290 Biochemistryl1996, 35, 290—-298

Cyclic AMP-Dependent Phosphoprotein Components | and Il Interact fyith
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ABSTRACT. Components | and Il (CI&ll) in frog rod outer segments (ROS) are prominent cAMP-dependent
protein kinase (PK-A) substrates. Their phosphorylation level is high in the dark, and illumination causes
dephosphorylation. In order to understand their physiological role in phototransduction, biochemical
characterization of Cl&ll phosphorylation was performed. Fractionation of phosphorylated ROS proteins
showed that CI&Il in the soluble fraction were highly phosphorylated by endogenous PK-A, whereas
those in the membrane-associated protein fractions were not. The latter proteins could be phosphorylated
by purified catalytic subunit of PK-A (PK-A) while the former proteins were not, suggesting that
membrane-bound CI&ll are normally much less phosphorylated. Treatments that dissociage it

(ay) of transducin (@ from By subunits gy) and thus produce excess free subunits oihGhe soluble

fraction caused inhibition of CI&Il phosphorylation in the soluble fraction and enhancement of Cl&ll
phosphorylation in the peripheral membrane fractions containing less@hosphorylated Cl&ll tightly
associated with the washed ROS membranes could be extracted after phosphorylation by PK-A
Phosphorylation also caused elutionggf from the membrane under the same conditions. Cross-linking

by the maleimidobenzoy-hydroxysuccinimide ester of the peripheral membrane fraction produced a
distinct phosphorylated 50 kDa product with concurrent disappearance ffsthigunit of transducing)

and phosphorylated Cl&Il. This phosphorylated cross-linked product was not recognized by a monoclonal
anti-o; antibody but was recognized by antiserum agafhissuggesting that the 50 kDa protein is a
complex of By: and CI&Il. Amino terminal sequencing of components | and Il suggests that they are
identical proteins with a unique sequence unrelated to other proteins in protein data bases. Phosphopeptide
mapping of phosphorylated CI&ll in the soluble fraction yielded two trypsinized phosphopeptides, while
that in the peripheral membrane fractions showed only one phosphopeptide. These data suggest that
multiple phosphorylation of CI&ll alters their cellular localization. We conclude that phosphorylation of
Cl&ll controls their localization in frog ROS and an interaction of CI&ll with subunits efr&ulates

their phosphorylation.

When photoreceptors are illuminated, activated rhodopsin binding (Robinson et al., 1986) to:@Gnd the GTPase
initiates a cascade of signal transduction through a series ofactivating action of PDE (Arshavsky et al., 1991; Arshavsky
protein interactions. The photoisomerization of rhodopsin & Bownds, 1992). It can also regulate the activity of cyclic
allows binding and activation of a GTP-binding protein, nucleotide-dependent protein kinases present in the ROS. In
transducin (@,* which in turn activates cGMP phosphodi- both mammalian and amphibian rod outer segments, cyclic
esterase (PDE). The resulting decrease in cGMP is thenucleotide-dependent protein kinase activity and cyclic
trigger for closure of cationic channels and membrane nucleotide-stimulated phosphoproteins are prominent (Farber
hyperpolarization. Cyclic GMP also may be involved in et al., 1979; Polans et al., 1979; Lee et al., 1987; Kamps et
other processes. It is known that cGMP regulates GTP al., 1986; Binder et al., 1989; Hamm, 1990). Since the level
of cyclic nucleotides in ROS is rapidly decreased by light-
activated PDE (Woodruff et al., 1977; Cohen et al., 1978),
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U.S. Public Health Service Grant EY06062. itis expected that the activity of cyclic nucleotide-dependent
* To whom correspondence should be addressed. Telephone: 312-protein kinases in ROS should also decrease. Illumination
996-7151. Fax: 312-996-1414. causes rapid dephosphorylation of two small molecular size

. * Preseﬂt address: Department of Biochemistry, Pai-Chai University, proteins (CI&II, 13 and 12 kDa, respectively) in intact rods
aejeon, Korea. ! . ) .
® Abstract published ildvance ACS Abstract®ecember 15, 1995. (Polans et al., 1979; Bownds & Brewer, 1988) and isolated

! Abbreviations: SME, B-mercaptoethanol; CI&Il, componentsland ROS (Hamm, 1990) of frog photoreceptors. Components |
II; EDTA, ethylenediamine tetraacetic acid;, Bansducinp, andfynr, and Il are the major proteins in frog ROS whose phospho-

the a and Sy subunits of transducin; HPEC, high-performance L . . .
electrophoresis chromatography; HPLC, high-performance liquid chro- rylation is cyclic nucleotide- and light-dependent (Hamm &

matography; MOPS, 3\‘morpholino)propanesulfonic acid; MBS, Bownds, 1986).

maltei_mLdobenZF?%NAhydfoXydsuciirllirtnide;bPKt-Af, P&AAAFF’;SEDegdﬁgt In bovine retinas, the major cyclic nucleotide-stimulated
protein kinase; PK-, purified catalytic subunit of PK-A; ,C ; : ; T
phosphodiesterase; PREy subunit of PDE; PMSF, phenylmethane- phosphoprotein of 33 kDa, phosduc_:ln, has prOp?rtleS. similar
sulfonyl fluoride; PVDF, poly(vinyl difluoride): ROS, rod outer tO those of CI&ll. Its phosphorylation was maximal in the

segments. dark, and light caused its dephosphorylation. This protein

0006-2960/96/0435-290$12.00/0 © 1996 American Chemical Society



Relationship between CI&ll Phosphorylation and Transducin Biochemistry, Vol. 35, No. 1, 199691

