re tin a  is in  th e  
synaptic  regions of all classes of re tin a l neurons. W ith in  th e  
photoreceptor cells them selves, s trong  sta in in g  for PrB P/S is 
detec ted  only in  the  in n e r segm ent of the  accessory cone of th e  
double cone pair, w ith  le sse r s ta in in g  of rod in n e r segm ents, 
and  v e iy  litt le  im m unoreactiv ity  in  photorecep tor ou ter 
segm ents.

Re-examination o f the Immunolocalization o f PrBP/8 in Bo
vine Retina— The low level of PrB P/S s ta in in g  in th e  photore
ceptors of frog re tin a  (Fig. 7) co n tra s ts  w ith  previous, conflict-

Fig. 8. Im m u noh istoeh em ieal lo ca liza tion  o f  PrBP/8 in  bovine  
retina . Light-adapted bovine retinas were fixed and sectioned as de
scribed under “Experim ental Procedures,” and then sections were incu
bated with the  following prim ary antibodies. Arrowheads in some pan
els indicate the  connecting cilium (cc) region. A, PrBP/S (FL, green) 
alone. B, sam e as A with superimposition of phase contrast image and 
4',6-diamidino-2-phenylindole (blue) staining, with layers identified as 
in Fig. 7. C, FL staining of connecting cilium region of rods (upper 
arrowhead) and cones (lower arrowhead). D, superimposition of C with 
phase contrast image. E-G , double labeling of PDE6 antibody (ROS1, 
red) and FL (green); PrBP/S-staining is greatest a t the  base of the outer 
segm ent labeled by ROS1. H, cone arrestin  (7G6, red) sta ins cones (COS 
and CIS) bu t not rods, w hereas FL staining (green) in cones is a t the 
junction of COS and CIS. I, GRK1/7 (G8, red) s ta ins rod and cone outer 
segments, w hereas FL staining (green) is observed a t the  base of outer 
segments. J , RP1 (anti-R Pl, red) s ta ins the  connecting cilium region 
and overlaps with tyramide-amplified FL staining (green).

m g rep o rts  localizing PrB P/S e ith e r to ROSs (6) or to o u te r and  
in n e r segm ents of both rods an d  cones (8). B ecause these  dif
ferences m igh t rep re sen t rea l species differences or, a lte rn a 
tively, differences in  the  lig h t h is to ry  or m ethods of sta in ing  
re tin a  for im m unohistochem istry , we re-exam ined  th e  localiza
tion of PrB P/S in  bovine re tin a  using  th e  FL an tibody  along 
w ith  o th er w ell characterized  an tibodies th a t  recognize bovine 
photoreceptor p roteins.

As seen in  panels A  a n d f i  o f Fig. 8, th e  m ajority  of PrBP/S in 
ligh t-adap ted  bovine re tin a  is found, no t in  th e  photoreceptor 
cells, b u t in th e  synaptic  te rm in i of th e  OPL, IPL , an d  beneath  
th e  ganglion cell layer. The n uc lea r layers have  significantly  
less PrB P/S s ta in in g  (Fig. 8B). In  these  regards, PrB P/S d is tr i
bution  in  th e  bovine re tin a  is qu ite  s im ila r to w h a t is seen in 
frog re tin a . H ow ever, bovine re tin a  exhib its a  un ique  labeling  
p a tte rn  for PrBP/S a t  the  ju nc tion  betw een th e  in n e r and  ou ter 
segm ents of rod an d  cone photoreceptors (Fig. 8B , connecting 
cilium  region (cc)). I t  show s a  p redom inan tly  filam en tous s ta in 
ing  p a tte rn  for PrB P/S th a t  ex tends p a r t  w ay into th e  ou ter 
segm ents, a  p a tte rn  consisten t w ith  PrB P/S being p re sen t in 
th e  h ig h es t concen trations a t  the  ciliary  axonem e o f both rod 
and  cone photoreceptors (Fig. 8, C and  D).

