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Guanylyl cyclase activating protein (GCAPl) has been 
proposed to act as a calcium·dependent regulator of 
retinal photoreceptor guanylyl cyclase (GC) activity. 
Using immunocytochemical and biochemical methods, 
we show here that GCAPI is present in rod and cone 
photoreceptor outer segments where phototransduc­
Hon occurs. lWcombinant and native GCAPI activate 
recombinant human retGC (outer segment-specific GC) 
and endogenous GC(s) in rod outer segment (ROS) mem­
branes at low calcium. In addition, we isolate and clone 
a retinal homolog, termed GCAP2, that shows ~50% 
identity with GCAP1. Like GCAP1, GCAP2 activates 
photoreceptor GC in a calcium-dependent manner. Both 
GCAPI and GCAP2 presumably act on GCs by a similar 
mechanism; however, GCAPI specifically localizes to 
photoreceptor outer segments, while in these experi­
ments GCAP2 was isolated from extracts of retina but 
not ROS. These results demonstrate that GCAPl is an 
activator of ROS GC, while the finding of a second acti­
vator, GCAP2, suggests that a similar mechanism of GC 
regulation may be present in outcr segments, other sub· 
cellular compartments of the photoreceptor, or other 
cell types. 

I n vertebrate photoreceptor cells, the synthesis and hydrol­
ysis of cyclic GMP (cGMP) are critical steps in phototransduc­
tion. In response to light, a cascade of reactions in the photo­
receptor outer ~egment Jead~ to the hydrolysis of cGMP and the 
closure of cGMP·gated cation channels in the outer segment 
plasma membranc. As a conscquence, there is a reduction in 
the amount of calcium entering the cell. Cakium effiux owing 
to the Ka':K', Ca~' exchanger, however, is unaffected by 
light, resu I ting in a net decrease in the concentration of in ter­
nell free calcium. This decrea~c in the calcium concentration 
lends to the activation of guanylyl cyclase (GCl, which in part 
restores the dark conditions of the photoreceptor cell (reviewed 
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by Lagnado and Baylor (19921). 
Photoreceptor GC, a member lif the particulate GC family 

(Koch, 1991; Shy jan el al., 1992; Goraczniak e/ af., 1994; 
Umbarger et al., 1992; Dizhoor et (Lf., 1994; Liu et at., 1994), 
responds to an activator that senses changes in the calcium 
concen tration (Lolley ;;nd Racz, 1982; Koch and Stryer, 19881. 
Recently, we proposed that a calcium binding protein isolated 
frlim rod outer segments (ROS), I guanylyl cyclase activating 
protein (GCAP, termed here GCAPll, mediates this process 
(Gorczyca el aI., 1994a), and i t~ molecular properties were 
described (Palczewski et al., 1994). GCAPI restores the calcium 
sensitivity ofGC in a reconstituted system, and it decreases the 
sensitivity, time-to-peak, and recovery time of the light re­
sponse following its introduction into intact ROS (Gorczyca et 
at., 1994a). The moletular doning of GCAP1 from bovi ne, hu­
man, mouse, frog (Palczewski et al ., 1994), and chickcn~ retina 
and the genomic organization of mouse and human GeAPI 
(Subbaraya et aZ., 1994) demonstrate strong sequence conser­
vation between species, conservation of three putative calcium 
binding loops, and relatedne~~ to other neuronal calcium·bind­
ing proteins of the calmodulin superfamily. Transcripts encod­
ing GCAPI were localized to photoreceptor cells by il1 situ 
hybridization (Palczcwski et aI., 1994; Subbaraya el al ., 1994), 
bu t the precise localization of the protein is not known. I nde­
pendently, Dizhoor ttt al. (1994) proposed that another protein, 
p24, was responsible for the calcium sensitivity of photorecep­
tor GC. 

In th is paper, we describe the cellular localization of bovine 
GCAPl by immunocytochemical and biochemical methods and 
provide further evidence that GCAPI is a key element in the 
activation of photoreceptor GC. In addition, we show that the 
retina tontains a second GC activator, GCAP2, that is identical 
with p24 and closely related to GCAPl. 

MATERIALS AKll ll"ll::THODS 

Purificatioll 0{ ROS alld GCAP 1- Fresh bovine eyes were obtained 
from a local slaughterhouse, and the r~tinas w~re dissected under dim 
red light. ROS were pl'~pared acwrding to Papcrmaster (1982J. GCAPl 
waS purified as described previou~ly (Gorczyc~ et at., 1994aj. 