copurified as a stoichiometric complex wigy: and was Phosphorylation of ROS ProteinsRod outer segments
phosphorylated by PK-A (Lee et al., 1987, 1990a; Lolley & from frog retinas were prepared as described elsewhere
Lee, 1990). It has been shown that phosducin inhibited the (Hamm, 1990) except using 6, 35, 45, and 70% (v/v) Percoll
light-activated GTPase activity of and the activity of PDE ~ gradients. For endogenous phosphorylation, purified ROS
by sequesteringy: (Lee et al., 1992; Yoshida et al., 1994). were resuspended in reaction buffer. ROS were disrupted
In addition, an identical 33 kDa protein was identified in by passage through a 27-gauge needle and incubated for 10
bovine brain (Bauer et al., 1992). This brain 33 kDa protein min with 2—20uCi [y-3?P]JATP and 3QuM ATP in reaction
inhibited GTPase activity of the stimulatory G proteing(G  buffer in the presence or absence of 108 cAMP. In the
by association withBys. This complex formation leads to  previous study, it was observed that the phosphorylation level
inhibition of adenylylcyclase either by preventing the func- of Cl&ll in retina by endogenous protein kinase reached a
tion of an activated state of after GTP binding or by  plateau in 8 min and started to decrease after 15 min (Polans
sterically interfering with G proteineffector coupling. The et al., 1979; Suh, unpublished). Therefore, ROS were
inhibition was shown to be blocked by PK-A phosphorylation incubated for 10 min. The reaction was stopped by addition
of the protein. of stop solution for further extraction of proteins. Unless
There are several lines of evidence suggesting that theotherwise indicated, all endogenous phosphorylations and
Cl&ll phosphorylation/dephosphorylation cycle may be extractions of soluble proteins were performed in the dark.
functionally and physically linked to the @ctivation cycle For exogenous phosphorylation, protein extracts of ROS were
in frog ROS. The light intensity for the half-maximal incubated for 15 min in reaction buffer containing 220
dephosphorylation of CI&Il in retinas (% 10® rhodopsin  uCi [y-*P]ATP, 30uM ATP, 3 mM MgCl, and 0.1ug of
molecules per ROS per second, Hamm, 1990) is similar to purified PK-Ac;. Under these conditions, PK:Aphosphor-
those for a half-maximal decrease of cGMP content in ROS ylated Cl&Il to an extent similar to that observed for
(Woodruff & Bownds, 1979). A monoclonal antibody raised endogenous PK-A as described above. The reactions were
againsta; (mAb 4A) blocks the light activation of Gand terminated by either stop solution for further processing or
also blocks phosphorylation of CI&Il (Hamm & Bownds, 10% trichloroacetic acid for sodium dodecyl sulfate
1984). Extra Gintroduced into ROS membranes alters the polyacrylamide gel electrophoresis (SBBAGE; Laemmli,
localization of phosphorylated CI&II (Hamm, 1987). These 1970).
studies suggest that there is a close relationship between the Extraction of ROS ProteinsDisrupted ROS in reaction
G activation cascade and the phosphorylation of CI&Il, pyffer were centrifuged at 4360§@or 10 min to obtain the

which may play a role in phototransduction, perhaps in soluble fraction. The resulting pellet was resuspended in
modulation of the Gactivation cycle or in activation of other  pyffer A and bleached on ice for 15 min under room light.

light sensitive reactions. The same centrifugation was performed to obtain a PDE-
The present data show a functional and physical interactionenriched hypotonic-wash fraction. Buffer A containing 500
between components | and Il and yesubunit of G Thus, uM GTP was added to the remaining membrane pellet, and

we postulate a role for the phosphorylation/dephosphorylationthe mixture was centrifuged to attain a-@wriched GTP-
cycle of CI&ll in the regulation of the transducin cycle in  wash fraction. The final membrane pellet was resuspended

frog ROS. in reaction buffer for a washed membrane fraction. The
protein concentration was determined by the method of dye
EXPERIMENTAL PROCEDURES binding (Bradford, 1976) using-globulin as a control.
Materials Carrier-free32P, was from ICN. [-3P]ATP Effect of Excess GSubunits on CI&ll Phosphorylation

was generated fron¥?pP, by a GammaPrep-A kit from Monoclonal antie; antibody 4A (mAb 4A) and GTS are
Promega. Cyclic nucleotides, GTP, and its analogues wereknown to separate from Sy (Fung, 1983; Mazzoni &
obtained from Boehinger-Mannheim Biochemicals. Male- Hamm, 1989). In order to examine the effect of free G
imidobenzoyIN-hydroxysuccinimide (MBS) ester was from  subunits on the phosphorylation of Cl&ll, 1.33 pmol of mAb
Sigma. Constant boiling 6 N HCI was from Pierce. The 4A or 500uM GTPyS was added separately to the disrupted
catalytic subunit of PK-A (PK-Ay) purified from bovine ROS suspended in reaction buffer and incubated at room
heart was a gift from Dr. David Glass (Emory University, temperature for 30 min in the dark. The endogenous
Atlanta, GA). All other chemicals were of the highest purity Phosphorylation for 10 min was followed by addition of 20
available from standard commercial sources. uCi [y-*PJATP, 30uM ATP, 3 mM MgCh, and 100uM
Buffers and SolutionsFor extraction of the ROS proteins, CAMP to the protein mixture. The phosphorylation reaction
reaction buffer [frog Ringer's [L05 mM NaCl, 2.5 mM KCI, Was terminated by stop solut|qn. P(otem frac_:t|onat|on was
2 mM MgCl,, and 10 mM HEPES (pH 7.5)] containing 0.1 performed _by seq_uenual centrifugation de_scnbed as abov.e.
mM phenylmethanesulfonyl fluoride (PMSF), 2LKIU Each protein fraction was extrqc_ted three times. The protein
(Kallikrein inhibitor units)/mL aprotinin, M leupeptin, 1 extracts were pooled and precipitated by 10% trichloroacetic
mM f-mercaptoethanoBME), and about 168 M Ca2*] and acid and analyzed by SDS’AGE, autoradiography, and
buffer A [5 mM TRIS-HCI (pH 7.5), 0.1 mM PMSF, 1 mM  densitometric scanning. In the case of mAb 4A addition,
BME, 100 KIU/mL aprotinin, and 2«M leupeptin] were  the same amount of rabbit IgG was used as control.
used. For cross-linking, buffer B [10 mM MOPS (pH 8.0), Cross-Linking of ROS Proteins by MBSROS were
200 mM NaCl, and 2 mM MgG] and buffer C [10 mM resuspended in buffer B, disrupted first, and then endog-
MOPS (pH 8.0) and 2 mM MgG] were used. In orderto  enously phosphorylated with 20Ci [y-3?P]ATP, 30 uM
terminate the phosphorylation reaction in nondenaturing ATP, and 10QuM cAMP for 10 min. The phosphorylation
conditions, stop solution [7.5 mM phosphate (pH 7.5) and reaction was stopped by addition of stop solution. ROS
7.5 mM EDTA] was used. proteins were extracted as described above using buffer C
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for hypotonic extraction steps. After extraction, hypotonic-
wash and GTP-wash fractions were made isotonic with 0.2
M NaCl. Each extracted protein fraction was cross-linked
by 50u4M maleimidobenzoyN-hydroxysuccinimide (MBS),

