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ABSTRACT: Photoreceptors of mammalian retinas contain a 33-kDa (33K) protein that is phosphorylated, 
in vitro, by cyclic nucleotide dependent protein kinases. The 33K protein is phosphorylated in the dark, 
in situ, and dephosphorylated upon illumination. The soluble 33K protein from bovine retinas has been 
purified to near homogeneity by extraction a t  pH 5.7 and chromatography on ion-exchange, gel filtration, 
and hydroxylapatite columns. In the native conformation, the 33K protein is associated with a 37-kDa (37K) 
and a 10-kDa (10K) protein, forming a trimeric complex with a sedimentation coefficient of 4.9 S and an 
apparent molecular mass of 77 kDa. The 33K protein can be dissociated from the 37K/10K complex by 
centrifugation in the presence of high pH and high salt; the subunits reassociate to form the trimeric complex 
upon recentrifugation in an isotonic buffer with neutral pH. The 33K protein is phosphorylated rapidly 
by exogenous kinase, in vitro, whereas the 37K and 10K subunits remain unphosphorylated. The 37K and 
1 OK subunits cross-react with antibodies prepared against the 0- and y-subunits, respectively, of bovine 
transducin, indicating that the 37K and 10K subunits are immunologically identical with 0- and y-transducin, 
respectively. No immuno-cross-reactivity was observed between the 33K protein and an antibody against 
the a-subunit of bovine transducin. The 33K-P-/y-transducin complex exhibits striking similarity to 
transducin in its subunit structure and mode of subunit interaction, suggesting it may play an important 
role in the metabolism and function of rod photoreceptor cells. 

Rod photoreceptor cells of mammalian retinas possess both 
membrane-bound and soluble phosphoproteins that may 
participate in the regulation of the visual process or in the 
integration of photoreceptor metabolism. The phosphorylation 
of the visual pigment rhodopsin occurs only after the pigment 
has absorbed radiation and has undergone conformational 
changes within the rod outer segment membrane (Kuhn & 
Dreyer, 1972; Frank et al., 1973). It is postulated that 
phosphorylated opsin is less efficient than opsin in catalyzing 
the light-triggered binding of transducin and, thereby, faci- 
litates downregulation of the phosphodiesterase activation 
cascade (Kuhn, 1974; Liebman & Pugh, 1979; Sitaramayya 
& Liebman, 1983; Kuhn et al., 1984; Aton & Litman, 1984). 

The major soluble phosphoprotein of mammalian rod visual 
cells is a 33-kDa (33K) protein (identified initially as 30K), 
which is found exclusively in visual cells of the retina (Lolley 
et al., 1977; McGinnis & Leveille, 1985). Its phosphorylation 
is catalyzed in vitro and probably in vivo by cyclic nucleotide 
dependent protein kinases (Lee et al., 1981a,b, 1982). The 
level of phosphorylated 33K is highest in dark-adapted retina 
or rod outer segments, and the 33K phosphoprotein is de- 
phosphorylated during illumination (Lee et al., 1984). 

In order to elucidate the regulation and function of the 33K 
protein, we have developed procedures to purify the 33K 
protein to near homogeneity. We find that in its native con- 
formation 33K exists as a trimer composed of peptides of 33 
kDa (33K), 37 kDa (37K), and I O  kDa (10K). The 33K 
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subunit undergoes reversible dissociation and reassociation with 
the 37K/ 10K subunits, which remain complexed. Further- 
more, the 37K and 10K subunits are identified immunologi- 
cally as the @- and y-subunits of transducin, respectively (Fung 
et al., 1981). The 33K-@-/y-transducin complex exhibits 
striking similarity to transducin in its subunit structure and 
mode of subunit interaction (Gilman, 1984; Stryer, 1985), 
suggesting that it may play a regulatory role in the metabolism 
and function of rod photoreceptor cells. 

EXPERIMENTAL PROCEDURES 

Materials 
The catalytic subunit of the CAMP-dependent protein kinase 

(C)' was purified from rabbit skeletal muscle according to the 
procedure of Beavo et al. (1974). C was stored at 4 OC in the 
presence of 0.5 mg/mL bovine serum albumin and retained 
enzymatic activity for at  least 6 months. [ Y - ~ ~ P I A T P  and 
'251-protein A were purchased from New England Nuclear. 
The purified transducin complex, alpha-transducin (Tor) and 
the antibody against the or-subunit (anti-T,) or the 0- and 
y-subunits of transducin (anti-TBy) were gifts from Dr. Ber- 
nard K.-K. Fung, Jules Stein Eye Institute, UCLA School of 
Medicine. Alcohol dehydrogenase, bovine serum albumin, 
horseradish peroxidase, ovalbumin, myoglobin, soy bean trypsin 

' Abbreviations: IBMX, isobutylmethylxanthine; PMSF, phenyl- 
methanesulfonyl fluoride; SDS, sodium dodecyl sulfate; DTT, dithio- 
threitol; Mes, 2-(N-morpholino)ethanesulfonate; NP-40, nonidet P40; C, 
catalytic subunit of the CAMP-dependent protein kinase; ROS, rod outer 
segment(s); BSA, bovine serum albumin; T,, T,, and T,, CY-, p-, and 
y-subunit of transducin; Gpp(NH)p, guanosine 5'-(p,y-imidotri- 
phosphate); TPCK, L- 1 -(tosylamido)-2-phenylethyl chloromethyl ketone; 
Tris-HC1, tris(hydroxymethy1)aminomethane hydrochloride; EDTA, 
ethylenediaminetetraacetic acid. 
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inhibitor, aprotinin, pepstatin, and leupeptin were from Sigma. 
TPCK-trypsin was from Worthington. 