Affinity Chromalography-A soluble e"tract containing eCAPI was 
prepared from eit.her bO"ine ROS f equivalent Lo 50 bovine retinasl Or 
from 25 bovine retinas with 25 ml of water, containing 1 mM benzami, 
dine. Tbe extract was separated from ROS or retinal particulates by 
centrifugation (48,000 x g for 30 min ) ~nd loaded ontu an antibody, 
Sepharo~e column (mAb G·2; 6 mg of antibody per 1 Illl of th" C:--JBr· 
activated Sepharose: 1 x 2 em) cquilibrated with 10 mM 1.3· bis! tris(hy, 

1 The abbreviations used are; ROS, rod outer segment: BTP. 1.3· 
bis! tris(hydroxymethylJmethy lamino IprGpan~; HPLC, high perform· 
ance liquid chrnmatob'l"aphy: peR, polymerase chain reacti()n: PAGE, 
polyacrylamide gel electrophoresis: pAb, polyclunal antibody; mAh, 
monoclonal antibody: GTPyS. guanosine 5'·O-(thiotriphosphateJ. 

's. Semple·Rowland and W. Baehr, unpublished results. 

22029 



 a
t U

N
IV

 O
F

 U
T

A
H

 o
n
 A

u
g
u
s
t 1

3
, 2

0
0
7
 

w
w

w
.jb

c
.o

rg
D

o
w

n
lo

a
d
e
d
 fro

m
 



 a
t U

N
IV

 O
F

 U
T

A
H

 o
n
 A

u
g
u
s
t 1

3
, 2

0
0
7
 

w
w

w
.jb

c
.o

rg
D

o
w

n
lo

a
d
e
d
 fro

m
 

. I • ~ . 

i ~ ; : 

: :e . . ~ 

.=:l 
1: i' 

~ ~ 

.. : : . ::": . 

. ~.\: 



 a
t U

N
IV

 O
F

 U
T

A
H

 o
n
 A

u
g
u
s
t 1

3
, 2

0
0
7
 

w
w

w
.jb

c
.o

rg
D

o
w

n
lo

a
d
e
d
 fro

m
 



 a
t U

N
IV

 O
F

 U
T

A
H

 o
n
 A

u
g
u
s
t 1

3
, 2

0
0
7
 

w
w

w
.jb

c
.o

rg
D

o
w

n
lo

a
d
e
d
 fro

m
 

~ ],j,i. ,,~. 
: ) 

I 
~ .ii I. 

E a Ii 

~ 
~'- , , 

\1. 
~1' 

~ I 
t f.~ 

~ 

ti , e 
5 
1 I/f 
.9 ;.; fit III 
~ _ _ /.3: 

~ 
T, 

~ e t 
::I ;J' 

