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The rod photoreceptor phosphodiesterase (PDE) is
unique among all known vertebrate PDE families for
several reasons. It is a catalytic heterodimer («f); it is
directly activated by a G-protein, transducin; and its
active sites are regulated by inhibitory y subunits. Rod
PDE binds cGMP at two noncatalytic sites on the «of
dimer, but their function is unclear. We show that trans-
ducin activation of frog rod PDE introduces functional
heterogeneity to both the noncatalytic and catalytic
sites. Upon PDE activation, one noncatalytic site is con-
verted from a high affinity to low affinity state, whereas
the second binding site undergoes modest decreases in
binding. Addition of y to transducin-activated PDE can
restore high affinity binding as well as reducing cGMP
exchange kinetics at both sites. A strong correlation
exists between cGMP binding and y binding to activated
PDE; dissociation of bound cGMP accompanies y disso-
ciation from PDE, whereas addition of either cGMP or y
to ap dimers can restore high affinity binding of the
other molecule. At the active site, transducin can acti-
vate PDE to about one-half the turnover number for
catalytic o8 dimers completely lacking bound y subunit.
These results suggest a mechanism in which transducin
interacts primarily with one PDE catalytic subunit, re-
leasing its full catalytic activity as well as inducing
rapid cGMP dissociation from one noncatalytic site. The
state of occupancy of the noncatalytic sites on PDE de-
termines whether y remains bound to activated PDE or
dissociates from the holoenzyme, and may be relevant to
light adaptation in photoreceptor cells.

Initiation of the phototransduction cascade in vertebrate rod
photoreceptors by light results in the sequential activation of
the visual pigment (rhodopsin), the photoreceptor G-protein
(transducin), and the effector enzyme (¢cGMP phosphodiester-
ase (EC 3.1.4.35), PDE)! (for reviews see Refs. 1-4). The PDE
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present in rod and cone photoreceptors (classified as PDE6)
differs in several ways from other classes of mammalian phos-
phodiesterases (5—7): rod photoreceptor PDE forms a catalytic
dimer from two closely related « and 8 subunits (Paf); rod and
cone PDE are directly regulated via heterotrimeric G-proteins.
the catalytic constant (&,,) for rod PDE is ~1000-fold greater
than for any other class of PDE; the catalytic activity of pho-
toreceptor PDE is potently inhibited by binding of an inhibitory
v subunit (Py) (for reviews see Refs. 8 and 9).

Transducin activation of PDE results from binding of the
activated transducin «, subunit («-GTP) to one or more sites
on the PDE holoenzyme. One result of this interaction is the
displacement of the inhibitory Py subunit from its binding site
in the catalytic pocket of PDE. It is not clear, however, whether
each PDE catalytic subunit binds Py with equal affinity,
whether «-GTP can activate each catalytic site equally well,
and under what conditions the «,-GTP-Py complex dissociates
from PaB. Conflicting results reported by different laboratories
(10—24) may reflect underlying differences in how the photo-
transduction components were isolated and studied, as well as
species differences in the protein-protein interactions of trans-
ducin and PDE.

Comparison of the amino acid sequence of photoreceptor
PDE with PDE2, PDE5, PDE10, and PDE11 reveals the pres-
ence of GAF domains (25) in the N-terminal half of each PDE
that encodes noncatalytic cGMP-binding sites (6, 7, 26—-29). In
the case of PDE2, cGMP binding to these noncatalytic sites
directly stimulates cyclic nucleotide hydrolysis at the active
site (30, 31). For PDE5, the noncatalytic sites allosterically
regulate accessibility of a phosphorylation site that alters cat-
alytic activity (32—34). The possible regulatory function for the
low affinity, noncatalytic sites on PDE10 is not known, nor is it
known whether the GAF domains in PDE 11 represent func-
tional cGMP-binding sites.

Since the initial findings by Yamazaki et al. (35, 36) that
c¢cGMP bound with high affinity to rod photoreceptor PDE,
several possible roles for the noncatalytic sites on rod PDE
have been proposed. One hypothesis is that cGMP occupancy of
the noncatalytic sites on PDE affects the strength of the inter-
action between the inhibitory Py subunit and Paf (reviewed in
Ref. 9). It has also been proposed that changes in cGMP binding
affinity to the noncatalytic sites during visual transduction
might permit the release of bound ¢cGMP to accelerate the
restoration of cGMP levels during the recovery phase of the

guanosine 5'-O-[3-thiotriphosphate], o,-GTPvyS, activated form of o;
kqi, turnover number for activated PDE (units: cGMP hydrolyzed per s)
based on the PaB dimer concentration; PDE1, calcium-calmodulin-de-
pendent PDE.
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photoresponse (37, 38). Finally, the idea that the noncatalytic
sites on photoreceptor PDE might directly regulate hydrolysis
of cGMP at the active site (as is the case for PDE2) has not been
supported by current evidence (22, 39).