a heterobifunctional cross-linker specific to SH and NH
groups (Hingorani et al., 1988). Proteins and cross-linker
were incubated in buffer B for 1 h at room temperature. The
reaction was stopped by addition of 1 mM dithiothreitol. The
identities of cross-linked products were analyzed by SDS
PAGE, autoradiography, and immunoblotting with antibod-
ies.

Preparation of Antiserum and Western Blotting'he
transducinfy dimer was purified from bovine ROS as
previously described (Kleuss et al., 1987). Highly purified
p andy subunits were further purified on a C4 reverse-phase
high-performance liquid chromatography (HPLC) column
(Vydac, 4.6x 250 mm) with a 20 to 100% linear gradient
of acetonitrile containing 0.1% trifluoroacetic acid. Genera-
tion of antibodies againgt; and y; followed a previously
described method (Harlow & Lane, 1988).

In order to identify the constituent proteins in cross-linked
products, cross-linked proteins in each fraction were sepa-
rated by SDSPAGE and transferred onto PVDF mem-
branes. Immunoblotting of proteins on the PVDF membrane
with mAb 4A and antig; antiserum was performed according
to a standard peroxidase method.

Phosphopeptide Mapping of Phosphorylated Cl&Hach
fraction of endogenously phosphorylated ROS proteins was
separated by SDSPAGE. Extraction of each phosphor-

ylated component from the gel was carried out as described
elsewhere (Nishikawa et al., 1987; Joseph et al., 1991). The

extracted protein was mixed with 10@ of BSA and 10%
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Ficure 1: Phosphorylation of endogenously phosphorylated ROS
proteins by exogenous PKzA ROS proteins were endogenously
phosphorylated with 10Ci [y-32P]ATP, 30uM ATP, and 10QuM
CAMP in the dark for 10 min and were fractionated into soluble
(lane 1), hypotonic-wash (lane 2), GTP-wash (lane 3), and
membrane (lane 4) proteins. Half of each fraction was further
phosphorylated by 0.4g of purified PK-Agy, 2.5uCi [y-32P]ATP,

30 uM ATP, and 3 mM MgC} for 15 min: (A) Coomassie blue
staining of protein fractions, (B) autoradiogram of endogenously
phosphorylated protein fractions, and (C) autoradiogram of further
phosphorylated proteins by PKcA

quenced by an Applied Biosystem 477A Protein Sequencer
at the Protein Sequencing/Synthesis Laboratory (University
of lllinois at Chicago).

RESULTS

Identification of a Pool of Cl&ll from ROS Membranes
It was observed previously that the endogenous cAMP-

trichloroacetic acid. The precipitate was washed, suspendeddependent protein kinase of frog ROS phosphorylated Cl&ll

in reaction buffer, and lyophilized. The dried proteins were
resuspended in trypsinization buffer containing 10 mM
MOPS (pH 7.5), 200 mM NaCl, 2 mM Mggl 1 mM
dithiothreitol, and 25% (v/v) glycerol. Trypsinization of the
proteins was performed by addition ofi§ of TPCK—trypsin
dissolved in 0.1 mM HCI and incubation on ice for 1 h.
Proteolysis was stopped by 50g of soybean trypsin
inhibitor. The proteolyzed mixture was analyzed by two-
dimensional (2D) thin layer electrophoresis/chromatography.
Extensive trypsinization at room temperature for 3 h showed
the same results.

Partial Amino Acid Sequencing of Cl&ll Cl&ll were
purified to homogeneity by two different methods. After

in different fractions to a different extent (Hamm & Bownds,
1986; Hamm, 1990). Therefore, it is interesting to investi-
gate how the phosphorylation level of CI&ll in each fraction
is different and what the nature of this difference is. For
this purpose, sequential phosphorylation of Cl&ll by en-
dogenous and exogenous PK-A was performed in all
fractions of ROS proteins (Figure 1). Disrupted ROS were
phosphorylated in the presence of cAMP by endogenous
protein kinase, and then proteins were extracted. One half
of each fraction served to monitor endogenous CI&ll
phosphorylation. The other half was incubated with PK-
Aca after quenching and removal of free radioactive ATP.

Components | and Il in the soluble fraction were the most

proteins were endogenously phosphorylated by nonradioac-highly phosphorylated by endogenous PK-A (Figure 1B, lane

tive ATP in reaction buffer containing 3&M ATP and 100
uM cAMP in the dark for 10 min, the soluble fraction of

1), whereas the other fractions showed very low phospho-
rylation of Cl&Il, which at this film exposure is almost

phosphorylated ROS proteins was extracted and separatedindetectable (Figure 1B, lanes-2). However, CI&Il in

by SDS-PAGE. A radioactively labeled ROS protein

these three fractions could be phosphorylated significantly

sample was also loaded onto a separate lane as markers diirther by incubation with exogenous PKeA(Figure 1C,

