
Identification of Specific Transducin a Subunits in 
Retinal Rod and Cone Photoreceptors 

Transducin is a guanyl nucleotide-binding protein that couples rhodopsin photolysis 
to hydrolysis of guanosine 3',5'-monophosphate in rod photoreceptor cells of verte- 
brate retinas. Several complementary DNA clones encoding transducin subunits have 
recently been characterized. One clone, isolated from a bovine retina complementary 
DNA library, encodes a previously unidentified polypeptide with an amino acid 
sequence 78% identical to the sequence of the a subunit of bovine rod outer segment 
transducin. Antibodies to a synthetic peptide with amino acid sequence derived 
specifically from this novel polypeptide recognize a 41-kilodalton polypeptide in 
homogenates of bovine retina. Localization of this polypeptide in bovine retina by 
indirect immunofluorescence demonstrates that it is expressed only in cone outer 
segments. Antibodies to specific sequences found only in the rod transducin a subunit 
recognize a polypeptide localized only in the rod outer segment. Therefore, bovine rod 
and cone cells each express structurally related yet significantly different forms of 
transducin. 

T HE MECHANISM OF PHOTOTRANS- 
duction in vertebrate retinal rod 
photoreceptor cells has recently been 

clarified by several biochemical and physio- 
logical observations. Light photolyzes rho- 
dopsin, stimulates guanosine 3',5'-mono- 
phosphate (cyclic GMP) hydrolysis, and ul- 
timately hyperpolarizes the rod outer seg- 
ment plasma membrane (1 ) . Rhodopsin 
photolysis is coupled to cyclic GMP metab- 

olism through transducin, a guanosine 5 ' -  
triphosphate (GTP)-binding protein that 
activates a cyclic GMP phosphodiesterase 
(2, 3).  The resulting changes in cyclic GMP 
metabolism hyperpolarize the photorecep- 
tor cell through specific cyclic GMP-sensi- 
tive cation channels in the rod outer seg- 
ment (ROS) plasma membrane (4). 

The phototransduction mechanism of 
cone photoreceptors is less well understood. 
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Fig. 1. Comparison of the amino acid sequences encoded by the T,I (15) and T,II (8) cDNA clones. 
Regions where the sequences are most divergent are designated I to IV. The cholera and pertussis toxin 
ADP-ribosylation sites are also shown. Identical amino acids (:) and functionally homologous amino 
acids ( a )  are indicated. 

Cyclic GMP-regulated cation channels and 
cyclic GMP phosphodiesterases have been 
detected in cones (5, 6). Recent studies have 
suggested that transducin is present only in 
rods but that related forms of transducin 
may also be present in cones (7). Here we 
demonstrate that a recently isolated comple- 
mentary DNA (cDNA) clone (8) encodes a 
form of transducin a subunit that is ex- 
pressed in cones but not in rods of the 
bovine retina. 

Transducin is a heterotrimeric protein 
with a 39-kD a subunit that binds GTP and 
activates cyclic GMP phosphodiesterase (3). 
The a subunit is also a substrate for adeno- 
sine 5'-diphosphate (ADP) ribosylation cat- 
alyzed by both cholera toxin and pertussis 
toxin (9, 10). The 36-kD P subunit and the 
8-kD y subunit form a complex that is 
required for transducin to interact with pho- 
tolyzed rhodopsin (1 1 ) . 

Transducin is a member of a family of 
guanyl nucleotide-binding regulatory hro- 
teins referred to as G proteins (12). Other 
well-characterized members of this family 
include G, and Gi, which regulate adenylate 
cyclase, and Go, a G proteiiwith unknown 
function. Each of these proteins has a heter- 
otrimeric structure similar to transducin. 
The a subunits of G,, Gi, and Go are 
distinct, whereas the p subunits appear to be 
identical on the basis of peptide maps, ami- 
no acid composition, and irnmunoreactivity 
(13, 14). The y subunits of Gi, G,, and Go 
appear to be identical but they are different 
from the y subunit of transducin (14). 