To fu r th e r refine th e  localization of bovine PrB P/S w ith in  
photoreceptor cells, w e firs t looked for co-localization of PrBP/S 
w ith  P D E 6. Fig. 8E  show s strong  labeling  of both rod and  cone 
o u te r segm en ts w ith  th e  ROS1 antibody, consisten t w ith  p re 
vious w ork show ing th a t  th is  an tibody recognizes both rod and  
cone P D E 6 (6, 41). The PrB P/S s ta in in g  ex tends from th e  base
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Fig. 9. Im m im oelectron m icroscopy loca lizes PrBP/S to the c ili
ary axonem es o f bovine rods and cones. A, semithin sections from 
bovine retina were stained for PrBP/8 (see “Experimental Procedures”). 
Immunoreactivity concentrated in the connecting cilium region (arrow
heads) th a t joins cone inner segments (o's) and outer segments (cos) or rod 
inner segments (ris) and outer segments. B and C, ultrathin sections 
stained for PrBP/8. Labeling is present in both rod (B) and cone (C) 
axonemal microtubules. Stain is greatest above the basal body (66) and 
connecting cilium (cc), where it extends up along the axonemes (brackets).

of th e  o u te r segm en t p a r t  w ay in to  th e  o u te r segm ent of both 
rods an d  cones (Fig. 8, F  an d  G). The m erged im age (Fig. 8G) 
show s PrBP/fi alone (green) an d  both PrBP/fi an d  PD E6 (yellow) 
s ignals, ind ica ting  th a t  som e PrBP/fi is found a t  the  ju n c tu re  of 
th e  in n e r and  o u te r segm ents w here th e re  is li tt le  PD E6. The 
w idely spaced PrBP/fi im m unoreactiv ity  (lower arrow head) in 
Fig. 8H  is show n to co-localize w ith  a  cone-specific a rre s tin  
antibody (red), b enea th  the  m ajo r ribbon of PrBP/fi labeling  
(upper arrow head) p re sen t in  rods. B ecause opsin k inases  have 
been show n to in te ra c t w ith  P rB P /fiin  pull-dow n assays (Fig. 5) 
and  by y ea s t tw o-hybrid screens (8), we also labeled  re tin a l 
sections w ith  an  an tibody recognizing bovine rod  (GRK1) and  
cone (GRK7) opsin k inase. GRK1/7 d is tribu tion , like PD E6 
s ta in ing , is confined to th e  o u te r segm ents of both rods and  
cones in  ligh t-adap ted  re tin a , w hereas PrBP/fi can be clearly  
seen a t  th e  base of th e  o u te r segm ents, suggesting  th e  s ta in ed  
s tru c tu re s  a re  th e  connecting cilia of rods an d  cones (Fig. 81).

Finally , to fu r th e r  define PrBP/fi s ta in in g  re la tive  to the 
connecting cilium  region, we defined th e  position of PrBP/fi 
re la tive  to th e  RP1 p ro tein , know n to be localized to the  axon
em es im m ediately  d is ta l to th e  connecting cilium  (48, 49). To 
enhance detection of PrBP/fi in th is  co-localization experim ent, 
we u sed  a  ty ram ide  am plification k it (see “E xperim en ta l P ro 
cedures”), w hich causes the  no rm ally  filam entous PrBP/fi la 
beling to ap p ea r m ore diffuse (bu t did no t a lte r  overall local
ization  of PrBP/fi in  the  re tina). Fig. 8J  show s su b s tan tia l 
overlap in RP1 an d  PrBP/fi labeling  (yellow) w ith  additional 
PrBP/fi labeling  (green) below and  som e RP1 labeling  (red) 
above th e  region of co-localization. T his places PrBP/fi in  the 
im m ediate  v icin ity  of th e  connecting cilium  of rods an d  cones. 
F u rth e rm o re , sem i-th in  sections (0.5 /um) of bovine re tin a  a t  
low er m agnification  confirm  th a t  g re a te r  s ta in in g  of PrBP/fi is 
de tec ted  a t  th e  junction  of th e  in n e r an d  o u te r segm en ts of rods 
and  cones (Fig. 9A). To d eterm ine  th e  localization of PrBP/fi a t  
th e  u ltra s tru c tu ra l level, we perform ed im m unoelectron  m i
croscopy. PrBP/fi labeling  w as g re a te s t a t  th e  base  of rod  and  
cone o u te r segm ents, ju s t  above th e  basal bodies and  connect
ing  cilia (Fig. 9, B  an d  C). The PrBP/fi labeling  ap p ears  strongly  
associated  w ith  ciliary  axonem al m icrotubules. In  both rods 
and  cones, PrBP/fi s ta in in g  ex tends p a r t  w ay in to  th e  ou ter 
segm en t before th e  labeling  tra ils  off.