phosphorylated proteins. Proteins isolated by SBPBGE

lanes 2-4). The hypotonic-wash fraction showed a large

were electroblotted onto PVDF membranes. Components lincrease in CI&ll phosphorylation (compare lane 2 in Figure
and Il were localized by matching an autoradiogram on the 1B and and lane 2 in Figure 1C), whereas the phosphor-
membrane, and each band was carefully excised. In theylation level of CI&ll in the soluble fraction was only slightly
second procedure, CI&ll from the soluble fraction which was changed by exogenous PK-A (compare lane 1 in Figure 1B
not treated with ATP were purified on an Applied Biosystem and lane 1 in Figure 1C). The GTP-wash and membrane
230A high-performance electrophoresis chromatography fractions also showed a large increase in Cll phosphorylation
column (HPEC, 8% polyacrylamide gel column, 35100 by exogenous PK-4:(compare lanes 2 and 3 in Figure 1B
mm). CI&Il were separated by HPEC. The amino terminal and Figure 1C). A similar extent of increase in CI&ll
amino acids of each component on excised PVDF membranephosphorylation in the hypotonic-wash fraction after treat-
strips and in purified protein fractions were directly se- ment with exogenous PK-A was also observed after
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removal of ATP by gel filtration (data not shown). The A

increased phosphorylation of Cl&Il in the membrane- kDa i
associated protein fractions after postphosphorylation was A - L e
observed under both native and denaturing conditions, 66- "
suggesting that it occurs on physiologically relevant sites. s =
Protein fractions which contain less; 6howed increased 36- = = - = o -:g.
endogenous phosphorylation of CI&ll (compare Figure 1A 20- b '
and Figure 1B). Since Hamm (1990) showed that these 24 .-
fractions do contain PKA, it may be that inhibitory factors 20- g &=
blocking the endogenous phosphorylation of Cl&ll were lost »
during the procedure for exogenous phosphorylation, and B ! - <
Cl&ll become accessible for PK-A binding and phosphor-
ylation. Another possibility is that endogenous p-CIl&ll in MW 1 2 3 4 58 7 8 9 10
the membrane-associated fractions were dephosphorylated B
faster than those in the soluble fraction. However, dephos- «Da ~ _
phorylation activity toward p-Cl&Il in the extracted ROS b ' -
proteins has never been detected under the conditions of these 66- - -
in vitro experiments (Polans et al., 1979; Hamm, 1990; Suh, oo -
unpublished). This implies that there is a regulatory mech- 36- . - ._ -
anism for Cl&Il phosphorylation in ROS, which may be 20— 4
disrupted by perturbation of the normal ROS structural -
integrity. 20- gm

Extraction of the Membrane-Bound Cl&lIBecause a B o
relatively large portion of CI&Il were phosphorylated to a ' = = = - Coon
very small extent by endogenous PK-A and they were in
membrane-associated fractions, it was investigated whether MW 1 2 3 4 5 & 7 8 9 10

phosphorylation regulated the localization of CI&Il. In Fgure2: Extraction of ROS membrane proteins by treatment with
addition, we attempted to search for a factor in the PK-A and ATP. ROS proteins were fractionated into soluble
membranes which blocked the endogenous phosphorylationproteins (lanes 1 and 2), a hypotonic-wash fraction (lanes 3 and
of CI&IIl. For this purpose, a serial extraction of ROS 4), and a GTP-wash fraction (lanes 5 and 6) sequentially. The

. . . hypotonic GTP wash with buffer A was carried out six times,
proteins was carried out (Figure 2). Rod outer segment whereas other washing steps were performed four times each. Only

proteins which were not stimulated for phosphorylation by the first (lanes 1, 3, and 5) and last (lanes 2, 4, and 6) extractions
addition of any protein kinase activator were extensively of each fraction are shown here. Each fraction and the resuspended

fractionated by several sequential washings into soluble washed membranes were phosphorylated by purified Ritwth
(lanes 1 and 2 show the proteins in the first and last wash), 3 #Ci [y-*PIATP for 15 min at room temperature. After the
‘o : phosphorylation reaction was stopped, the phosphorylated washed
hypotonic-wash (Ianes 3 and 4), GTP-wash (lanes 5 and 6)’membranes underwent fractionation again into a soluble fraction
and membrane fractions. Each extracted fraction was (lane 7), a hypotonic-wash fraction (lane 8), a GTP-wash fraction
phosphorylated by the same activity of exogenous RlK-A (lane 9), and an integral membrane fraction (lane 10): (A)
and radioactive ATP to compare the phosphorylatability of Coomassie blue staining of extracted proteins and (B) autoradio-
CI&Il in each extraction step. The Coomassie blue stain 9/@ms of exogenously phosphorylated proteins. MW represents
- . olecular size standard proteins.
showed that the last wash in each extraction step removed "
very little protein (Figure 2A, compare lane 1 to 2, 3 to 4, protein (Figure 2A, lane 6). Also, significant phosphoryla-
and 5to 6). A similar pattern of Cl&IlI phosphorylation was tion of Cl&Il was demonstrated in that supernatant (Figure
observed, which was shown by PKzfcatalyzed postphos- 2B, lane 7). The next hypotonic washing also extracted G
phorylation (Figure 2B). The major protein in the GTP- (mostly fy;) and PDE and p-CllI (lane 8 in Figure 2A,B).
wash fraction was Gand Coomassie blue staining showed Washing of the exogenously phosphorylated membrane with
that only a trace amount of @vas extracted at the last step hypotonic buffer containing GTP extracted a very small
of GTP extraction (Figure 2A, lanes 5 and 6). The washed amount of Gand p-Cll (lane 9 in Figure 2A,B). In these
ROS membranes remaining after these extensive sequentiateextraction steps after exogenous phosphorylation, only
extractions were next examined in two ways. First, the CI&Il were substrates for PK-4; (Figure 2B, lanes 7#9).
presence of substrates for PKzfn the extensively washed = When the washed membrane fraction of ROS was extracted
membranes was tested by treatment with Pi-and ATP. with ATP alone or without either PK-&: or ATP, no
Second, after treatment with PK-A the membranes were  additional proteins were extracted (data not shown). These
sequentially extracted again into soluble, hypotonic-wash, results suggested that, after serial extractions of the endog-
and GTP-wash fractions to examine whether there was anyenously phosphorylated ROS membranes, there was still a
phosphorylation-induced extraction of CI&ll. There was no pool of protein, mainly unphosphorylated CI&ll aygh;, as
detectable PK-4; substrate in the washed membranes well as somex; and PDE, which could be eluted from the
[rhodopsin, which is not a PK-4: substrate, was phosphor- membrane by phosphorylation. In the last phosphorylated
ylated (Kthn & Dreyer, 1972)]. Interestingly, after phos- membrane fraction (lane 10), Coomassie blue staining
phorylation of washed membranes, a significant amount of (Figure 2A) demonstrated that there were still unextracted
Pt and y; with a trace amount ofy; was found in the Gy, rhodopsin, PDE, a few other unidentified membrane
supernatant (Figure 2A, lane 7), although extraction of ROS proteins, and Cl. However, the autoradiogram (Figure 2B)
proteins without phosphorylation had yielded very little showed very little phosphorylation on CI but extensive
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Ficure 3: Effect of treatments that solubilize transducin on Cl&ll
phosphorylation. Disrupted ROS were incubated with 200
GTPyS (A) or 1.33 pmol of mAb 4A (B) at room temperature for
30 min in reaction buffer. Phosphorylation for 10 min with 20i
[y-32P]ATP, 30uM ATP, 3 mM MgCl, and 100uM cAMP was
followed. Phosphorylated ROS proteins were fractionated into four
fractions: fraction | (washed with reaction buffer), fraction Il
(washed with hypotonic buffer A), fraction 11l (washed with buffer
A containing 50Q«M GTP), and fraction IV (washed membranes).
The intensity of CI&Il phosphorylation was quantitated by densi-

