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Abstract

c¢GMP-Phosphodiesterase 6 (PDEO6) is the central effector enzyme in the phototransduction system of vertebrate photoreceptors.
We have recently found that PDE6 accumulates in a detergent-resistant membrane (DRM) fraction in response to excitation of
bovine rod phototransduction system. Here, we studied the molecular mechanism of the PDEG6 translocation to DRM. Pertussis
toxin inhibited the translocation of PDE6. Upon addition of AlF, to dark-adapted ROS, PDE6 translocated to DRM along with a
minor fraction of the o subunit of transducin (Ta). The addition of an excess of the inhibitory subunit of PDE6 blocked its ac-
cumulation in the DRM, but did not block the translocation of the minor fraction of Ta. These data suggested that the formation of
a complex between activated To and PDE6 imparted upon Ta a high affinity for the DRM. The translocation of PDE6 to the DRM
may be involved in the spatiotemporal regulation of its activity on disk membranes.

© 2003 Elsevier Science (USA). All rights reserved.
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The phototransduction system in rod outer segments
(ROS) of the vertebrate photoreceptor is a G-protein-
mediated signaling system. Light-excited rhodopsin
interacts with the GDP form of the heterotrimeric
G-protein, transducin, and stimulates GDP-GTP ex-
change on its a-subunit (Ta). GTP-Ta binds the in-
hibitory subunit (Py) of cGMP-phosphodiesterase
(PDE®6), and in doing so abrogates Py’s inhibition of the
catalytic subunits (P, and Pg) of PDE6. The resulting
decrease in the levels of cytoplasmic cGMP leads to the
closure of cGMP-gated channels and hyperpolarization
of photoreceptor plasma membranes. A complex be-
tween RGS9-1, a regulator of G-protein signaling in
ROS, and its cofactor GB5SL, preferentially deactivates
the GTP form of Ta bound to PDE6 by enhancing the
GTPase activity of Ta [1-4]. This mechanism enables
the system to quench rapidly after PDE6 activation.
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Proteins involved in the cGMP-cascade are thought
to move freely within the disk membrane of photore-
ceptors. However, we have recently isolated a detergent-
resistant membrane (DRM) fraction from bovine ROS
[5]- The presence of DRM in ROS suggested that there
were at least two physically distinct membrane domains
in ROS. In our experiments, transducin and PDE6
showed a stimulus-dependent translocation between the
detergent-resistant and detergent-soluble domains of the
membrane [5]. Transducin was recruited to the DRM in
a light-dependent manner and was segregated from the
DRM when the ROS were exposed to GTPYS. In con-
trast, PDE6 accumulated within the DRM when light-
bleached ROS was exposed to an unhydrolyzable GTP
analog, GTPyS.

Here we have studied the molecular mechanism of
the PDEG6 translocation. It was found that when active
Tao is bound to PDES6, it gains a high affinity for
unidentified target molecules within the DRM. Fur-
thermore, it was suggested that the RGS9-1/GB5L-
complex on the DRM is the most plausible candidate
for the targeting of active Ta/PDEG6. The lateral domain
organization on the disk membrane may be essential for
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spatiotemporal regulation of G-protein-mediated PDE6
activity.

Materials and methods

Preparation of Triton X-100-insoluble membrane fraction from
bovine ROS. ROS were prepared from frozen dark-adapted bovine
retinas in complete darkness by the method of Molday and Molday
[6]. Purified ROS were suspended in buffer A (10mM Mops (pH 7.2),
60mM KCl, 30mM NaCl, 5mM MgCl,, 1 mM dithiothreitol, 1 mM
BAPTA, 1 mM phenylmethylsulfonyl fluoride, 5pM aprotinin, 1 pM
leupeptin, 1 pM pepstatin A, and 1 pM E64), and stored in the dark
at —95°C. Frozen ROS (1 mg protein) were thawed and suspended in
125ul (final volume) of buffer A. The suspension was incubated
under various experimental conditions and then solubilized by the
addition of 62.5 pul of 3% Surfact-Amps X-100 (Pierce Biotechnology)
in buffer A. The sucrose concentration of the sample was adjusted to
0.9 M by adding 2.4M sucrose in buffer A and the sample was
overlaid with 700 pl of 0.8 M and 500 pl of 0.5M sucrose in buffer A
and then subjected to ultracentrifugation. Following ultracentrifuga-
tion (214,000g for 16h at 4 °C), fractions (150 pul) were collected from
the tops of the tubes and the pellets were re-suspended with 150 pl
buffer A.