Homologies were recently reported be- 
tween cDNA clones corresponding to the a 
subunits of bovine transducin, Gi, and Gs 
(8, 15, 16). The amino acid sequence of the 
transducin a subunit is 60% identical to the 
sequence of the Gi a subunit and 43% 
identical to the Gs a subunit. Four short 
sequences are well conserved in the primary 
structure of G protein a subunits and in 
other guanyl nucleotide-binding proteins, 
including ?as and elongation factors (17). 
These sequences form the guanyl nucleo- 
tide-binding site in elongation factor EF- 
Tu, and also appear to play a similar role in 
ras proteins and in G proteins (1 8). 

Complementary DNA clones thought to 
correspond to the transducin a subunit were 
independently isolated from bovine retinal 
cDNA libraries by four different labora- 
tories. Three of these clones (15) are identi- 
cal and encode a polypeptide with an amino 
acid sequence identical to sequences deter- 
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mined from tryptic fragments of the purified 
ROS transducin a subunit (19). The se- 
quence deduced for the ROS transducin a 
subunit is labeled TaI in Fig. 1. A fourth 
D N A  done, also isolated h m  a bovine 
retinal cDNA library (8), encodes a slightly 
digerent polypeptide, TaII (Fig. 1). This 
polypeptide is only 78% homologous to 
TaI, with most of the differences clustered in 
four separate regions labeled I to IV. 

The polypeptide encoded by TaII D N A  
is more similar to the rod transducin a 
subunit (TJ) than to other G proteins. The 
TaII polypeptide is 78% identical to TaI, 
58% identical to Gia, and only 38% identi- 
cal to G ,  (16). Furthermore, the amino 
acids immediately surrounding the cholera 
toxin ADP-ribosylation site in transducin 
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Fig. 2. (A) Synthetic peptides used to generate A 
antibodies that speufically recognize either the T- la I t J H , )  -SDLERLVTPGYVPT- (COOK) 
TaI or the TaII polypeptides. The peptides were 
coupled to BSA with glumaldehyde (23). An 
additional cysteinc (not shown) was included at DOH) 
the amino terminal of pcptidc T,IB to use if an 
alternative coupling method were required. (B) 
Spcuficity of polydonal antibodies to peptides 
T,IB and TJIB. BSA or BSA-pcptide conjugate 
(10 pg) was dotted onto nitrocellulose as shown. 
The dot blots were treated with antibodies puri- 
fied on the basis of &ty to their respective 
peptides and incubated with alkaline phospha- 
tase-conjugatcd goat antibody to rabbit IgG 
(Cappel Laboratories). The blots were developed 
with nitro blue tetrazolium and 5-bromc-3-in- 
doyl phosphate to detect bound antibodies. 

(AI-~''~ in TaI) (20) are nearly identical in 
TaII. Sequences of TaI and TaII that sur- 
round the rmssis toxin ADP-ribosylation 
site (Cy~34rin TaI) (21) are also identical. 
Primary structures of other G proteins in 
these regions are signi6cantly different (16). 

T,I and TaII cDNA dones hybridize with 
messenger RNA transcripts from bovine 
retina on Northern blots and not with RNA 
from bovine brain, liver, kidney, spleen, or 
heart when high stringency conditions are 
used (22). TaII D N A  recognizes 5.5- and 
6-kb transcripts in retina, whereas TaI 
D N A  recognizes a significantly more abun- 
dant 2.3-kb retinal transcript. 

To localize the TaI and TaII polypeptides 
in retina. antibodies were that recog- 
nize shok synthetic polypeptides with &- 
quences derived h m  TaI or TaII (Fig. 2A). 
These polypeptides correspond to region IV 
near the cholera toxin ADP-ribosylation site 
on transducin. The polypeptides differ from 
each other at 7 of 12 overlapping positions. 

The synthetic polypeptides were conju- 
gated to bovine serum albumin (BSA) and 
injected into rabbits (23). The polyclonal 
antibodies produced were aflinity-purified 
by the use of appropriate peptides coupled 
to cyanogen bromide-activated Sepharose. 
Each antibody recognizes the appropriate 
peptide without detectable cross-reactivity 
(Fig. 2B). 

sty-purified antibodies to TaIB and 
TaIIB (anti-TaIB and anti-TaIIB) recognize 
specific polypeptides from bovine retinas. 
Bovine retinas were hctionated to separate 
ROS membranes from cytoplasmic proteins 
and other membranes. Equivalent amounts 
of each hction were analyzed by SDS- 
polyaaylamide gel electrophoresis (Fig. 3) 
(24). Identical gels were either stained for 
protein with Coomassie brilliant blue or 
immunoblotted with aflinity-purified anti- 
bodies to the peptides. 