tometric scanning of autoradiograms. The plotted values are the
percentage of densitometric scanned values of CI&ll phosphor-

ylation after pretreatment with G or mAb 4A as compared
with the values for untreated control samples.
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Ficure 4: Phosphorylation of Cl&ll is regulated by the presence
of excess @subunits. Disrupted ROS were either incubated with
500 uM GTPyS for 10 min and then phosphorylated with 2Gi
[y-32P]ATP, 30uM ATP, 3 mM MgCh, and 100uM cAMP for

10 min or phosphorylated first and then incubated with gSP
ROS proteins were then fractionated as in Figure 3. The intensity
of Cl&ll phosphorylation was quantitated by densitometric scanning
of autoradiograms, and the level of endogenous CI&ll phosphor-
ylation in each fraction of ROS membranes treated first with &3P

was expressed as a percent of the control samples that were

phosphorylated before treatment with G

while depletion of G from the membrane enhanced the

membrane phosphorylation of CI&lI.
Similar results were obtained upon incubation of ROS

phosphorylation on rhodopsin and its oligomeric forms, most membranes with mAb 4A which also causes subunit dis-

likely due to the bleaching of the protein during the extraction

sociation and elution from the membrane50% of G in

steps. This implies that Cl is phosphorylated less favorably fraction Il was depleted; Mazzoni & Hamm, 1989) (Figure

than CIl. This can explain why the phosphorylation and
extraction of CI&Il from ROS membranes are different in

many cases (Polans et al., 1979; Hamm & Bownds, 1984;
Shinozawa & Yoshizawa, 1986; Hayashi et al., 1987; Hamm,

1990). We thus suggest that phosphorylation of Cl&ll
regulates their localization in ROS; i.e., highly phosphor-
ylated CI&lIl are in the soluble fraction, and less phosphor-
ylated CI&ll are membrane-bound. Coelution afsBbunits
with p-Cl&ll after phosphorylation from the ROS mem-
branes supports the possibility that subunits gf iBostly

3B). Monoclonal antibody 4A decreased the phosphorylation
of CI&Il in the soluble fraction (I) and increased it in
fractions Il and Ill. Thus, the phosphorylation of Cl&ll
appeared to be inversely related to the amount,auBunits
present either in solution or on the ROS membranes. These
results indicate that the relative amount of freesGbunits
may control phosphorylation of CI&lI.

To further confirm the above results, treatment of ROS
with GTPyS was carried out either before phosphorylation,
as above, or after phosphorylation (Figure 4). After frac-

Pv., are candidate factors which are responsible for the tionation, the level of endogenous CI&ll phosphorylation

inhibition of endogenous phosphorylation of CI&ll on the
membrane and that phosphorylation of Cl&Il favors disrup-
tion of the interaction between;Gubunits and CI&lI.
Relationship between CI&Il Phosphorylation and; G
Subunits The hypothesis that interaction of CI&II with;G

in each fraction of ROS membranes treated first with 3P
was expressed as a percent of the control. In the soluble
fraction (1), the level of Cl&Il phosphorylation in ROS
proteins was decreased about 35% by pretreatment with
GTPyS. In fraction lll, depleted of Gby this treatment,

subunits regulates the phosphorylation level can be examinedhere was a 50% increase in CI&Il phosphorylation. The

by altering the concentration of free; Gubunits in ROS
membranes.
incubated with GTPS or mAb 4A which are known to
separatey; from By; and elute them from the membranes
into the soluble fraction (Fung, 1983; Mazzoni & Hamm,
1989). A nonhydrolyzable analogue of GTP, G/H? was

overall pattern of endogenous phosphorylation levels of

For this purpose, ROS membranes wereCl&ll in different fractions is similar to that in Figure 3.

Therefore, phosphorylation may be regulated by the presence
of free G subunits.

Cross-Linking of ROS Proteinsin order to examine
whether Cl&ll interacts with other proteins, chemical cross-

incubated with ROS proteins, and the mixture underwent linking by MBS was performed on each protein fraction from

phosphorylation by endogenous PK-A (Figure 3A). When

proteins were fractionated, a large amount of membrane-

associated @Gvas depleted into the soluble fraction (1) (more
than 85% of Gin fraction 11l was depleted). This treatment
inhibited the phosphorylation of soluble Cl&Il by almost
40% compared to the control condition without G138
(Figure 3A, fraction 1). The amount of (Gh the normally
Gr-enriched fraction (Ill) was significantly decreased, and
phosphorylation was increased in this fraction by 3-fold
(Figure 3A, lll). Similar results were observed in the
hypotonic-wash fraction but to a lesser extent (Figure 3A,
I). This suggests that, in the presence of excasgiBunits

