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Heterotrimeric GTP-binding proteins (G-proteins)
serve many different signal transduction pathways.
Phosducin, a 28-kDa phosphoprotein, is expressed in a
variety of mammalian cell types and blocks activation of
several classes of G-proteins. Phosphorylation of phos-
ducin by cyclic AMP-dependent protein kinase prevents
phosducin-mediated inhibition of G-protein GTPase ac-
tivity (Bauer, P. H., Miiller, S., Puzicha, M., Pippig, S.,
Obermaier, B., Helmreich, E. J. M., and Lohse, M. J.
(1992) Nature 358, 73-76). In retinal rods, phosducin in-
hibits transducin (G,) activation by binding its By sub-
units. While rod phosducin is phosphorylated in the
dark and dephosphorylated after illumination (Lee, R.-
H., Brown, B. M., and Lolley, R. N. (1984) Biochemistry 23,
1972-1977), the significance of these reactions is still un-
clear. The data presented here permit a more precise
characterization of phosducin function and the conse-
quences of its phosphorylation.

Dephosphophosducin blocked binding of the G,a! sub-
unit to activated rhodopsin in the presence of stoichio-
metric amounts of G,3y, whereas phosphophosducin did
not. Surprisingly, the binding affinity of phosphophos-
ducin for G,y was not significantly reduced compared
with the binding affinity of dephosphophosducin. How-
ever, the association of phosducin with G,8y in a size
exclusion column matrix was dependent on the phos-
phorylation state of phosducin. Moreover, the ability of
phosducin to compete with G,a for binding to G,y was
also dependent on the phosphorylation state of phosdu-
cin, No interaction was found between phosducin and
G,o. These data indicate that phosducin decreases rod
responsiveness by binding to the By subunits of G, and
preventing their interaction with G,«, thereby inhibit-
ing G,a activation by the activated receptor. Moreover,
phosphorylation of phosducin blocks its ability to com-
pete with G,a for binding to G.By.

Heterotrimeric G-proteins comprise a gene family whose
members function in a remarkable variety of signal transduc-
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tion pathways. Binding of G-proteins to their activated recep-
tors results in exchange of GDP for GTP and dissociation of the
GTP-bound Ga subunit from its GBy subunits. Activated Gas
(Ga-GTP’s) regulate a variety of effector protein systems, in-
cluding cyclic nucleotide processing enzymes, phospholipases,
and cation-selective channel proteins (for review, see Refs. 1-3).
In addition, GBvy subunits have recently been shown to regulate
directly effectors such as phospholipase A, (4), B-adrenergic
receptor kinase (5), type II adenylyl cyclase (6, 7) and phospho-
lipase C-B (8, 9). GTP hydrolysis by Ga allows the reassociation
of Ga-GDP with GBvy, returning the system to its ground state
in which GaBy-GDP is again capable of binding to an activated
receptor.

Phosducin is a highly conserved 28-kDa phosphoprotein that
is expressed in a number of cell types including retinal rods and
cones, pinealocytes, neurons, hepatocytes, and myocytes (10—
13). Moreover, the retinal protein MEKA was found to be vir-
tually identical to phosducin from retina and brain (11, 12, 14).
Phosducin inhibits the GTPase activities of a number of G-
proteins including G;, G,, and G, (12); phosphorylation of phos-
ducin with cyclic AMP-dependent protein kinase prevents this
GTPase inhibition (12). Phosducin was first isolated in verte-
brate retinal rod cells in a complex with G,8y subunits (15), and
it has been proposed that phosducin interferes with transducin
(G, function by binding to G,8y (16). While rod phosducin is
known to be phosphorylated in the dark and dephosphorylated
after illumination (17), the functional significance and bio-
chemical details of these phosphorylation and dephosphoryla-
tion reactions have not been well defined. Here we report new
observations that permit a more precise characterization of the
functional biochemistry of rod phosducin and the consequences
of its phosphorylation.