Methods 
Phosphorylation of 33K. During all steps of the purification 

the 33K protein was identified by its ability to accept y- 
phosphate from [T-~~PIATP in a reaction catalyzed by C. The 
reaction mixture (final volume 100 pL) contained 50 mM 
Tris-HC1, pH 7.5, 0.1 mM IBMX, 5 mM MgCl,, 60 pM 
[,*P]ATP (100-500 cpm/pmol), and 2-4 pg/mL C. The 
reaction was started by the addition of [,,P]ATP, and at the 
end of IO-min incubation at 30 OC, 19 pL of stopping solution 
containing 25% SDS, 25% 2-mercaptoethanol, 30% glycerol, 
and 0.1 % bromophenol blue was added to the reaction mixture. 
The mixture was heated at 90-100 OC for 2 min and then 
subjected to electrophoresis on SDS-polyacrylamide gels, 
protein staining, and autoradiography to localize the 32P-la- 
beled 33K protein. The level of 32P incorporation into 33K 
protein was determined either by densitometric scanning of 
the autoradiogram or by direct scintillation counting of the 
identified band. 

SDS-Polyacrylamide Gel Electrophoresis and Autoradi- 
ography. Gel electrophoresis was carried out in 10 or 12.5% 
slab SDS-polyacrylamide gels in the presence of 2- 
mercaptoethanol according to Laemmli (1970). The proteins 
were detected with either Coomassie stain (for 1.5 mm thick 
gel) or the Bio-Rad silver stain (for 0.75 mm thick gel). The 
apparent molecular weights of the proteins were calibrated 
with standards from Pharmacia. Gels containing ,,P-labeled 
33K were autoradiographed as described previously (Lee et 
al., 1984). 

Immunotransblot. Immunoblots were carried out by the 
procedure of Towbin et al. (1979) with modification. Proteins 
were separated by SDS-polyacrylamide gel electrophoresis, 
and the gels were incubated with 20 mM Tris base, 150 mM 
glycine, 0.015% SDS, and 20% methanol for 20 min. The 
proteins were electrophoretically transferred to nitrocellulose 
membranes (Bio-Rad) at 60 V for 5 h. The nitrocellulose was 
dried and blocked with 4% BSA in 10 mM Tris-HCI, pH 7.4, 
0.9% NaCI, and 0.02% NaN, for 4 h before being incubated 
overnight at 4 OC with affinity-purified antibody. The blot 
was then subjected to five 10-min washes as follows: two with 
10 mM Tris-HC1-0.9% NaCl (washing buffer); two with 
0.05% NP-40 in the washing buffer; one with the washing 
buffer. The washed nitrocellulose membranes were incubated 
for 1 h with '251-protein A ( 1  X lo5 cpm/mL) in the washing 
buffer; the blot was air-dried and sealed in a sandwich bag 
before being exposed to X-ray film (Du Pont) with a lightening 
plus intensifying screen for 1-4 days at -70 OC. 

Tryptic Treatment of To-Gpp(NH)p Complex. Purified 
T,-Gpp(NH)p was treated with TPCK-trypsin as described 
by Fung and Nash (1983) to generate the 38- and 32-kDa 
tryptic peptides. Briefly, aliquots each containing 2.6 pg of 
T,-Gpp(NH)p in 20 mM 4-morpholinepropanesulfonate, 2 
mM MgCI,, 1 mM DTT, and 200 mM NaCl, pH 7.5, were 
incubated with 0.1 pg of TPCK-trypsin at 0 "C for 40 min. 
At the end of the incubation, 1 pg of soy bean trypsin inhibitor 
was added to stop proteolysis before the samples were subjected 
to either SDS gel electrophoresis or phosphorylation assay. 

Protein Determination. Protein was determined by the 
method of Lowry et al. (1951) as modified by Peterson (1983). 

Sucrose Density Gradient Sedimentation. The sedimen- 
tation coefficient and subunit interaction of the 33K protein 
was studied by centrifugation on 5 2 0 %  linear sucrose density 
gradients (total volume 13.5 mL) prepared in either 5 mM 
Mes, pH 6.9 (25 "C), 0.1 M KC1, 0.2 mM EDTA, 0.1 mM 

PMSF, and 15 mM 2-mercaptoethanol (pH 6.9 buffer) or in 
0.25 M Mes, pH 7.8 (25 "C), 0.2 mM EDTA, 0.1 mM PMSF, 
and 15 mM 2-mercaptoethanol (pH 7.8 buffer). Samples in 
200-pL aliquots were applied to the gradients, and the cen- 
trifugation was carried out at 38 000 rpm in a Beckman SW-40 
Ti rotor at 3 "C for 40 h. The gradients were recovered as 
500-pL fractions, and each was analyzed for 33K phospho- 
rylation, protein staining, or immuno-cross-reactivity with 
anti-Tg,. 

Purification of Bovine 33K. Bovine eyes were obtained fresh 
from a local slaughter house, dark adapted on ice for 2 h before 
the retinas were dissected under dim red light, and stored at 
-20 OC until use. All purification steps were performed at 
4 "C or in an ice bath. In most purification steps potassium 
phosphate buffers of various pHs and concentrations containing 
5 mM DTT and 0.1 mM PMSF in the presence or absence 
of 1 mM EDTA were used. For the sake of simplicity, each 
potassium phosphate buffer will be called PEDP or PDP (when 
EDTA was omitted) buffer with its phosphate concentration 
and pH specified; for example, 30 mM PEDP buffer, pH 7.0, 
contains 30 mM potassium phosphate, pH 7.0, and 1 mM 
EDTA, 5 mM DTT, and 0.1 mM PMSF. 

(Step I )  Extraction. Two hundred dark-adapted bovine 
retinas were distributed among 16 45-mL polypropylene 
centrifuge tubes, and each was suspended with 15 mL of 
ice-cold 1.13 density sucrose in 5 mM Tris-HC1, pH 7.5 (25 
"C), 5 mM MgCl,, and 62 mM NaCl. A loose-fitting Teflon 
pestle was inserted gently 5 times to detach the ROS, and the 
retinal suspension was centrifuged at 7000g for 12 min. The 
crude ROS suspension was saved, while the retinal pellets were 
resuspended in the same buffer and the same process was 
repeated 2 times. The crude ROS suspensions were pooled 
and immediately frozen with dry ice/ethanol and stored ov- 
ernight at -70 OC. The frozen ROS suspension was thawed, 
and 2 volumes of the same Tris-HC1 buffer (with no sucrose) 
were added before centrifugation at 30000g for 30 min. The 
supernatant was saved, while the ROS pellet was homogenized 
in 240 mL of the extraction buffer and recentrifuged, and the 
resulting extract was combined with the first supernatant. This 
crude extract was immediately precipitated with 474 g/L solid 
ammonium sulfate and centrifuged at 30000g for 20 min. The 
pellets were resuspended in 30 mM PEDP buffer, pH 7.0, and 
dialyzed overnight with one change of the same buffer. 