SDS-PAGE and Western blotting. SDS-PAGE and Western blot-
ting were performed as described previously [7]. Polyclonal rabbit
antibodies were raised against synthetic peptides derived from RGS9-1
(*Thr-""Leu) [7] and GPB5SL ('"Cys—*"Ser). An antibody against To
(>Gly-"*Cys) was obtained from Calbiochem. Antibody against TP
(GB1; C-16) was obtained from Santa Cruz Biotechnology.

Treatment of ROS with various reagents. ADP-ribosylation of Ta
by pertussis toxin was performed as described previously [8]. Pertussis
toxin (List Biological Labs) was pre-activated by incubation with
20mM DTT at 37°C for 30 min. Dark-adapted ROS were incubated
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with 10 pg/ml active pertussis toxin, l mM NAD, and 100 uM ATP at
30°C for 1 h in the dark. This treatment by pertussis toxin suppressed
the light- and GTPyS-dependent PDE6 activity of the ROS by >95%
when it was assessed by the pH-PDE assay (data not shown). In ex-
periments in which aluminum fluoride (AlF,) was used, all buffers
contained 10mM NaF and 30 pM AICl;, and all experimental proce-
dures were done in the dark. For the study on the effect of exogenous
Py, recombinant bovine Py was obtained as described previously [9].
We added 20 uM Py to ROS suspension before adding GTPyS. Re-
agents described above were added to ROS suspensions 5 min prior to
the solubilization, and then, samples were subjected to sucrose-gradi-
ent ultracentrifugation.

PDE activity assay. PDE activity was assessed by real-time pH
measurement as described previously [10]. To assess the full activity of
PDEG6 exposed on the surface of the DRM vesicles, the inhibitory
subunits of PDE6 were removed by limited digestion by trypsin
(Pierce): 25-ul of TPCK trypsin (1 mg/ml) was added to 100-ul of the
DRM suspension (880 pg protein/ml) and incubated at 0 °C for 15 min.
To assess the PDE activities, aliquots of 5-ul of DRM suspension or
6.25-ul of trypsin-treated DRM suspension were added to the pH-as-
say medium (180-pl) containing soybean trypsin inhibitor (0.1 mg/ml;
Boehringer—Mannheim). Reaction was started by adding 2mM
cGMP.

Results and discussion

Effects of transducin-modulating agents upon the distri-
bution of transducin and PDE6 on floating gradients

As we reported previously, DRMs can be isolated
from bovine ROS in the form of a light-scattering
buoyant fraction (fractions #3-5 of each panel of
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Fig. 1. Effects of various conditions on the distribution of PDE6 and transducin on floating gradient. Dark-adapted bovine ROS (1 mg of protein)
were incubated under various conditions, solubilized with 1% Triton X-100 at 0°C, and subjected to sucrose-density gradient ultracentrifugation.
Gradients were separated into 150-ul fractions from top to bottom (fractions #1-10). Pellet fraction (P) was re-suspended in 150-ul of buffer A.
Detergent-resistant membranes were distributed in fractions #3-5 and detergent-soluble proteins were in fractions #7-10. Ten pl aliquots of each
fraction were analyzed by SDS-PAGE followed by Western blotting with specific antibodies against PB, Py, To, and TB. A “+” indicates the addition
of following stimuli or reagents: light, ambient room light; GTPyS, 100 uM; GTP, 1 mM; AIF,, 10mM NaF and 30 pM AICl;; and PTX, pertussis

toxin.
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Fig. 1), when ROS are solubilized with 1% Triton X-100
at 4°C and subjected to sucrose-density gradient ultra-
centrifugation. Interestingly, we observed stimulus-de-
pendent translocation of transducin and PDE6 between
the DRM and the detergent-soluble membrane (DSM)
fractions (Fig. 1). When dark-adapted ROS were solu-
bilized in the dark without any additives as shown in the
top panels in Fig. 1, both transducin (Tafy) and phos-
phodiesterase (Papyy) were found in the DSM (Frac-
tions #8-10). Light exposure of ROS resulted in the
translocation of a large fraction of Tafy to the DRM.
Upon light excitation of the ROS phototransduction
system in the presence of an unhydrolyzable GTP ana-
log, GTPYS, a majority of the PDE6 (Pafj and Py)
translocated to the DRM, and a majority of Toc and TRy
were localized to the DSM as reported previously [5].