EXPERIMENTAL PROCEDURES

Preparation of Bovine Rod Outer Segments —Rod outer segments
(ROS) were prepared by sucrose floatation (18). All manipulations of
dark-adapted retinas were performed under infrared illumination using
infrared image converters. Briefly, 250 fresh dark-adapted bovine reti-
nas (J.A. & W.L. Lawson Co., Lincoln, NB) were suspended in the dark
in 400 ml of HEPES/Ringer’s buffer (10 mmM HEPES pH 7.5, 120 mm
NaCl, 3.5 mm KCl, 0.2 mm CaCl,, 0.2 mm MgCl,, 0.1 mm EDTA, 10 mm
glucose, 1 mum DTT, 0.2 mm PMSF) plus 45% (w/w) sucrose and disrupted
by being drawn twice through a 60-ml syringe with a 0.7-cm diameter
orifice. The disrupted retinas were passed through two layers of cheese-
cloth, and the retinal material that did not pass through the cheesecloth
was supended in 50 ml of HEPES/Ringer’s buffer, drawn through the
syringe again, and reapplied to the cheesecloth. This process was re-
peated three times. The retinal material that did not pass through the
cheesecloth was used for phosducin purification. The filtrate from the
cheesecloth was centrifuged for 10 min at 4,000 x g. The resulting pellet
was used for phosducin purification, and the supernatant, containing
the ROS, was diluted to ~15% sucrose with HEPES/Ringer’s buffer.
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This suspension was centrifuged at 10,000 x g for 20 min. The resulting
supernatant was used for phosducin purification, and the pellet was
suspended in HEPES/Ringer’s buffer, layered over 15 ml of 33% (w/w)
sucrose in 6-8 tubes, and centrifuged at 40,000 x g for 15 min. The ROS
were collected from the top of the 33% sucrose layer, diluted to ~15%
sucrose with HEPES/Ringer’s, and centrifuged at 25,000 x g for 10 min.
From these ROS, G, subunits and urea-stripped ROS membranes were
prepared.

Protein Purifications and Membrane Preparations—Ga, G,Bvy, and
urea-stripped ROS membranes were prepared as described (19) except
that after separation of G, subunits on a Blue Sepharose column (Phar-
macia Biotech Inc.), the subunits were further purified with a high
performance liquid chromatography (HPLC) size exclusion column (Bio-
Silect SEC-250, Bio-Rad) by isocratic elution in 10 mm HEPES pH 7.4,
500 mm NaCl, 5 mm MgCl,, 1 mm EDTA, 1 mm DTT, and 0.1 mm PMSF
(buffer A). The resulting G By was >98% pure and was free of G, as
determined by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (PAGE). The G,a was >95% pure and was likewise free of G,By
subunits. G,a and G,By were labeled with **I using Bolton-Hunter
reagent (DuPont NEN) as described previously (19).