(Step 2 )  pH 5.7 Extraction. The dialyzed sample was 
adjusted to pH 5.7 with 1 M acetic acid and centrifuged at 
24000g for 15 min. The resulting supernatant was immedi- 
ately adjusted to pH 7.0 with 1 M KOH. 

(Step 3) First DEAE-cellulose Column Chromatography. 
The sample was made 110 mM in potassium phosphate by the 
addition of 1 M PEDP buffer, pH 7.0, before it was applied 
to a anion-exchange column (Whatman DE-52, 2.6 X 20 cm) 
preequilibrated in the same buffer. The column was eluted 
with 100 mL of the starting buffer followed by a 700-mL (total 
volume) linear gradient of 110-550 mM PEDP buffer, pH 7.0. 
The flow rate was 1 mL/min, and 5-mL fractions were col- 
lected. Individual fractions were phosphorylated by C in the 
presence of 32P-labeled ATP, electrophoresed on SDS-poly- 
acrylamide gels, stained for protein, and autoradiographed. 
The 33K protein, identified by both 32P incorporation and 
protein staining, was eluted at about 180 mM potassium 
phosphate. The 33K fractions were pooled and concentrated 
to approximately 40 mL on a Amicon PM-10 filter, before 
dialysis overnight in 4 L of 10 mM PDP buffer, pH 6.8. 

(Step 4 )  Hydroxylapatite Column Chromatography. The 
dialyzed 33K pool was centrifuged at 24000g for 10 min to 
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remove protein precipitate before it was applied to a hy- 
droxylapatite column (Bio-Rad HTP, 2.6 X 12 cm) p ree  
quilibrated in IO mM PDP buffer, pH 6.8. After sample 
application, the column was eluted with 100 mL of starting 
buffer followed by a linear gradient between IO mM PDP 
buffer, pH 6.8, and 150  mM PEDP buffer, pH 7.0 (total 
volume 400 mL). The flow rate was 1.0 mL/min, and frac- 
tions of 4 mL were collected and assayed for 33K. The 33K 
that eluted as the major peak of absorbance at 280 nm a t  7 5  
mM potassium phosphate was collected. 

(Step 5)  Second DEAE-cellulme Column Chromatwophy. 
The 33K pool was adjusted to pH 8.0 with 1 M Tris base and 
diluted with water to bring the ionic strength to that of 250  
mM Tris-HCI, pH 8.0 (25 "C). 1 mM EDTA, 5 mM DTT, 
and 0.1 mM PMSF. The sample was then applied to a second 
DEAE-cellulose column (1.5 X I2 cm) that was preequilib- 
rated in the same Tris buffer and eluted with a linear gradient 
from 250  to 4 5 0  mM Tris-HCI (total volume 350  mL). The 
33K again eluted as the major absorbance peak at 280  nm at 
about 375 mM Tris-HCI. The sample was pooled and con- 
centrated on a Amicon PM-IO membrane to 1-2 mg of pro- 
tein/mL and stored a t  -70 OC in the presence of IO & n L  
leupeptin, pepstatin, and apratanin. The 33K is stable for 2-3 
weeks; afterward, detectable partial breakdown of the 33K 
band into polypeptides of 31 kDa and smaller molecular masses 
is observed. The 37K band, on the other hand, is quite re- 
sistant to proteolysis. 

RESULTS 
Purification of 33K Protein. The 33K protein is a visual 

cell spen'fic protein that was first detected in crude bovine outer 
segments (ROS) as the most prominent protein substrate for 
the endogenous cyclic nucleotide dependent protein kinase. 
Using the phosphorylation assay to identify the 33K protein, 
we have observed that the 33K protein is readily released from 
the visual cells during ROS detachment. A recent immuno- 
cytochemical study, using a monospecific antibody for 33K, 
localizes the 33K protein within both the inner and outer 
segments of rod visual cells (unpublished observation). In 
keeping with this localization, a hypotonic extract of bovine 
ROS contains a large amount of phosphorylatable 33K per 
milligram of protein, but the medium in which the ROS were 
detatched contains 8-IO-fold more 33K protein than the ROS 
extract. Knowing that the 33K protein is found only in visual 
cells, the soluble and ROS pools of 33K were combined. This 
step increases the initial yield of 33K protein and provides a 
sample of 33K protein that is probably derived from both the 
inner and outer segments of the photoreceptor cells. 

The 33K protein was purified to near homogeneity by am- 
monium sulfate precipitation, extraction a t  pH 5.7. DEAE- 
cellulose chromatography, and hydroxylapatite chromatog- 
raphy. Figure IA  shows the protein staining pattern, and 
Figure IB shows the autoradiogram of phosphorylated 33K 
samples from the consecutive steps of the purification proce- 
dure. It was found that the 33K protein coeluted, from all 
columns, with a readily identified peptide of 37 kDa (37K) 
as well as a peptide of 10 kDa (IOK), which can be more 
clearly shown by silver staining of 12.5% SDS-polyacrylamide 
gels that are overloaded with the 33K sample (Figure 2B and 
Figure 3A, lane 2). As shown below, the 33K protein and 
the 37K and 10K peptides constitute the subunits of a native 
trimeric 33K protein complex. The 33K protein is not a 
proteolytic product of the 37-kDa peptide, since the former 
is very labile while the latter is resistant to proteolysis. The 
33K and 37K peptides also exhibted distinct protein staining 
characteristics with silver stain: the 37-kDa protein appears 
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FIGURE I: Purification of the 33K wmplex. The Coomassie staining 
pattern (A) and autoradiogram (8) of the 33K complex at pmgresJive 
step of purification were monitored by electrophoresis on a 10% 
SDS-polyacrylamide gel: (lane I )  30 pg of crude extract (step I ) :  
(lane 2) 24 pg of pH 5.7 supernatant (step 2): (lane 3) 15.7 pg of 
pool from first DEAE-cellulose column (step 3); (lane 4) 5.5 pg of 
pool from hydroxylapatite column (step 4); (lane 5) 4.5 rg of pool 
from second DEAE-cellulose column (step 5). Phosphorylation of 
the 33K protein was assayed with exogenous C as described under 
Methods. The molecular weigh& of proteins were calibrated by protein 
standards from Pharmacia. 