To study the molecular mechanism of the accumu-
lation of PDE6 in DRM, we examined the effect of
agents that modulate G-protein function on the distri-
bution of the subunits of transducin and PDE6 in de-
tergent-resistant and  detergent-soluble membrane
fractions of ROS. ADP-ribosylation of Ta by pertussis
toxin blocks the interaction of light-bleached rhodopsin
and transducin (GDP-Tafy), and consequently blocks
nucleotide exchange on Ta [8]. We observed that per-
tussis toxin blocked the light- and GTPyS-dependent
translocation of PDE6 to DRM (Fig. 1), suggesting that
active Ta is necessary for translocation.

It was expected that sustained activation of transdu-
cin is necessary for the accumulation of PDE6 in DRM,
since the translocation of PDE6 to DRM required the
presence of GTPyS. To test this hypothesis, we exam-
ined the effect of GTP on the distribution of transducin
and PDE6. We found that GTP did not support PDE6
accumulation in DRM under light conditions (Fig. 1),
suggesting that sustained activation of transducin is
necessary for the accumulation of PDE6 in the DRM.

In contrast, we found that GTP blocked the light-
dependent recruitment of Tafy to DRM. This result did
not support a hypothesis proposed by Nair et al. [11]
that light can induce the translocation of GTP-bound
Ta to DRM with RGS9-1. We suppose that the light-
mediated accumulation of Tafy in DRM reflects a
higher stability of the complex of GDP-Tafy and
metharhodopsin II (MII) on DRM than on DSM.
GTP-GDP exchange on Ta would elicit the dissociation
of transducin from MII on DRM, leaving Ta and TPy in
the DSM.

Next, we examined the effect of aluminum fluoride
(AlF, on the distribution of PDE6 and transducin (Fig.
1). AIF, can activate transducin even in the dark by
mimicking the y-phosphate of GTP, thereby switching
GDP-bound Ta into a conformation that resembles its
transition state [12]. Western blot analysis demon-
strated that AIF, effected translocation of both the
catalytic (PPB) and inhibitory (Py) subunits of PDE6 to
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Fig. 2. PDEG6 activities in DRMs. DRM was prepared from light-
bleached bovine ROS (1 mg of protein) in the presence or absence of
GTPyS, or prepared from dark-adapted ROS exposed to AlF, as de-
scribed previously. PDEG6 activity was assayed in terms of the pH-elec-
trode. Activity was indicated by the percentage of full activity induced by
trypsin treatment of DRM prepared from light- and GTPyS-treated
ROS.

the DRM (Fig. 1). It is noteworthy that the addition of
AlF, resulted in a translocation of a minor fraction of
Ta to the DRM (5 £ 3% of the total Ta; n = 5), while
the majority of Ta and all of the TPy subunits remained
in the DSM. The translocation of a minority of Ta to
the DRM was also observed when light-bleached ROS
were treated with GTPyS (Fig. 1). These data suggested
that active Ta (Ta") recruits PDE6 to the DRM and
that only PDE6-bound To* is retained in the DRM
with PDE6.

If the PDE6 in the DRM was bound to To*, it
would be activated. Hence, we measured the PDE ac-
tivity in the DRM prepared from ROS exposed to light
in the presence of GTPyS and from ROS loaded with
AIF, in the dark. We found that PDE6 was active in
both cases (Fig. 2), with activities that were 25-30% of
that observed when the DRM was treated with trypsin.
This level of PDE activation was also observed in light-
exposed ROS upon addition of GTPyS (data not
shown).