Anti-TaIB detects a 39-kD polypeptide in 
ROS membranes and in other fractions 
(Fig. 3). This immunoreactive polypeptide 
copurifies with transducin a subunit upon 
&her purification by GTP analog-specific 
elution from photolyzed ROS membranes 
(25). In contrast, the aflinity-purified anti- 
TaIIB detects a 41-kD polypeptide found 
primarily in the soluble protein fraction 
(Fig. 3). ~ ; . a k ~  reactive lower molecular 
weight bands are also detected on the blots 
shown in Fig. 3. The intensities of these 
bands has varied in different preparations; 
t h e h r e ,  these bands may represent proteo- 
lytic fragments of the 39- and 41-kD pro- 
teins. A weak band at 39 kD in ROS 
membranes is sometimes detected with anti- 
body to TaIIB. The relation between this 

omassie bl- - Anti-T, IB Anti-T,IIB 

Fig. 3. Identification of the pol des encoded by the TJ and TaII cDNA clones. F i  bovine 
retinas wcre stirred in sucrose so v ut~on-ROS buffer (3) (final density, 1.13) and the suspension was 
factionated by centdugation at 16,0008 for 30 minutes in an HB-4 rotor (Dupont). ROS were 
collected as a paste on top of the sucrose solution and most of the retinal membranes were collected as a 

(PEL) at the bottom of the tube. The sucrcwc solution containing soluble proteins (SUP) and 
wer dens~ty membranes (MEM) was further fractionated by 2x dilution in ROS bu&r and 

centrifuged Portions of each fraction corresponding to 0.4% of a &a were separated by elecaopho- 
resis on three 12% SDS polyacrylamide gels, and one gel was stained with Coomassie brilliant blue. The 
other OKO gels were electroblotted onto nitrocellulose. Each blot was mated with the designated 
antibody purified by peptide a i t y  and bound antibody was dmctcd with &ty-purified alkaline 
phosphatasc-conjugated goat antibody to rabbit IgG. 

and the major 39- and 41-kD immu- 
noreactive polypeptides is uncertain. The 
aflinity-purified antibodies do not cross-re- 
act with immunoblotted tryptic fragments 
of purified Gi or Go. 

Polypeptides immunoreactive to anti- 
TaIB and to anti-TaIIB were localized cyto- 
logically by indirect immunofluorescence on 
crytostat sections of bovine retina (26). Lo- 
calization of the aflinity-purified antibodies 
was determined with fluorescein-conjugated 
goat antibody to rabbit immunoglobulin G 
(IgG) as the secondary antibody. A control 
section of bovine retina treated with nonim- 
mune serum from a rabbit that was later 
injected with peptide TaIB (Fig. 4A) shows 
a bright yellow-gold autofluorescence of li- 
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Fig. 4 (Mt). Lmahtion of anti-TaIB binding in bovine retina by indirect 
immunofluorescence. Magdication, x 150. (A) Section mated with nonim- 
mune serum from a rabbit later injected with peptidc Tam. The retinal 
pigment epithelium layer at the top of the figure shows yellow-gold 
autofluorescence due to lipofimin granules. The retina and choroid show 
weak green background flIorescen&. Nonspecific staining with the FlTC- 
scc0ndat-v antibodv is hiehest in (A) because this oreimmune serum was not 
&ty-pdied wiih pro'iein A to use on seckons. (B) Wty-purified 
anti-TaIB binds specifically to the long, thin outer segments of the rod 
photoreceptors (ROS) but not to cone outer segments. (C) Prior incubation 
of the primary anti-TaIB antibody with a t&ld molar excess of TaIB 
peptide prevents s p d c  stainin of ROS. (D) Prior incubation of anti-TaIB 
with a t d l d  molar excess o~T.IIB peptide does not block anti-TaIIB 

p o h i n  granules in the retinal pigment 
epithelium and weak nonspecific green 
background fluorescence in the retina and 
choroid. In other control experiments, no 
specific immunostaining was obtained with 
serum from another rabbit that was injected 
with a synthetic peptide-adjuvant mixture 
corresponding to a nonrctinal protein. 