as a sharp dark brown band, whereas 33K appears as a broad, 
diffuse, grayish band. The nature of microheterogeneity in 
the 33K band is not known at this time. On the basis of the 
densitometric scanning of the protein stain, the 33K, 37K, and 
IOK peptides collectively represented at least 9&95% of the 
total protein in the final DEAE-cellulose eluate. The purified 
33K protein complex was not contaminated by transducin (see 
later sections), &MP phosphodiesterase, and cyclic nucleotide 
dependent and independent kinase activities. 

The purification of 33K has been carried out at least 6 times 
with little variation in results. On the basis of the Lowry 
determination and protein staining, an average of 9 mg of the 
33K/37K/IOK protein complex was purified from 200 bovine 
retinas. The 33K protein was identified in  the initial steps of 
purification by its ability to be phosphorylated by the catalytic 
(C) subunit of cyclic nucleotide dependent protein kinase in 
the presence of [I*P]ATP. The assay was carried out under 
conditions in which phosphate incorporation was linear with 
time and proportional to the amount of 33K sample. Elution 
of 33K from chromatographic columns was monitored by 
phosphorylation of individual fractions followed by SDS gel 
electrophoresis and autoradiography. After the first DEAE- 
cellulose column, the partially purified 33K and 37K peptides 
become identifiable by protein staining. In all subsequent 
chromatographic steps, the elution profiles of 33K was de- 
termined both by phosphorylation and by protein staining, with 
both profiles always coincident. A numeral value for the 33K 
recovery and yield during purification is not available now. 
since protein staining and 33K phosphorylation both are flawed 
for quantitation. Only the phosphorylation assay was able to 
track the 33K protein through each step of purification. This 
assay, however. is only qualitative. because it does not take 
into account the 33K population that is already phosphorylated 
nor the phosphoprotein phosphatase activity that contaminates 
the different steps of 33K purification. An antibody has been 
generated against the 33K protein, and accurate assessment 
of the yield and recovery will be achieved scan by radioim- 
munoassay. 

Molecular Weight of Native 33K Protein. The molecular 
weight of the native 33K protein was determined by centri- 
fugational study. The sedimentation coefticient (suLr) of the 
native 33K was determined in a 5 2 0 %  linear s u c r m  density 
gradient with alcohol dehydrogenase (7.2 S ) ,  malate de- 
hydrogenase (4.3 s), bovine serum albumin (4.27 s). horse- 
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FIGURE 2 Sedimentation of the 33K protein complex on sucrose 
density gradient. The 33K protein wmplex purified up to the hy- 
droxylapatite column was used in this study. The 33K sample. in 
200-pL aliquots, was centrifuged on 5-20% linear sucrose density 
gradients of different pHs and ionic strengths as described under 
Methods (pH 6.9 gradients or pH 7.8 gradients). The gradients were 
recovered as 500-rL fractions. with I representing the most dense 
fraction. Each fraction was assayed by phosphorylation (for 33K 
wmplex) or by autoradiography (for ”P-labeled 33K wm lex which 
was previously phosphorylated by C in the presence of [%P]ATP). 
The content of 33K in each fraction was determined either by den- 
sitometric scanning of the autoradiograph or by protein staining. (A) 
Centrifugation profiles of the 33K complex (0) and 3zP-labeled 33K 
complex (X) on pH 6.9 gradients as determined by densitometric 
scanning of the 3zP-labeled 33K bands. The sucrose density gradient 
was calibrated (---) by alcohol dehydrogenase (a). BSA (b). malate 
dehydrogenase (c). horseradish peroxidase (d) ovalbumin (e), and 
myoglobin (0. The sedimentational mobilitiaofeach standard protein 
and subunits of the 33K protein complex were determined as described 
in Table 1 and expressed in Svedberg units (S). (B) Centrifugation 
profile of the 33K complex on pH 6.9 gradients as determined by 
protein staining. (C) Centrifugation profile of the 33K complex on 
pH 7.8 gradients as determined by protein staining. 

radish peroxidase (3.47 S), ovalbumin (3.53 S), and myoglobin 
(2.0 S) as marker proteins. Under cur experimmtal conditions, 
these protein standards sedimented in a linear relationship to 
their s20.w values (Figure 2A). The native 33K sedimented 
with a mobility of 0.6 and a sedimentational wefticient of 4.9 
S (Figure 2A). This corresponds to an apparent molecular 
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mass of 77 kDa, as estimated by the method of Martin and 
Ames (1961). 32P-Labeled 33K exhibited the same sedi- 
mentation characteristics (Figure 2A), suggesting that phos- 
phorylation did not induce conformational changes that are 
detectable by the methodology used. 

Subunit Structure of Native 33K Prorein. During purifi- 
cation of the 33K protein, it became apparent that two poly- 
peptides with molecular weights on SDS gels of 37 kDa (37K) 
and IO kDa (IOK), respectively, copurified with the 33K 
protein. With an estimated native molecular mass of 77 kDa, 
which approximately equals the sum of the molecular masses 
of the 33-kDa, 37-kDa, and IO-kDa peptides, we conclude that 
the native 33K protein is probably a trimeric complex, com- 
posed of the 33K. 37K, and 10K subunits. 