in the soluble fraction, CI&ll phosphorylation is inhibited,

ROS. Rod outer segment proteins were phosphorylated by
endogenous PK-A and then fractionated. Each extracted
fraction was incubated with MBS for cross-linking (Figure
5). In the soluble fraction, after MBS cross-linking, Coo-
massie blue staining showed no dramatic change in protein
band intensities (Figure 5A, lanes 1 and 5). The densities
and positions of p-Cl&ll as well as those of other phosphor-
ylated proteins in the soluble fraction were little altered by
cross-linking (Figure 5B, lanes 1 and 5). In the hypotonic-
wash fraction, proteins were mostly cross-linked to very high
molecular masses which did not enter the gel while minor
bands ranging from 30 to 38 kDa appeared (Figure 5A,
compare lanes 2 and 6). The radioactivity of p-Cl&ll as
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Ficure 6: Time course of the cross-linking of ROS proteins. The
xDa e , GTP-wash fraction of phosphorylated ROS proteins was incubated
17- 3] ' L with 50 uM MBS as described in Experimental Procedures. An

aliquot was removed from the reaction mixture every 10 min, and

- mn - 1 mM dithiothreitol and 10% trichloroacetic acid were added to
" stop the reaction. The cross-linking products were analyzed by
. SDS-PAGE: (A) Coomassie blue staining and (B) autoradiogram.

G represents transducin, and p-Cl&ll represents phosphorylated

Cl&ll. Cstands for the non-cross-linked control, and MW represents

molecular size standard proteins.

«—50kDa

radioactive Cl&ll with a target protein. To further pursue
—p-Clal this hypothesis, we wanted to study whether this complex
was the major cross-linked product without any cross-linked
. ) _ intermediate and how this complex was formed. To do this,
Ficure 5: Cross-linking of ROS proteins by MBS. ROS proteins

were phosphorylated by endogenous protein kinase witC0 the time course of cross-linking in the GTP-wash fraction

[y-32P]ATP, 304M ATP, and 10Q«M cAMP, and then phosphor- ~ Was investigated (Figure 6). There was a time-dependent
ylated proteins were fractionated into a soluble fraction (lane 1), a decrease i andS; densities with a concomitant increase
hypotonic-wash fraction (lane 2), a GTP-wash fraction (lane 3), in the 30-38 and 50 kDa band densities (Figure 6A).
ggiiﬂml\ﬁgsbrgt”?Jg‘%ct't%%(éae?gtﬁ)réﬁg‘ﬁhlfrﬁ‘_c“(% "(":%So'nr;‘;‘;g?etegl l‘j‘gth Similarly, the intensity of radioactive p-Cl&Il decreased, and
staining of non-cross-linked phosphorylated ROS proteins (lanes the r_adloa(_:tlwty of the_50 kpa band increased (Flgure 6B).
1—4) and cross-linked ones (|ane-8) and (B) autoradiogram of The IntenSIty Of the ra.d|0act|ve 50 kDa band was h|gher than
non-cross-linked phosphorylated ROS proteins (laned)land that of p-Cl&ll. This might be due to enhancement of
cross-linked ones (lanes—8). MW represents molecular size  p-Cl&ll retention in the polyacrylamide gel because complex

standard proteins. formation to a larger molecule prevented loss of small

well as phosphoproteins at 40 and 46 kDa was decreased byP-Cl&!l molecules during experimental procedures. Den-
cross-linking in this protein fraction (Figure 5B, lanes 2 and Sitometric scans of the gel and an autoradiogram showed
6). In the G-enriched GTP-wash fraction, the Coomassie that there was a temporal correlation in the GTP-wash
blue-stained band densities of and 8 subunits of G fraction between the dlsappeara}nce of radioactivity in C!&II
decreased with the appearance of a series of bands from 3@nd appearance of the radioactive 50 kDa band. A radioac-
to 36 and 50 kDa (Figure 5A, lanes 3 and 7). This cross- 't|v¢ banq of 68'kDa also sho'wed a'tlme—dependent decrease
linked 50 kDa band contained radioactivity (compare lane 7 in intensity as it was cross-linked into a complex too large
in Figure 5A and lane 7 in Figure 5B), and the radioactive f© enter the gel.
bands of p-Cl&Il were reduced in intensity (Figure 5B, lanes  To identify the protein components of the 50 kDa cross-
3 and 7). The membrane fraction showed decreasinglinked product, immunoblotting with antisera against can-
amounts ofay, B, and 55 kDa band densities after cross- didate proteins was performed. Sincgsxhe major protein
linking (Figure 5A, lanes 4 and 8). Cross-linking caused of this fraction, we used antibodies raised against subunits
the disappearance of a few radioactive bands (23, 32, andof transducin, andp; (Figure 7). Monoclonal antibody
55 kDa), which were cross-linked into large molecules not 4A recognizedy, in all fractions (soluble, hypotonic-wash,
entering the gel, with no change in p-Cl&Il bands (Figure GTP-wash, and membrane fractions) of non-cross-linked
5B, lanes 4 and 8). The generation of a 50 kDa cross-linked (Figure 7A) and cross-linked (Figure 7C) ROS proteins. It
band was observed also in the soluble and hypotonic-washalso recognized multiple bands ranging from 30 to 38 kDa
fractions. However, the intensity of Coomassie blue staining in cross-linked proteins (Figure 7C). These bands most likely
and radioactivity of 50 kDa cross-linked product was very correspond to intramolecular-cross-linked productsogf
low and further cross-linked into a larger molecule in a short (Hingorani et al., 1988; Villancourt et al., 1990). It also
time (data not shown). Thus, it appeared that CI&Il were recognized a band of 65 kDa which is a dimerogpfwhich
cross-linked to other proteins by MBS. can persist under nonreducing conditions (lane 3 in Figure
We hypothesized that the 50 kDa cross-linked product 7A,C). However, the 50 kDa cross-linked band was not
which was both Coomassie blue stained and phosphorylatedecognized by mAb 4A, suggesting that it did not contain
in the G-enriched fraction might be a result of cross-linking a..