Ahity-purified anti-TUB, binds specifi- 
cally to the long, thin outer segments of rod 
photoreceptors (Fig. 4B). The anti-T,IB 
immunoreactive 39-kD transducin a sub- 
unit is therefore localized to ROS, in agree- 
ment with previous reports (7). Prior incu- 
bation of the primary anti-T,IB with exccss 
T,IB peptide prevents subsequent binding 
to ROS (Fig. 4C), whereas prior incubation 
with excess T,IIB peptide does not prevent 
anti-T,IB binding to ROS (Fig. 4D). 

Similar indirect irnmunofluoresccnce ex- 
periments were performed with aftinity-pu- 
rilicd anti-T,IIB. A  section treated with 
nonimmunc serum h m  a T,IIB rabbit 
exhibits normal autofluorescence of the reti- 
nal pigment epithelium and background 
staining of the retina after incubation with 
the fluorescein-labeled secondary antibody 
(Fig. 5A). ffiity-purified anti-T,IIB binds 
specifically to the short, conical outer seg- 
ments of cones and not to ROS (Fig. 5B). 
The 41-kD polypeptide immunoreactive 
with anti-TaIIB, therehe, appears to be a 
cone-specific form of transducin a subunit. 
Preliminary incubation with excess TaIIB 
peptide prevents anti-T,IIB from binding to 

-- 
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binding to ROS. Fig. 5 (right). Localkation of anti-TaIIB binding in 
bovine retina by indirect immunduorescence. Magdication, ~150 .  (A) 
Section treated with IgG fraction from preimmunc serum from a rabbit later 
injected with pe tide TaIIB. The green background fluorescence is weaker 
than in Fig. 4A Lause  the IgG fraction was used rather than whole serum. 
(B) Wty-purified anti-TaIIB binds specifically to the short, conical outer 
segments of cone photoreceptors but not to rod outer segments. (C) Prior 
incubation of the p anti-TaIIB with 100 times molar excess of TaIIB 
blocks specific stainin3cone outer segments. Twenty times molar excess of 
pepude was suficient to block the anti-TaIIB signal in most experiments. 
(D) Prior incubation of the primary antibody to TaIIB with 100 times molar 
excess of TaIB peptide does not interfere with anti-TaIIB binding to cone 
oufer segments. 

cone outer segments (Fig. 5C), whereas 
prehmary incubation with excess T,IB 
peptide docs not interfere with specific anti- 
T,IIB binding (Fig. 5D). 

On the basis of these results, the TaI 
D N A  done encodes a 39-kD transducin a 
subunit, T,, that is found only in rods, 
whereas the T,II CDNA done encodes a 
cone-speafic 41-kD transducin a subunit, 
T,. Irnrnunoblot analysis of purified prepa- 
rations of transducin (3) detects almost en- 
tirely T,, with little or no T,. Therefiore, 
most biochemical characterizations of bo- 
vine transducin have been pcrfbrmcd with 
preparations containing predominantly T,. 
Purification and biochemical characteriza- 
tion of Tc are now possible with the anti- 
body reagents described here. Direa amino 
acid sequence analysis of the purified 41-kD 
protein is also necessary to confirm its iden- 
tity as the polypeptide encoded by the T,II 
D N A  done. 

Several lines of evidence suggest that rods 
and cones use similar but not identical bio- 
chemical pathways to respond to light. The 
photosensitive pigments of human rods and 
cones show si@cant homology in do- 
mains that are thought to interact with 
transducin (27). Cyclic GMP phosphodies- 
terase is present in both rod and cone outer 
segments, although several lines of evidence 
indicate that the two mo1& have struc- 
tural differences (6). In addition, a cyclic 
GMP-dependent cation conductance simi- 
lar to the rod conducmnce has been identi- 

fied in cone outer segments (5). However, 
dear morphological and physiological dif- 
ferences exist between rods and cones. Dc- 
tailed biochemical comparisons of rod and 
cone transducins should help to elucidate 
merhanisms that underlie these differences. 
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Stimulation of Neuronal Acetylcholine Receptors 
Induces Rapid Gene Transcription 