Phosducin was purified by a modification of previously described
procedures (11, 15). The retinal debris retained on the cheesecloth was
released and homogenized in 5 mu Tris-Cl, pH 7.5, 62 mu NaCl, 5 mm
MgCl,, 2 pm leupeptin, and 2 pM pepstatin A in a Potter-Elvehjem
homogenizer. The homogenate was centrifuged at 48,000 x g for 10 min;
the supernatant was saved and the pellet was homogenized once more.
The pellet from the 45% sucrose centrifugation step above was also
homogenized twice. The supernatants were combined with the super-
natant from the 15% sucrose centrifugation step (~2 liters), and pro-
teins were precipitated by the addition of 474 g/liter ammonium sulfate.
The solution was centrifuged at 30,000 x g for 25 min, and the pellet
was resuspended in 30 mum potassium phosphate, pH 7.0, 1 mm DTT, 1
mm EDTA, and 0.1 mum PMSF (buffer B). The suspension was dialyzed
overnight against 9 liters of buffer B with one change of buffer after 6
h. The suspension was adjusted to pH 5.7 with 1 M acetic acid and
centrifuged at 48,000 x g for 20 min. The pH and the conductivity of the
solution were adjusted to 7.0 and 6 millisiemens/cm, respectively, and
loaded at 4 ml/min at 4 °C on TSK-Gel DEAE Toyopear] 650 M (Toso-
Haas) column material packed in an HR16/50 column (Pharmacia),
using a Pharmacia fast protein liquid chromatography system. After the
unbound material was washed through with buffer B, phosducin was
eluted with 600 ml! of a linear gradient from 30-500 mM potassium
phosphate in buffer B at a flow rate of 4.5 ml/min. The fractions with
conductivities between 13 and 31 millisiemens/cm were pooled and
dialyzed against 10 mm potassium phosphate, pH 7.0, 1 mm DTT, and
0.1 mm PMSF (buffer C). The solution was loaded onto Macro-Prep
ceramic hydroxyapatite (40 nm, Bio-Rad) column material packed in an
XK26/40 column (Pharmacia) equilibrated with the buffer C using fast
protein liquid chromatography at a flow rate of 3 ml/min at 4 °C. The
phosducin was eluted with 300 ml of a linear gradient of buffer C to
buffer B containing 150 mu potassium phosphate, pH 7.0, at 3 mI/min.
Fractions with conductivities of 6—14 millisiemens/cm were pooled and
concentrated to ~1.5 ml with CentriPrepl0 (Amicon) concentrators.
The concentrated phosducin fraction was chromatographed on a TSK
G3000SW size exclusion column (TosoHaas, 21.5 mm (inner diameter) x
30 ¢cm with a 21.5 mm inner diameter x 7.5 cm guard column) running
isocratically with buffer A at 5 ml/min uging a Waters 625LC HPLC
system at 23 °C. The phosducin-G,8y complex eluted at 18 min. Phos-
ducin was separated from G,y and other contaminants by strong anion
exchange chromatography using a Poros Q/M 4.6/100 column (Per-
Septive Biosystems). The column was equilibrated in 50 mm Tris, pH
8.0, 0.1 mm PMSF, and 1 mm DTT and was eluted by a linear gradient
of 50-750 mm Tris at 3 ml/min (30 ml). The phosducin eluted at ~560
mu Tris. Phosducin was further purifed by sucrose density gradient
centrifugation (5 ml of 5-20% sucrose, 100 mm potassium phosphate,
pH 7.4, 2 mm MgCl,, 1 mm EDTA, 1 mm DTT, 0.1 mm PMSF, and ~ 0.5
mg of protein/tube) in a Beckman SW 55T rotor running in a Beckman
L8-70 M centrifuge for 15.3 h at 53,000 rpm (w? = 1.7 x 10*? rad¥s) at
4 °C. This phosducin was 95% pure and was free of G,8y as determined
by SDS-PAGE and Western blotting with a peptide-specific antibody for
G,B. Protein concentrations were determined using Coomassie Plus
protein assay reagent (Pierce Chemical Co.).

Phosducin Phosphorylation and Isoelectric Focusing—Phosducin was
phosphorylated with the catalytic subunit of bovine heart cAMP-de-
pendent protein kinase (Fluka) as follows. Phosducin (30 uM) was mixed
with cAMP-dependent protein kinase (1 unit/nl) and ATP (0.5 mm) in 50
mm HEPES, pH 7.5, 5 mm MgCl,, 1 mm EDTA, 1 mm DTT, and 0.1 mm
PMSF and incubated for 10 min at 23 °C. Phosphophosducin was im-
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mediately assayed for '%I-G,« binding (see below). For isoelectrie focus-
ing, phosducin was phosphorylated as described above in the presence
of 0.5 mm (~1000 dpm/pmol) [**P]JATP, and then focused on a flat bed
isoelectric focusing gel (0.4 mm) according to the manufacturer’s (Bio-
Rad) protocol using Pharmalyte 4.5-5.4 ampholines (Pharmacia) in the
presence of 8 m urea. The gel was fixed in 20% trichloroacetic acid for 30
min. Ampholines were eluted from the gel by incubating in 0.25% SDS,
10% acetic acid, and 40% methanol for 30 min followed by 10% acetic
acid and 40% methanol for 1 h. The gel was stained with 0.12% Coo-
massie Brilliant Blue R (Serva) in 10% acetic acid and 40% methanol for
30 min and then destained in the same solution without Coomassie
Blue. Finally, the gel was autoradiographed to verify the incorporation
of phosphate into phosducin.