14-
-
Mw 1 2 3 4 5 6 7 8
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FIGURE 7: Immunoblotting of the cross-linked ROS proteins. Non- + <—Electrophoresis ——— —

cross-linked (A and B) and cross-linked (C and D) proteins of each Figyre8: Phosphopeptide mapping of p-Cl&ll. ROS proteins were
fraction were separated by SBEAGE and were transferred onto engogenously phosphorylated with 20@i [y-32P]JATP, 30uM
PVDF membranes and cross-reacted with mAb 4A (1:2000 dilution) ATP ‘and 10Q:M cAMP for 10 min in the dark. After the reaction

(A and C) or aﬂtbé'f antiserum (1:3000 dilution) (B gnd D): land  \as stopped, fractionation and separation of ROS proteins were
1, soluble fraction; lane 2, hypotonic-wash fraction; lane 3, GTP- fo|lowed. Proteolysis of p-Cl&ll extracted from polyacrylamide

wash fraction; lane 4, membrane fraction; a and b, cortrahd gel was performed on ice for 1 h by addition ofif of TPCK—
p subunits of purified & MW represents molecular size standard  trypsin mixed with 100ug of BSA. Proteolyzed peptides were
proteins. analyzed on cellulose plates by electrophoresis (300 V, 45 min)

and thin layer chromatography (2 h): (A) phosphopeptides of p-ClI
The antif; antiserum cross-reacted within all fractions from the soluble fraction, (B) phosphopeptides of CII from the
of non-cros-fnke (Figure 78) and crossinke (Figure 7D) SSble Ten, e, (O pResphepeicies of Diey o e
ROS proteins. In addition, it also cross-reac_ted with the 50 1, spot 1 lane 2, spot 2 lane 3, origin. Plates A and B were exposed
kDa band (Figure 7D, lanes—B) as well as Wlth' asmaller  for 2 days, and plate C was exposed for 4 days.
band at 46 kDa (Figure 7D, lanes 2 and 3) in the cross-
linked proteins. The 50 kDa band comigrated with the Table 1: Partial Amino Acid Sequences of Components | ahd Ii
ghos_ﬁm_ﬂoryla_ted 526ka?3 crots;s—h;ked prodl_{[cr:]t (F|gtur_es (;3 atl)nd component _purification sequence
C)' N _mg:or df"‘ zta_n wzs neitner s aTe oY T PVDF  LRxYSxVASNEEEEYKQGNHV%PQ
oomassie blue nor radioactive and may represent a minor HPEC LRxY SxVASNEEEEYKQGN
Bi—yt cross-linked product (Hingorani et al., 1988). The —; . .
bove data suggest that the distinctive cross-linked 50 kDa Each component was sequenced separately for amino terminal
a 99 amino acids by an Applied Biosystem 447A Protein Sequencer.

band is composed af; (or Sy and CI&ll. A smaller Unidentified amino acid residues are indicated aand %, which are
amount ofg-cross-linked band was also found in the soluble chromatographically different.
and hypotonic fractions while radioactivity was very low

(Figure 7D, lanes 13). Partial Amino Acid SequencesSince the results from the

Multiple Phosphorylation of CI&Il Since phosphorylation  phosphopeptide-mapping experiments strongly indicated that
appeared to regulate the solubilization of membrane-boundClI&Il are similar proteins, we compared their amino acid
Clé&ll, phosphorylation patterns of Cl&ll by endogenous sequences to examine this hypothesis. In addition, it is of
PK-A might be different in the soluble fraction and in the interest to determine whether CI&II show sequence homol-
membrane-associated protein fractions. In order to study ogy with other known proteins. Each purified component |
this, phosphopeptide mapping and phosphoamino acid analy-or Il contained an unmodified N-terminus so that each amino
sis were performed. When endogenously phosphorylated Clacid in the region could be identified. The amount of purified
extracted from the soluble fraction was trypsinized, it showed component | by electroblotting onto PVDF membrane was
two radioactive spots (Figure 8A). Endogenously phosphor- enough for 24 cycles of Edman degradation in the sequencing
ylated ClI from the same fraction demonstrated the same machine (Table 1), while that of purified component Il by
result (Figure 8B). These data suggest that Cl&ll are similar HPEC allowed 19 cycles. Residue 3)Ywas not identified.
proteins. The endogenously phosphorylated Cl&Il from the Other unidentified residues, 6 and 22)(>showed the same
combined fraction of hypotonic-wash fraction and GTP-wash chromatographic behavior during sequencing, suggesting that
fraction showed only one minor radioactive spot (Figure 8C) these two residues were the same. Howeveanx % were
which showed similar mobility as spot 1 in the soluble (different in chromatographic behavior. Comparison of the
fractions. Therefore, it was demonstrated that the endog-amino acid sequences of Cl&ll from different purification
enous phosphorylation patterns of CI&Il were different procedures demonstrated the same sequence. This supports
between the soluble and the peripheral membrane fractionsthe suggestion from phosphopeptide-mapping experiments
However, phosphoamino acid analysis showed that, in boththat CI&lII are similar proteins. These sequences of CI&lI
cases, phosphorylation occurs on serine residues (data nore different from that of phosducin from bovine retinas
shown). where the N-terminal sequence is Met-Glu-Lys-Ala, and

All together, CI&II phosphorylation by endogenous PK-A phosducin does not contain more than two consecutive
in the soluble fraction and the peripheral membrane fractions glutamic acid residues (Kuo et al., 1989; Lee et al., 1990b).
seems to be different in pattern and intensity. It is likely A search of the most current protein data bank found no
that the serine residues for phosphorylation of Cl&Il are other homologous proteins. Although it has been reported
located in at least two different domains. Phosphorylation that CI&Il contain they subunit of phosphodiesterase
on both domains of CI&ll appears to cause elution of (PDEy) (Tsuboi et al., 1994), this result clearly showed that
membrane-bound CI&ll into cytosol. they are not PDE.
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DISCUSSION membranes, and the formation of the complex is inhibited
by Cl&ll phosphorylation.