To study the interaction between the proposed subunits, the 
33K protein complex was centrifuged in 5 2 0 %  linear sucrose 
density gradients that were prepared in buffers of different 
pH and ionic strength. The sedimentational mobility of each 
individual subunit was monitored by SDS gel electrophoresis 
and protein staining of individual gradient fractions; the sed- 
imentation coefficients and apparent molecular masses were 
estimated by the calibration curve in Figure 2A. Since the 
33K, 37K, and 10K subunits exhibited the same electrophoretic 
mobilities on an SDS gel, the different sedimentational 
characteristics observed in different sucrose gradients must 
result from conformational changes, not from partial proteo. 
lysis, of the subunits. In the native conformation, the 33K, 
37K. and IOK subunits cosedimented in a pH 6.9 gradient as 
a trimeric complex of 0.6 mobility and 77-kDa molecular mass 
(Figure 2B). However, when the centrifugation was carried 
out in a gradient prepared in the pH 7.8 buffer, the 33K 
protein complex dissociates into a 33K monomer and a 
37K/10K dimer complex. All three subunits were absent in 
the fractions of 0.6 mobility (Figure 2C). The 33K peptide 
sedimented with a mobility of 0.34 and an apparent molecular 
mass of 31.5 kDa; the 37-kDa peptide sedimented with a 
mobility of 0.40 and an apparent molecular mass of 42.6 kDa. 
The demonstration by protein staining of cosedimentation of 
the 10K subunit with the 37K subunit is always tricky. As 
a small peptide that stains poorly. the IOK subunit is detected 
only when the larger subunits are applied to the SDS gels in 
such a large quantity as to overlad the gel and to obscure their 
resolution. Figure 2C was chosen to demonstrate clearly the 
displacement of the two large subunits. On the other hand, 
the cosedimentation of the 37K and IOK subunits in the pH 
7.8 gradient is clearly demonstrated in the immunoblot ex- 
periments (Figure 38). 

When fractions from the pH 7.8 gradient containing the 
33K monomer and the 37K/IOK complex, respectively, were 
recombined, dialyzed in the pH 6.9 buffer, concentrated. and 
recentrifuged on a pH 6.9 gradient, the 33K, 37K, and 10K 
peptides again cosedimented with a mobility of 0.55 and with 
an apparent molecular mass of 70 kDa, indicating reassociation 
of the subunits into the trimeric conformation. The sedi- 
mentation characteristics of the three subunits are summarized 
in Table 1. 

The 33K pmtein purified up to the hydroxylapatite column 
(step 4) was used in the experiments described above. As 
shown in Figure 1 A, the hydroxylapatite-purified 33K con- 
tained a major contaminant of 58 kDa (lane 4). The sedi- 
mentation characteristics of the 58-kDa protein that is not a 
member of the complex provide a useful comparison with those 
of the subunits of the 33K/37K/33K complex. The 58-kDa 
protein sedimented with mobilities of 0.46 and 0.39 in the pH 
6.9 and 7.8 gradients, respectively. When the pH of the 
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FIGURE 3 Immunc-cross-reactivity of the 37K and IOK subunita with antibodies against the 8- and y-subunits of transducin. (A) Purified 
transducin (gift from B. Fung) and 33K complex obtained from the hydroxylapatite column were subject to electrophoresis on a 12.5% 
SDS-polyacrylamide gel. Gel strip containing I .9 r g  of transducin (lane I )  and 2.4 pg of 33K (lane 2) were silver-stained and their molecular 
weights estimated by comparison with standards (left lane). Other gel strips containing 0.3 pg of 33K (lane 3) and 0.1 pg of transducin (lane 
4). respectively, were elarophorwd separately and immunotransblotted against anti-Tb, before inahtion with "%protein A and autoradiography. 
The positions of T., T , T,. and 33K are indicated to aid comparison between the protein bands in lanes I and 2 and the radioactive bands 
in lanes 3 and 4. (B) &dimentation characteristics of the immuno-cross-reactivity against anti-T8y The 33K protein complex obtained from 
the hydroxylapatite column was centrifuged on sucrose density gradients prepared in pH 6.9 (-) and pH 7.8 (--) buffers as described under 
Methods. Gradient fractions were electrophoresed on duplicate 12.5% SDS gels. One of the gels was immunotransblotted against anti-T, 
and autoradiographed, the other was stained for vrotein. The sedimentation orofile for anti-T.noss-reanivitv ( o m  circle) and anti-T. crorsreanivitv 
(closed circle) was determined by densitometic scanning of the autoradiograms. The p;ofiles of 3 7 K . j j K  and I O K  proteins &re determind 
by scanning ofthe stained gels. and the peak fraction for each subunit is indicated by the arrows. The sadimentational mobility of each fraction 
was determined as described in Table 1. 

gradient was readjusted to 6.9 to allow reassociation of the 
33K complex, the 58-kDa protein sedimented with the mobility 
of 0.46. A s  a monomer, the 58-kDa protein exhibits only a 
15% decrease in mobility, which probably resulted from high 
pH and high salt induced conformational changes that are 
reversible upon returning to the pH 6.9 buffer. In contrast, 
the 33K and the 37K/IOK subunits exhibited 44 and 33% 
decreases in mobility, respectively, as a result of subunit 
dissociation in the pH 7.8 gradient. 