Binding of **I-G,a to Rho* in ROS Membranes—Light-induced bind-
ing of *¥1-G,a and G,8v to urea-stripped ROS membranes was carried
out as described (19). Dephospho- or phosphophosducin, at the concen-
trations indicated, was mixed with 0.1 umM ®I-G,a and 0.1 uv G By
before the addition of urea-stripped membranes in the dark. Light-
induced binding was then initiated by bleaching 50% of the Rho.
Samples were centrifuged, and the amount of *I-G,« bound was quan-
tified as described (19).

Phosducin Inhibition of ***I-G,By Binding to ROS Membranes—The
effect of phosducin on the binding of %I-G,By to urea-stripped ROS
membranes was measured by incubating 0.35 pm '#1-G By with increas-
ing concentrations of phosducin in isotonic buffer (10 mm HEPES, pH
7.5, 100 mm KCl, 20 mum NaCl, 1.5 mm CaCl,, 1 mm EDTA, 1 mm DTT,
and 0.2 mm PMSF) for 10 min at 23 °C. Unilluminated urea-stripped
membranes, at 40 um Rho, were then added in the dark, and the mix-
ture was incubated in the dark for 10 min. The final sample volume was
50 ul. For phosphophosducin, 0.5 units/ul of cAMP-dependent protein
kinase, and 0.5 mm ATP were added to phosducin in isotonic buffer, and
phosphorylation was allowed to continue for 5 min before the addition
of the ¥I-G,By and dark urea-stripped membranes. During the dark
incubation, 20 pl of the sample were taken and counted for %1 to obtain
the total counts. The samples were then centrifuged at 50,000 x g for 20
min to pellet the membranes, and 20 nl of the supernatant were re-
moved and counted for **I. The amount of '¥I-G By in the membrane
pellet was calculated by subtracting the supernatant counts from the
total counts in the sample. During these experiments, the phosphoryl-
ation state of phosducin was monitored in parallel samples that were
incubated with 0.5 mm [*2PJATP (500 cpm/pmol). Incorporation of 3P
into phosducin was quantified by precipitating 10 ul of the sample in
100 pl of 20% trichloroacetic acid, filtering through type HA nitrocellu-
lose filters in 96-well Multiscreen filtration plates (Millipore), washing
three times with 100 pl of 20% trichloroacetic acid, and counting the 3P
on the filter. Phosducin was completely phosphorylated by 2 min and
remained phosphorylated throughout the experiment. Control samples
without phosducin were run in order to correct for phosphorylation of
the urea-stripped membranes under these conditions.

In order to obtain a binding constant for the interaction between
125].G,By and phosducin, an equation for the binding of *I-G,8v to
urea-stripped ROS membranes as a function of the total concentration
of phosducin was derived from the following model (Equation 1), which
describes in simplest terms the binding of 'I-G,8y to the membrane

Ky
LGBy + M = M PL.G 8y
+
Pd
(Eq. 1)
1| Ky d
Pd-%1-G, By

where M is the membrane binding site specific for '#1-G,8v, and Pd is
phosducin. From the expressions for the dissociation constants,

K, = [MI['*I - G,By)/[M-1%51.G,By] (Eq. 2)
K, = [PAI['*] - G,Bv)/[Pd-*1-G,Bv] (Eq. 3)
and the expressions for the conservation of mass,
[M], = [M-*1-G,By] + [M] (Eq. 4)
[Pd], = [Pd-#]-G,Bv] + [Pd] (Eq. 5)
['*1-G,BY], = [M-*1-G 8] + [PA-1#1-GBy] + ['®1-G,Bvy] (Eq. 8)

an expression for [M-'*I-G,8y] was derived in the form of a cubic
equation.