~ 
, • " I W, 

~ ~ 
' ; :,;-.:t:, 

:~: I i ~ 



 a
t U

N
IV

 O
F

 U
T

A
H

 o
n
 A

u
g
u
s
t 1

3
, 2

0
0
7
 

w
w

w
.jb

c
.o

rg
D

o
w

n
lo

a
d
e
d
 fro

m
 

, 
~W.i(\\=i ~~~ 

~~~. ~lti;!i~f~~~~ei,; ij, . :<: 

;~ : ~,' 
=fJ 

:; 

:: :~'--;;;i~~'~j:~~~. 

\SP ;'~ 
. __ .' ..-.- ;';'., :Giiiiiiii'~-~;~: -. --.•. _ •. 

'~'''';~f¥,,~'F~~~ 

F ';"' ~.~., ;:1 
g 



 a
t U

N
IV

 O
F

 U
T

A
H

 o
n
 A

u
g
u
s
t 1

3
, 2

0
0
7
 

w
w

w
.jb

c
.o

rg
D

o
w

n
lo

a
d
e
d
 fro

m
 



 a
t U

N
IV

 O
F

 U
T

A
H

 o
n
 A

u
g
u
s
t 1

3
, 2

0
0
7
 

w
w

w
.jb

c
.o

rg
D

o
w

n
lo

a
d
e
d
 fro

m
 

22036 Guanylyl Cyclase Activating Protein 

~euhert, T , A. ( 1994) J. Bin/. CI",". 269. 2H167-2lO71 
Kawamurs, S. (1993) Natw'(' 362, 855-857 
Kawamo ... .x. S . t and Murakami. M. (991) N(d/~,.e 349, 420-42:1 
Koch. K·W, (1991) J, Rial. Chern . 266, 8634-8637 
K<><h. K ·W. and Stty .. r. L. (1988' Nature 334. 1;4 -66 
Krctsing.r, It H, (l980l eRe Cril. lin'. Biociwm . S, 119-174 
Laemmli, U. K. (1970) NaIll,." 22'. 680-685 
L~j(nado. I. " and B~ylor. D. (1992) Neuron 8, ~95-I002 
L~mbrccht, H , G, • • nd Koch. K. W. il9911 EMRO J, 10,793-798 
Lerea , C, L" Bunt·~lilam, A. fi " and Hurley, J , jj . (19891 N,urol< 3, 367-376 
Liu, X" SenM, K, Nishi?8wa, Y .. Hayashi, ~' .. Yamazaki, A., Matsumoto, H" 

Wakab.ya.hi, T .. snd Usukura , J , 11994) fo:xp, Ey(' n,,,, 59,761-768 
Loll •• ', R. N .. and Rae., E. (1~~2) VWM R~s , 22, 1481-1486 
Low';, D G., Dizhoor, A. M .• Uu. K" Gu. Q. t-ireocer, M .. Laura, R, La, 1... and 

Hurley. J . B. (1995) Pror. Null, A<-ad , Sci. U, 8, A 92, 5535-5539 
.YleGinnis , J. F., Swpanik, p , L .. Baehr, W .. Suobaraya, I" and 1",riou5, V. (1992\ 

f'EB$ L",I . 302. 172-176 
Murakami, A., Yajim~, T ., and Inana. G. (1992) Rioch~m, Bioph,'Ys. Res . Commun. 

187,234.244 
Palc.ewskl. K.. Bu«ylko, .J.. Lcbioda, L .. Crabb, J. W" and Polans. A. S. i 1993) 

,J. Bi"l , Chern. 2611.6004-6013 
I'ak.ew.ki , K, Subharaya, I .• Gorctyca, W. A" Helekar, B. S" Ru;", C. C .. Ohj(Uro, 

H .. I!,.ang"I .. Zhao. X., Crabb. J. W ... Johnsun, R. S" W.l.h , K. A .. Gra)'·Keller, 
M, p" Detwiler. P. ll .. and Baehl·. W. 119941 Neuron 13,391i-404 

Papormaster. D. S. (1982, M€Ih"d,. E"zyfllol, 81, 48-52 
Pittler, S , J .. and Baehr, W. (991) Pr",'. :"0.11, Acad, Sci , U. S. A. 88, 8322-8326 
Polan. , A, S .. and Burton, M . D . (l9H8i [m'es/, Ophthalmol, Vi. S('I. 29, 1523-15:12 
Polan$, A, S .. Buczylko, J" Crabb, J., and Paltzew,ki, K. (1991) J , Cell Rial. 112. 

981-989 
Qin, N .. and BMhr, W, iJ~93) FEBS ul/, 321.6-10 
Q;n. N" and IlMhr, W, iJ~~4 j J, lJio/. eh.", , 269.3265-3271 
Rickc. ~' .. and 5chwllrtz. E, A, (1994i N'''l'vll 13. 863-873 
Schocnmaker8, T, J .. Visser. G. J" J-'Iik. G .. and The\1 ve net, A, P . (1992\ 

Bi<il'echniqu", 12. 870 - 874 
Shy jan, A, W,' de Sauvage. f , J" Gillet,. N. A, Go~ddel. n, V .. and Lowe, [), G. 

(1992) Ne"""rI 9, 727-7.17 
Strynadka. N. C. J ,. and .Iames, M. N. G.1 1989!Annu. Reu. B,och.m . 58, 951-99R 
SlJbbatsya, L. Ruiz. C. C" H.lck~r. Jj, S .. Zhao, X .. C()rczyca, W. A .. Pettenati, .Yl, 

J., Rao, P . N., Pal",c",,'.ki, K .. and Ilachr. W. {l994) J . 8iol. ChoRt . 269, 
31080-31OS9 

umbarger, K D., YamM.uki, M" lIutson, L. D .. Hayashi, F .. ano Vamat.ki, A. 
(1$)92) " . BioI. Ch.m. 267, 194B4-19,,02 

Yang. R.-B .. Fo.ler, D . C, Garbe«, D. L., and Fullo, !! .-J . 1l995)Proc. Nail . Acari. 
Sci. U. S , A. 92, 602-(;06 