On the basis of phosphoryl_atiqn intensity, Cl&Il are the "o sequential phosphorylation of ROS proteins shows
most abundant phosphoproteins in the dark-adapted ROS ofy o+ there is a pool of poorly phosphorylated Cl&Il in

frog photoreceptors (Polans etal., 1979; Bownds & Brewer, i,omprane.associated protein fractions of frog ROS. It is

1988; Hamm, 1990). The phosphorylation level of CI&Il ,qqihie that Cl&lI in these fractions are not good substrates

is high in the dark, whereas illumination caused a rapid ¢, ongogenous PK-A because they interact with other
decrease in Cl&ll phOSphoryIatlon withinls (Hamm, 1990) prOteinS, such a{g,yt’ which may block the phosphorylation

Their phosphorylation, which is dependent on cyclic nucle- gjoq on clgil. This interpretation is supported by the
otides, is carried out by PK-A (Hamm, 1990). Although i ing that the chemically cross-linked, less phosphorylated
many aspects of Cl&ll phosphorylation behavior suggest a ¢ ~ By, complex was a poor substrate for phosphorylation

regulatory rolelfor Cl&ll, the.ir physiological role in the by PK-Acxt (data not shown). Experiments which increased
phototransduction pathway in frog ROS has not been |ge|s of free 8y, by dissociating @ subunits are also
_elumdated. The stoichiometry Of. phosphorylatlpn Of Cl&ll - consistent with this hypothesis. In the presence of increased
is not known, because the proteins are very minor in ROS. ;oncentrations of Gsubunits, phosphorylation of soluble
Extensive efforts to purify them or to produce precipitating  ¢g|| was inhibited while removal of @subunits from
antibodies have not met with any success so far. membranes resulted in a higher phosphorylation level.

The phosphorylation of phosducin in bovine rod cells is  |f the interaction between CI&II angBy; inhibits the
similar to that of CI&ll (Lee et al., 1987, 1990a; Lolley and phosphorylation of CI&Il by endogenous PK-A, what might
Lee, 1990). Phosducin was purified from bovine retinal pe the role of phosphorylation? The extensively washed
homogenates, and its cCONA and amino acid sequences wer,Ros membranes still contained a relatively large amount of
elucidated (Kuo et al., 1989; Lee et al., 1990b). It showed c|g|| and By, which were extractable together by phosphor-
no amino acid sequence homology to any other known yiation. This indicates that the less phosphorylated or
protein. However, no phosducin has been reported by eitherunphosphorylated Cl&ll and Geside on the ROS mem-
phosphorylation or immunological cross-reactivity in frog pranes and that increased phosphorylation decreases the
ROS. Conversely, no Cl&ll could be found in bovine ROS.  ffinity of these proteins for the membranes, resulting in
Since Cl&ll and phosducin share many aspects of physi- sp|ypjlization of p-Cl&ll into the cytosol. On the basis of
ological regulation of phosphorylation, they may be func- phosphopeptide-mapping studies, CI&ll may have two
tionally homologous proteins. Therefore, it is of interest to phosphorylation domains whose extent of phosphorylation
study the role of Cl&Il phosphorylation in frog ROS, where [y pK-A regulates its subcellular localization. Thus, the
the physiological processes of vision can be studied more gpservation that soluble Cl&ll are highly phosphorylated and
easily. are mostly free from other proteins and that membrane-bound

Partial amino acid sequences of purified Cl&ll and Cl&lIl are less phosphorylated or unphosphorylated and
phosphopeptide mapping of p-Cl&ll indicated that these two associated to other proteins may be due to the different
components are similar proteins with slightly different phosphorylation state. A similar effect was also reported in
molecular masses due to unknown differences, perhaps dughe complex formation of phosducin wigy; (Yoshida et
to posttranslational modification. The limited amino acid al., 1994). Dephosphorylated phosducin binds to fige
sequences of Cl&ll that were obtained were different from with higher affinity than phosphorylated phosducin. Thus,
those of bovine phosducin and did not show any homology it appears that a physical interaction betwggnand CI&lI
to the sequences of any other protein reported in the datacan control the phosphorylation of CI&ll, while phosphor-
bank. Therefore, CI&Il appear to be distinct proteins of ylation in turn can control the localization of CI&ll in frog
amphibian photoreceptors. ROS.

A heterobifunctional cross-linker, MBS, generated a very  Combining all experimental data, we can propose a
distinct phosphorylated 50 kDa band in theg@riched GTP- working model of the role of CI&Il in phototransduction.
wash fraction. The soluble and hypotonic-wash fractions The levels of cyclic nucleotides are decreased in ROS by
showed very low levels of the cross-linked 50 kDa band. light activation (DeVries et al., 1978; Cohen, 1982; Cohen
The cross-linked 50 kDa band was recognized by an antibody& Brazynski, 1987). It leads to lower activity of protein
agains{s; and was radioactive. Therefore, it was likely that kinase(s) and, under steady state conditions of phosphor-
By formed a complex with CI&Il in this fraction. Proof ylation and dephosphorylation, results in relative dephos-
that the cross-linked 50 kDa product contains Cl&Il requires phorylation of Cl&Il. Phosphorylated Cl&Il of frog ROS
its demonstration with an anti-Cl&ll antibody, but such an are also dephosphorylated by a phosphatase activity as a
antibody is not available at the present time. The correlation result of illumination. Dephosphorylated CI&Il interact with
between the disappearance of the radioactive CI&Il bands free Sy; resulting from light activation of G This compo-
and the appearance of the radioactive 50 kDa band duringnent-£y: complex then regulates the amounpef available
the time course of cross-linking suggests that the radioactivefor reassociation witho,—GDP or for activation of other
constituent of the 50 kDa band is p-Cl&Il. Itis interesting effectors in frog ROS. Such a regulatory step might be
that, among different protein fractions of frog ROS, mainly postulated to play a role in an adaptational signalling process
the peripheral membrane fractions containing mostly G of ROS. After the restoration of cyclic nucleotides to their
showed this 50 kDa cross-linked product. Components | and dark levels, endogenous protein kinases again become active
Il in the soluble fraction were cross-linked to a very low which can phosphorylate Cl&Il and, perhaps less well,
extent which was detected by immunoblotting, while non- componentf3y: complexes on the membranes. At steady
cross-linked Cl&Il were highly phosphorylated. This result state, phosphorylation will cause dissociation of the complex
suggests that the complex mainly resides on the ROSinto phosphorylated component gfigh. This freedSy; can
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reassociate witlw,—GDP to regenerate holo;GGDP.
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