Identification of the 37KJIOK Subunits as the j3- and y- 
Subunits of Transducin. The 37K and IOK subunits of the 
33K complex migrate on SDS gels with the same electro- 
phoretic mobilities as those of the j3- (T,) and 7-subunits (T,) 
of bovine transducin (Fung et al., 1981). respectively (Figure 
3A, lanes I and 2). To investigate the identities of the 37K 
and IOK subunits. the 33K complex was applied to an SDS 
gel and immunotransblotted against allinity-purified antibodies 
to T8 and T, (anti-Tg,). As shown in Figure 3A, the 37K and 
10K subunits, but not the 33K subunits of the protein complex, 
exhibited two cross-reactive bands with anti-T8,, which co- 
migrated with those of T, and T,. respectively. Furthermore, 
the intensity for 0.3 gg of 33K protein complex (lane 3) is 
about 3 times that for 0.1 gg of transducin (lane 4). This 
suggests that the cross-reactivity is indeed due to the 37K/IOK 
subunits and is not due to contamination of the 33K complex 
by a trace amount of T,? To investigate further the cross- 
reactivity with the IOK subunit, the 33K complex was im- 
munotransblotted against a monoclonal antibody against T, 
(monoclonal anti-T,), and the 10K subunit alone cross-reacted 
(resulted not shown), indicating that the 10K subunit is distinct 
from and is not a proteolytic product of the 37K subunit. 

Moreover. the 33K subunit shares no antigenic determinants 
with either T, or T,. 

To further confirm that the 37K/10K subunits cross-react 
with anti-T, we have investigated whether the crass-reactivity 
cosedimented with the 37K/ IOK subunits under conditions 
in which the 37K/IOK subunits are in either trimeric (asso- 
ciated) or dimeric (dissociated) conformations. Samples from 
fractions of each sucrase density gradient were electrophoresed 
on duplicate SDS gels, followed by either protein staining or 
immunotransblotting against anti-T,, and autoradiography. 
The amount of 37K/IOK proteins and the intensity of the 
cross-reactivity with anti-T8 and anti-T, were estimated by 
densitometric scanning of the stained gels and of the autora- 
diograms. Under both pH conditions, the cross-reactivity with 
anti-T, cosedimented with the 37K/10K subunits, and the 
extent of cross-reactivity in each fraction corresponded to the 
amount of 37K/IOK proteins (Figure 38) .  These results 
conclusively showed that the 37K and 10K subunits of the 33K 
protein complex share antigenic determinants with T, and T,, 
respectively. 

Distinction between 33K Subunit and a-Transducin ( T J .  
The 33K subunit shares with T, the ability to interact and to 
form a stable trimeric comlex with T,? Fung and Nash 
(1983) reported that trypsin proteolysis of T. under nonde- 
naturing conditions generated 38- and 32-kDa fragments. The 
latter tryptic peptide is similar in size to the 33K subunit. In 
order to establish whether the 33K and the 32-kDa fragments 
of T,, are related, the 33K subunit, T,,, and its 32-kDa tryptic 
fragment were compared in terms of their electrophoretic 
mobility on SDS gels, cross-reactivity against anti-T,, and 
ability to undergo phosphorylation. Figure 4 8  shows that T, 
from either transducin or T,Gpp(NH)p (lanes band c, re- 
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Table I: Dissosiation and Reassociation of the Subunits of the 33K 
Rotein Complex during Centrifugation on Sucmsc Density 
Gradimtr 

^^"I 

characteristics of protein bands identified on 
fnc gels - - 

I nK 
native (pH 6.9) mobility Or60 (8) 6.60 (8) 060 (8) 

sm- 4.9 4.9 4.9 
molecular mass 77.0 77.0 77.0 

dissociation mobility 0.34 (3) 0.40 (3) 0.40 (3) 
(PH 7.8) st0.r 2.7 3.3 3.3 

molecular mass 31.5 42.6 42.6 
reassxiation mobility 0.55 (2) 0.55 (2) 0.55 (2) 

(PH 6.9) sm.. 4.6 4.6 4.6 
molecular mass 70.0 70.0 70.0 

'Purified 33K protein mmplex was applied to 5-2046 linear sucrase 
density gradients prepared in either pH 6.9 (native) or pH 7.8 ( d i m  
ciation) Mes buNer and centrifuged as dsseribcd under Methods. In 
the reassociation experiments. fractions from the pH 7.8 gradient that 
contained dissociated 33K monomer or the 37K/IOK complex were 
combined. dialyzed in pH 6.9 M a  buffer, and concentrated before be- 
ing recentrifuged on a pH 6.9 gradient. Following centrifugation, each 
gradient was fractionated, and the sedimcntational profiles ofthc 33K. 
37K. and 10K polypeptides were determined by electrophoresis on 
12.5% SDS-polyacrylamide gels, silver staining, and densitometric 
scanning. Sedimentational mobility is defined as follows: mobility = 
[(total no. of fractions) - (peak fraction)]/(total fractions). The sedi- 
menlalion wcflicient [sa., in Svedberg unit ( S ) ]  was determined from 
the calibration CUNC shown in Figure 2A. The apparent molecular 
mass (kDa) of each peptide was estimated from the sedimentation 
urfficient according to Martin and Ames (1961). The numbers in the 
parentheses indicate the number of cnpsriments carried out for the 
determination of sedimcntational mobility. 

A B C 
a c d  d c b a  a c d  

USA- .-USA 

0 -32UDa- - sy(--I) - -/A&= - 1, 
mbl- 
l i  <I 

FIGURE 4 Immunological and phosphorylation charactnistics of the 
33K subunit and the a-subunit of transducin. Samples containing 
(a) 2.2 pg of purified 33K protein complex, (b) 2.9 pg of bovine 
transducin, (c) 2.6 pg of T.Gpp(NH)p, and (d) 2.6 pg of T.- 
Gpp(NH)p that was previously trypsinized as dcscribcd under Methods 
were electrophoresed on a 12.5% SDS-polyacrylamide gel. Panel A 
shows an autoradiograph for the rransblotted samples after anti-T. 
and protein A treatment. Panel B shows the protein pattern after 
silver staining of samples that were phosphorylated with ['zP]ATP, 
and panel C shows an autoradiograph of the same gel. The 38-kDa 
and 32-kDa proteins are pmtmlytic fragments that result from trypsin 
treatment of T.Gpp(NH)p (Fung & Nash, 1983). tspn. trypsin: 
ti., trypsin inhibitor. 

spoctively) migrates as a 39-kDa polypeptide on 32.5% SDS 
gel; its 32-kDa tryptic fragment (lane d) exhibits cssentially 
the same mobility as the 33K subunit (lane a). The immu- 
noblot (Figure 4A) shows that T, (lane c), as well as its 38- 
and 32-kDa tryptic peptides (lane d), fmss-rescts with anti-T, 
but the 33K subunit docs not (lane a). On the other hand, 
while the 33K subunit is readily phosphorylated by C (Figure 
4C, lane a), neither T, (lane c) nor the 38- and 32-kDa 
fragments (lane d) incorporate phosphate under the same 
conditions. The same result was Observed whether T, is in 
the trimeric or monomeric conformation, with or without 
bound guanine nucleotides. These observations show con- 
clusively that the 33K subunit is distinct from T.. The absence 
of any detectable -reactivity with anti-T,, further indicates 
that the 33K preparation is free of contamination by the 
transducin complex. 