This p rim ary  localization of PrBP/fi w ith in  bovine photorecep
tors to the  connecting cilium region (Figs. 8 and  9) differs from 
earlier reports of its  predom inant location in the  rod ou ter seg
m en t (6) or in  rod and  cone ou ter segm ents (8). Several factors 
m ight account for these differing resu lts , including different p ri
m ary  antibodies used, technical issues in detecting ciliary axo-

nem al proteins (e.g. RPGR (50)) th a t m ay  be sensitive to subtle 
varia tions in specim en preparation , and  epitope m asking  th a t 
m ay resu lt from PrB P/fi-interacting proteins binding to th is 
sm all protein and  preventing  p rim ary  antibody binding.

The species difference observed in  th e  im m unohistoehem ieal 
localization of PrBP/fi, i.e. in  the  connecting cilium  an d  axo
nem es of bovine, b u t no t am phib ian , photoreceptors, is no t 
understood. We canno t p resen tly  exclude the  possibility  th a t  
our experim ental conditions for im m unohistochem istry  failed 
to detec t PrBP/fi in  th e  connecting cilium  region an d  axonem es 
of frog photoreceptors. ( U se of h ig h e r antibody concentrations, 
addition  of increasing  am oun ts of de te rgen t, an d  a ttem p ts  to 
im m unolabeled  purified  ROS or iso lated  axonem al p re p a ra 
tions did no t show  additional PrBP/fi labeling  of photoreceptors 
(d a ta  n o t shown).) A no ther possib ility  is th a t  PrBP/fi in te rac ts  
w ith  d ifferen t p ro te ins in  frog photoreceptors com pared w ith  
bovine photoreceptors an d  th a t  epitope m ask ing  g rea tly  h a m 
pers v isualization  of PrBP/fi by im m unohistochem istry  of frog 
re tin a l sections. P re lim inary  re su lts  u sing  seria l sectioning 
and  im m unoblot analysis (51) confirm  th a t  a  17-kDa, PrBP/fi- 
im m unoreactive p ro tein  can be detec ted  in th e  in n e r segm ent 
region of rods in  frog re tin a .2 A lthough th e  to ta l con ten t of 
PrBP/fi in  frog an d  bovine re tin a s  is no t very  d ifferen t ( T able I), 
i t  is also possible th a t  th e  function o f PrBP/fi differs in th e  two 
species. F or exam ple, am phib ian  re tin a s  con tain  d is tinc t 
c lasses of photoreceptors no t found in m am m alian  re tin a s  (e.g. 
double cones) an d  frog photoreceptors a re  la rg e r in d iam e te r 
th a n  th e ir  m am m alian  co un te rparts . On the  o th er h an d , the 
very  h igh sequence an d  s tru c tu ra l s im ila rities of all v e rteb ra te  
PrBP/fi p ro te in s suggests th a t  th is  prenyl-b ind ing  p ro tein  m ay 
serve iden tical functions in all v e rteb ra te  photoreceptors.