Cholinergic agonists rapidly and transiently induced transcription of the c-fos proto- 
oncogene and one or more actin genes in neuronally differentiated PC12 cells. 
Transcription was activated within minutes after stimulation of the nicotinic acetyl- 
choline receptor and required an influx of extracellular CaZ+ ions through voltage- 
sensitive calcium channels. Nicotine activation proceeded by a different pathway from 
activation by nerve growth factor, whose stimulation of these genes is independent of 
extracellular CaZ+ ions. These findings suggest that neurotransmitters may rapidly 
activate specific gene transcription in nondividing neuronally differentiated cells. They 
also suggest a functional role for neurotransmitter induction of c-fs and aain 
expression in the nervous system. 

A LTHOUGH THE BEST CHARACTER- 

ized function of neurotransmitters is 
the regulation of transsynaptic com- 

munication in the central and peripheral 
nervous systems, neurotransmitters also reg- 
ulate longer term changes in the cellular 
properties of neurons and other postsynap- 
tic cells. Well-studied examples of this in- 
clude the transsynaptic regulation over a 
period of several days of levels of neuropep- 
tide synthesis (1) and of synthetic enzymes 
such as tyrosine hpdroxylase (2), the latter 
by a mechanism dependent on new RNA 
transcription (3). We report here that activa- 
tion of cholinergic receptors also causes 
extremely rapid induction of specific gene 
expression. We show that two genes, the c- 
fos proto-oncogene and actin, which have 
previously been shown to be activated by 
growth factors (4-8), are induced within 
minutes after nicotinic agonists bind to their 
receptors on nondividing neuronally differ- 

entiated PC12 cells. Induction by nicotine 
and nerve growth factor (NGF) show dis- 
tinctly different dependencies upon flux of 
extracellular ca2+  into the cell, indicating 
different mechanisms for cfos induction 
through the neurotransmitter and growth 
factor receptors. These results suggest that 
rapid gene activation in nondividing, neuro- 
nally differentiated cells may be closely cou- 
pled to neurotransmitter stimulation. 

For these studies we used the pheochro- 
mocytoma cell line PC12 (9-ll), which 
expresses both nicotinic and muscarinic ace- 
tylcholine receptors (10, 12, 13). PC12 cells 
differentiate to nondividing, sympathetic 
neuron-like cells when treated with NGF 
for several days (9, 10). In response to this 
treatment they become electrically excitable 
(11) and exhibit increased levels of both 
types of acetylcholine receptor (12, 13). 
Exposure of neuronally differentiated PC12 
cells to 100 pAf nicotine, an agonist of 

nicotinic acetylcholine receptors, resulted in 
a tenfold increase in c$s transcription with- 
in 5 minutes (Fig. 1, A and B) as measured 
by a nuclear run-off transcription assay (4, 
14). Actin transcription was also rapidly 
induced but to a lesser extent. The activation 
of c$s transcription by nicotine was tran- 
sient; it was maximal within 5 to 15 minutes 
after drug addition and decreased to the 
level present in unstimulated cells within 30 
to 60 minutes (Fig. 1, A and B). While the 
kinetics of induction and repression of cfos 
and actin transcription in response to nico- 
tine were very similar to those previously 
reported in response to growth factors such 
as epidermal growth factor and NGF in 
PC12 cells (15-17) or platelet-derived 
growth factor in 3T3 fibroblast cells (4-8), 
induction by nicotine is mediated through a 
distinct pathway. The stimulation of c$s 
and actin by nicotine is specific inasmuch as 
this cholinergic agonist does not significant- 
ly affect the expression of several other genes 
including a-tubulin (Fig. 2)  and c-raf; a 
proto-oncogene (18) that encodes a protein 
with sequence homology to tyrosine kinases 
(Fig. 1A). The level of transcription of 
another growth factor-inducible nuclear 
proto-oncogene, c-myc (4, 16, 19, 20), ap- 
pears unaffected within the first hour after 
treatment with nicotine (Fig. 1A). Howev- 
er, a slight stimulation of c-myc transcription 
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