LEE ET AL. 

DIXUSION 

Rod photoreceptor cells possss a variety of unique proteins. 
The appearance of these proteins in the visual cells is coor- 
dinated with their differentiation and preparation for visual 
function. Most of the visual cell specific proteins that have 
been identified and characterized, such as opsin, transducin. 
phosphodiesterase, rhodopsin kinase, and the 48K protein, 
probably are associated with the phototransduction mechanism 
(Stryer, 1985; Sitaramayya & Liebman, 1983; Kuhn et al., 
1984: Alan & Litman, 1984). Rhodopsin and phosphodi- 
esterase have been shown by immunocytochemical studies to 
be localized exclusively in the rod outer segments (Jan & 
Revel, 1974: F'apermaster et al., 1978; Robb, 1974). whereas 
the transducin complex is found within both the inner and 
outer segments (Brann & Cohen, 1987: Navon et al., 1987). 
The 33K protein that is discussed in this paper has been shown 
by immunocytochemistry also to be localized in the inner and 
outer segments of rod visual cells (unpublished observation). 
Several observations have predicted this localization for 33K 
(Lolley et al., 1977; De Vries & Ferrendelli, 1982). but its 
association with the rod outer segments has been challenged 
(Shuster & Farber, 1984). Both the 33K protein and the T& 
complex of transducin are released rapidly from the visual alls 
during ROS detachment and isolation. In this work we an- 
alyzed the amount of 33K in each step of the procedure for 
preparation of ROS and pooled the fractions that were en- 
riched with the 33K protein. Our aim was to maximize the 
yield of 33K and to achieve an appropriate sampling of the 
33K pools that are found within the inner and outer segments. 

The existence of a 33K/Th,complex became evident during 
purification of the 33K protein. Whereas we have not dem- 
onstrated that this complex is found in situ, several observations 
suggest that the 33K/T& complex exists under physiological 
conditions. The 33K protein coelutes with the Te complex 
in all column chromatographies that fractionate proteins by 
charge, size, shape, hydrophobicity. or a combination of these 
characteristics. Neither the 33K nor the T,, complex was 
observed to exist free of the complex. This complex is not 
formed during preparation of the soluble proteins. I f  either 
33K or Th were to bind indiscriminately to proteins, we would 
find both uncomplexed pools of 33K and T8, and hybrid 
complexs of each with other proteins. In the inital extraction, 
we find only the 33K complex and transducin. Thus, the Th 
association with 33K seems rather specific. The 33K/Ts, 
complex, either in the crude extract or in a highly purified 
preparation, exhibits the same molecular mass of about 77 
kDa, which is consistent with a unit stoichiometry of the 33K, 
T,, and T, subunits. The stoichiometry is usually apparent 
for the 33K and TB subunits on the basis of their protein- 
staining intensities on the SDS gels. The T, subunit stains 
poorly. but a 1: I stoichiometry between the T8 and T, subunits 
is consistent with the estimated 42.6-kDa molecular mass for 
the T& complex (Table 11). The 33K/Th complex is joined 
by electrostatic forces; under appropriate conditions. the 33K 
peptide undergos reversible dissociation and reassociation with 
the Th dimer. In the reassociation experiment, neither the 
33K nor the Th is observed to form a hybrid complex with 
other proteins. The specificity for assofiation of the 33K/TB, 
complex, the strength of the complex association, and the 
absence of individual pools of 33K and Te dimer suggest that 
the 33K/Tb complex is stable and, mast likely, representative 
of an assofiation that exists within the rod visual cells, in situ. 

The 37K and IOK subunits have been shown by immuno- 
logical techniques to share antigenic determinants with T8 and 
T7, respectively. Like T8 and T,. the 37K and IOK subunits 
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are not observed to exist alone in the absence of the other 
(Fung et al., 1981; Hildebrandt et al., 1984). Furthermore, 
each subunit exhibits identical molecular weight and pro- 
tein-staining characteristics on SDS gels, respectively, with 
T, and T, that were purified in association with the transducin 
complex. The 8-transducin is a highly conserved polypeptide; 
barring microheterogeneity in T,, which will be revealed only 
by sequence analysis, 37K and 10K appear identical with T, 
and T,, respectively (Hildebrandt et al., 1985). 

The 33K subunit is distinct antigenically from the a-, p-, 
or y-subunits of transducin as well as from the proteolytic 
fragments of T,. The 33K protein is a soluble phosphoprotein 
that is readily released from the visual cells upon detachment 
of the rod outer segments, whereas most transducin remains 
with the rod outer segments. The subunits of 33K/T,, remain 
complexed during all chromatography conditions, whereas the 
proteolytic removal from T, of even a small polypeptide seg- 
ment of approximately 1000-Da promotes its dissociation from 
T,, (Fung & Nash, 1983). The 33K subunit, unlike T,, is 
not ADP-ribosylated (Abood et al., 1982; Manning et al., 
1984) by pertussis toxin (unpublished observation). Moreover, 
none of the transducin subunits or their proteolytic fragments 
has been shown to be phosphorylated. These observations 
indicate that the 33K subunit is distinct from and not a pro- 
teolytic product of either T, or T,. However, the 33K subunit 
does share with T, the ability to form with T!, a stable trimeric 
complex that is analogous to the transducin complex. Fur- 
thermore, the 33K subunit, like T,, undergoes reversible 
dissociation and reassociation with T,,, which remains com- 
plexed. Phosphorylation of the 33K subunit does not induce 
its dissociation from T,,, and the physiological conditions 
regulating the subunit interaction remain to be identified. We 
are currently investigating whether dissociation of the subunits 
of the 33K/T,, complex, like that of the transducin subunits, 
requires interaction with the ROS membranes. 