S u m m a ry—The ability  o f th e  frog hom ologue of PrBP/fi to 
com pletely solubilize m em brane-a ttached  frog PD E6 an d  to 
d is ru p t th e  ab ility  of tran sd u c in  to ac tiva te  PD E6 dem on
s tra te s  th a t  th e  h igh  sequence id en tity  observed betw een the 
am phib ian  an d  m am m alian  PrBP/fi p ro te ins reflects very  sim 
ila r  functional p roperties of th is  prenyl-b ind ing  protein  
th roughou t te trap o d  evolution. A lthough PrBP/fi can b ind sto- 
ichiom etrically  to PD E6 w ith  high affin ity  in  vitro, th e  low 
concentration  of PrBP/fi (<0.1  PrBP/fi p e r PD E6) in  v e rteb ra te  
ou te r segm ents p recludes a  role for th is  p ro tein  in  the  photo
tran sduc tion  pathw ay. B ecause PrBP/fi is n o t a  bona fide  sub 
u n it o f PD E6, i t  should  be iden tified  based  on its  p rim ary  
function, nam ely  as a  p renyl-b ind ing  protein .

The p rim ary  location of PrBP/fi in  photoreceptor cells a t  the 
junction  betw een th e  in n e r segm en t an d  th e  proxim al region of 
th e  o u te r segm ent (defined as the  connecting cilium ) a rgues for 
a  function for PrBP/fi re la ted  to tra n sp o rt of m ate ria l th rough  
th is  connecting cilium . Specific b inding of PrBP/fi w ith  p ro teins 
th a t  a re  located a t  or n e a r  the  connecting cilium  of photorecep
to r cells h as  been reported , including th e  re tin itis  p igm entosa 
G TPase reg u la to r (16, 52), rab8  (Ref. 53 and  our Fig. 5), and  
A rl3 (9, 17, 54). O th e r p ro te ins know n to be involved in  protein  
trafficking have also been show n to in te ra c t w ith  PrBP/fi (a l
though th e ir  p resence in  the  connecting cilium  h as  no t been 
determ ined), especially  ra s -re la ted  G TPases (9, 10, 14). Hence, 
we propose th a t  PrBP/fi m ost likely serves a  role in  protein  
tra n sp o rt th rough  th e  connecting cilium  of rods and  cones. We 
envision two possible processes in w hich PrBP/fi m ay  function: 
1) tra n sp o rt of p ren y la ted  pho to transduction  p ro te ins (e.g. 
tran sd u c in  -y-subunit, PD E6 a-, ji-, an d  a '-su b u n its , GRK1, 
GRK7) from th e ir  site  o f b iosynthesis in  th e  in n e r segm en t to 
th e  o u te r segm ent d isk  m em brane; 2) light-driven  protein

2 M. Sokolov, S. Hosier, V. Y. Arshavsky, and R. H. Cote, unpublished 
data.
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transloca tion  of p reny la ted  p ro teins (e.g. tran sd u c in  (51, 55)) 
betw een o u te r an d  in n e r  segm ents. PrB P/S and  a  s tru c tu ra lly  
re la ted  p ro tein , R G 4 /u n c ll9  (18, 56), a re  bo th  found in  the  
synap tic  layers o f v e rteb ra te  re tin a s  and  m ay play a  ro le in  
tra n sp o rt of synap tic  vesicle p ro te ins (57). T he fact th a t  defects 
in  p ro te in  tra n sp o rt a t  th e  connecting  cilium  an d  a t  th e  syn
ap tic  vesicle have been co rrelated  w ith  photorecep tor degener
a tive  d iseases (e.g. re tin itis  p igm entosa, U sher’s syndrom e, and  
L eber congenital am aurosis) em phasizes th e  im portance  of be t
te r  u n d e rs tan d in g  th e  functional roles of PrBP/S and  re la ted  
prenyl-b ind ing  p ro te ins in  ta rg e tin g  p ro te ins to specific photo
recep to r m em branes.
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