Exogenous Py blocked the accumulation of PDE6 in the
DRM

We next added a 10-fold molar excess of recombinant
Py to dark-adapted ROS prior to bleaching and the
addition of GTPyS. This addition of an excess of ex-
ogenous Py completely inhibited both PDE activity
(data not shown) and PDEG6 translocation to the DRM
(Fig. 3) induced by light and GTPyS. It is noteworthy
that a small fraction of Ta was still observed in the
DRM even in the presence of exogenous Py. At the same
time, the majority of Ta and Py were distributed in the
DSM (Fig. 3). Therefore, we speculate that there are a
limited number of To*/Py-complex binding sites in the
DRM.
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Fig. 3. Effect of exogenous Py on the distribution of PDE6 and
transducin in floating gradient. ROS (1 mg protein) were exposed to
light and GTPyS (100 tM) in the presence or absence of exogenously
added recombinant bovine Py (20 uM) and DRM was prepared. Pro-
teins in 10 pl aliquots of each fraction and pellet (P) were analyzed on
SDS-PAGE and then P, Py, Ta, and Ty were detected by Western
blotting.

The binding sites for active Ta/PDE6 on DRM

The results above suggested that PDE6 gains a high
affinity for the DRM upon formation of a complex
with active Ta. However, the binding sites for the ac-
tive Ta/PDE6-complex have not been identified. The
complex may have an affinity for a particular lipid
environment within the DRM, or it may have an af-
finity for a protein component located within the
DRM, or both. The characteristics of the putative To*/
Py-complex binding sites discussed above are similar to
those reported for RGS9-1 complexed with its cofactor
GB5SL. The complex functions as a GTPase activating
protein (GAP) in ROS. The RGS9-1/GB5L-complex
localizes to disk membranes at a low concentration and
possesses a much higher affinity for To*/Py [4,13] than
for free To* [14]. The RGS9-1/GBSL-complex stimu-
lates the hydrolysis of GTP on Ta*/PDE6-complex
[13].

Western blot analysis revealed that, under our ex-
perimental conditions, approximately 60% of RGS9-1
was consistently detected in the DRM fraction (Fig. 4).
A similar fraction of GB5L was also constitutively lo-
calized to the DRM. Thus, the accumulation of To*/
PDES6 in the DRM might be due to its association with
the RGS9-1/GB5L-complex localized in the DRM.
However, the reported amount of RGS9-1/GB5L seems
insufficient to account for the levels of PDE6 detected
within the DRM. The concentration of PDE6 in ROS
is almost 10-fold greater than that of RGS9-1 [4]. In
contrast, almost all of the PDE6 was localized to the
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Fig. 4. Distribution of RGS9-1 and GB5L on floating gradients. Dark-
adapted or light-bleached ROS were incubated in the absence or
presence of GTPyS and then DRM was prepared. Ten pl aliquots of
each fraction and pellet (P) were analyzed by SDS-PAGE. RGS9-1
and GBSL were detected by Western blotting.

DRM upon addition of GTPyS to light-exposed ROS
(Fig. 1). Thus, the accumulation of PDE6 in DRM
may be dependent not only on the affinity of To*/
PDES6 for RGS9-1/GBSL in the DRM, but also on the
characteristic nature of Ta*/PDE6 to form aggregates
[15].

It has been suggested that in native disk membranes,
there is a lateral domain organization facilitating a high
level of rhodopsin activity [16,17]. Even when rho-
dopsin is incorporated into an artificial, mixed-lipid
bilayer, rhodopsin preferentially associates with poly-
unsaturated lipids and promotes membrane lateral
separation onto domains enriched in highly saturated
lipids and cholesterol, and highly unsaturated lipids
and rhodopsin [18]. It has been shown that a mem-
brane domain enriched in highly saturated lipids and
cholesterol is resistant to detergents, while a domain
enriched in polyunsaturated lipids is detergent-sensitive
[19]. Thus, our experimental results suggest that inac-
tive transducin and inactive PDEG6 localize to the fluid,
detergent-sensitive membrane domain surrounding
rhodopsin, and that PDES6 is recruited to the outer, less
fluid membrane domain upon activation by To*. If the
regulation of PDE6 were mediated through its trans-
location between these different membrane phases, the
shape and size of the DRM and/or DSM would be
important for determining the duration of PDE6 acti-
vation and the determination of its localization. Elu-
cidation of the structure and function of the DRM
within the disk membrane may provide a deeper insight
into the mechanism of phototransduction in vertebrate
photoreceptors.
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