The mammalian photoreceptor cell is a specialized neuron 
that absorbs radiation and translates that signal into membrane 
hyperpolarization (Hagins et al., 1970; Baylor & Hodgkin, 
1970). Moreover, it adapts to illumination (Bownds & Brodie, 
1975; Fain, 1976) and provides internal signals for the 
maintenance of cellular renewal and energy stores (Young, 
1976; h4atsumoto & Bok, 1984). The visual pigment rho- 
dopsin acts as a receptor for light. The absorption of light, 
like the binding of a hormone to target cells, initiates a series 
of intracellular changes that utilize cyclic nucleotides and 
transducin, a member of the guanine nucleotide binding protein 
family, as the coupling agents (Gilman, 1984; Manning & 
Gilman, 1983). The visual response to light is triggered by 
bleached rhodopsin catalyzing a GTP-GDP exchange reaction 
on the transducin in complex (Fung et al., 1980). The T, that 
contains the GTP binding site dissociates from T,, to combine 
with and activate a unique phosphodiesterase, which hydrolyzes 
cyclic GMP (Fung et al., 1981; Stryer, 1985). Cyclic GMP 
is believed to interact with and regulate the ion channels of 
the rod plasmalemma, with reduced levels of cyclic GMP 
promoting closure of the channels and hyperpolarization (Yau 
& Nakatani, 1985; Fesenko et al., 1985). 

The possibility exists that the discharged T,, and the 
light-induced decrease in cyclic GMP levels might participate 
in reactions that branch from the phosphodiesterase activation 
cascade and that could regulate other metabolic or adaptive 
activities of the visual cells. In order to link components of 
the cascade with ancillary mechanisms, a coupling agent would 
need to interact with the transducin subunits and/or to be 
modulated by intracellular changes in the concentration of 

cyclic GMP. We have shown previously that the photore- 
ceptor-specific 33K protein is, in vitro, the major endogenous 
substrate for phosphorylation by cyclic nucleotide dependent 
protein kinase and it, in situ, incorporates phosphate in the 
dark and becomes dephosphorylated upon illumination (Lee 
et al., 1982, 1984). Now, we demonstrate that the 33K protein 
forms a complex with TB,. It is tempting to speculate that 
the 33K/T,, complex may represent a branch point in the 
metabolic pathways that regulate the light-sensitive activities 
in the visual cells. The interaction between the 33K/T,, 
complex and a-transducin is a topic of our future study, and 
the availability of purified 33K/T,, should facilitate our in- 
vestigation of its regulation and function. 
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Analysis of Long-chain Bases in Sphingolipids by Positive Ion Fast Atom 
Bombardment or Matrix-Assisted Secondary Ion Mass Spectrometry? 
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ABSTRACT: The structures of long-chain bases are expressed as [CH2C(NH2)=CHR]+ (Z') in the positive 
ion mode spectra obtained on fast atom bombardment (FAB) mass spectrometry or liquid-matrix-assisted 
secondary ion mass spectrometry (SIMS) [Benninghoven, A., Ed. (1983) Zon Formation f rom Organic Solids, 
Springer, Berlin]. This phenomenon is common to sphingolipids in general: glycosphingolipids [see reviews 
by Sweeley and Nunez [Sweeley, C. C., & Nunez, H. A. (1985) Annu. Rev. Biochem. 54,7651 and Kanfer 
and Hakomori [Kanfer, J. N., & Hakomori, S .  (1983) Handb. Lipid Res. 311 and phosphonosphingolipids 
[Hayashi, A., & Matsubara, T. (1982) in New Vistas in Glycolipid Research (Makita, A,,  Handa, S., 
Taketomi, T., & Nagai, Y., Eds.) p 103, Plenum, New York], inclusive. Phytosphingosine compounds show 
the same type of fragmentation without additional dehydration if a neutral matrix is used. A Z+ ion is 
easily detected in the lower mass region ( m l z  200-400) as an even mass number fragment ion, and con- 
firmation is made by means of B I E  constant and B 2 / E  constant linked scan techniques [Boyd, R.  K., & 
Beynon, J .  H .  (1977) Org. Muss Spectrom. 12, 163; Boyd, R. K., & Shushan, B. (1981) Znt. J .  Mass 
Spectrom. Zon Phys. 37, 355; Macdonald, C .  G., & Lacey, M. J. (1984) Org. Mass Spectrom. 19, 551. 
[Principles of linked scannings are explicitly summarized by Jennings and Mason [Jennings, K. R., & Mason, 
R. S .  (1983) in Tandem Mass Spectrometry (McLafferty, F. W., Ed.) p 197, Wiley, New York] besides 
the cited literature.] 

F a s t  atom bombardment (FAB) mass spectrometry and 
secondary ion mass spectrometry (SIMS), especially in the 
negative ion mode, have been successfully applied to the 
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identification of the saccharide chain in glycolipids (Arita et 
al., 1983a,b). However, the ceramide moiety in such glyco- 
sphingolipids has been so far described as one unit, the long- 
chain base and the fatty acid part inclusive, unless chemical 
cleavage and derivatization for electron ionization (EI) 
(Sweeley & Nunez, 1985) or desorption chemical ionization 
(DCI) [in-beam chemical ionization (in-beam CI)] (Markey 
& Wenger, 1974) mass spectrometry have been previously 
performed. Recently, Taketomi successfully applied FAB mass 
spectrometry to determine the long chain base size of chem- 
ically deacylated glycosphingolipids (Hara & Taketomi, 1986). 
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