In this paper, we characterize the properties of non-acti-
vated, transducin-activated, and catalytic dimers of PDE, all
derived from suspensions of purified amphibian rod outer seg-
ments, in order to provide a detailed account of the changes
that occur at the catalytic and noncatalytic domains of PDE
upon light activation of the phototransduction cascade. We
demonstrate a direct correlation between occupancy of cGMP
at the noncatalytic sites of PDE and the state of association of
the inhibitory Py subunit. Our results are consistent with
transducin activation reducing cGMP binding affinity primar-
ily at one of the two high affinity, noncatalytic sites on PDE.
Furthermore, transducin activation of PDE cannot achieve the
maximum catalytic potential of PDE that is observed when the
Py subunits are completely removed from the Paf catalytic
dimer. These changes in the noncatalytic and catalytic sites
upon transducin activation are mediated through changes in
Py interaction with PaB upon binding of transducin to PDE.
The coordinated, allosteric regulation of cGMP and Py binding
to PaB upon transducin activation operate too slowly to play a
role in the rapid events of rod phototransduction (i.e. excitation
and recovery) but may be important in more slowly developing
aspects of light adaptation.

EXPERIMENTAL PROCEDURES

Materials—Frogs (Rana catesbeiana) were obtained from Niles Bio-
logicals. [*H]cGMP was from PerkinElmer Life Sciences. Membranes
for filter binding assays were obtained from Millipore. Reagents, sub-
strates, and nitrocellulose membranes for immunoblotting were from
Pierce or from Bio-Rad. Silicone oils for centrifugal separation were
obtained from the William F. Nye Co. All other chemicals were obtained
from Sigma.

Preparation of Frog Rod Outer Segments (ROS) and Recombinant
Bovine Rod PDE Inhibitory y Subunit (Py)—Osmotically intact frog
ROS were purified on a discontinuous Percoll density gradient exactly
as described previously (40). Purified ROS were homogenized in Buffer
A (containing 77 mm KCl, 35 mMm NaCl, 2.0 mm MgCl,, 1.0 mm CaCl,, 10
mM HEPES (pH 7.5), 2 mMm dithiothreitol, 1 mM 4-(2-aminoethyl)benze-
nesulfonyl fluoride, 5 um leupeptin, and 1 pg/ml pepstatin) following
the method of Dumke et al. (21). Homogenized ROS were incubated in
the dark at room temperature for 20-30 min to allow endogenous
nucleotide hydrolases to degrade cGMP and GTP levels prior to exper-
imental manipulations. Following depletion of nucleotides and deter-
mination of the rhodopsin concentration by difference spectroscopy (41),
ROS samples were exposed to light for subsequent steps (unless other-
wise noted). The PDE concentration in ROS homogenates was deter-
mined by its ability to bind a maximum of 2 mol of ¢cGMP/mol of
holoenzyme in its non-activated state when supplemented with stoichi-
ometric amounts of exogenous Py (see Ref. 40 for details).

Subcellular fractionation of ROS homogenates was typically per-
formed by centrifuging samples for 1-3 min at 30 pounds/square inch on
the gauge (110,000 X g,,) at room temperature using a Beckman
Airfuge. We verified that the integral membrane protein, rhodopsin,
was present in the supernatant at undetectable levels and that >95% of
the total rhodopsin could be recovered in the membrane pellet under
these conditions.

Recombinant bovine rod Py was expressed in Escherichia coli and
purified to >97% purity as described in Ref. 42. The Py concentration
was determined spectrophotometrically using an experimentally deter-
mined extinction coefficient of 7550 OD M~ * (40). The inhibitory activity
of purified Py was assayed by its ability to inhibit stoichiometrically
trypsin-activated bovine rod PDE (43); the spectrophotometric and ac-
tivity estimates of Py concentration agreed to within 10% for all Py
preparations used in this study.

PDE Preparations Used in This Study—Since PDEG6 is the only
detectable isoform of phosphodiesterase in purified ROS, no additional
purification of the rod PDE was required. Non-activated PDE (nPDE)
was obtained directly from nucleotide-depleted ROS homogenates; in
the absence of GTP, dark-adapted and light-exposed ROS homogenates
show no difference in the rate of cGMP hydrolysis or in the extent of
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¢GMP binding. The catalytic activity of nPDE was typically 1-3% of the
activated rate at the concentrations used in this paper (22). Transducin-
activated PDE (taPDE) was prepared by incubating nucleotide-depleted
ROS homogenates ([PDE] =12 nuM; see Ref. 21) with an excess of GTPyS
relative to the transducin concentration (~30 transducins per PDE (64).
Trypsinized PDE (tPDE), in which the Py subunits are proteolytically
digested to relieve their inhibitory constraint (65), was prepared by
incubating ROS homogenates with L-1-tosylamido-2-phenylethyl chlo-
romethyl ketone-treated trypsin, followed by addition of a 6-fold molar
excess of soybean trypsin inhibitor. The time course and concentration
dependence of activation was closely followed to determine the mini-
mum exposure of PDE to the protease yielding full activation (see
“Results”). Excessive proteolysis of PDE leads to a gradual loss in the
maximal catalytic activity, as well as irreversible damage to the non-
catalytic sites. We prepared PDE heterodimers (Paf3) depleted of Py by
modifying the original method of Yamazaki et al. (15); nPDE was
incubated with GTPyS for 60 min at 4 °C to allow Py to dissociate from
Pap and then was centrifuged in the Airfuge to pellet ROS membranes.
The supernatant was discarded, and the ROS membrane was treated
with GTPyS once more to release further membrane-bound Pvy. Follow-
ing the second centrifugation, ROS membranes retained all of the
original Paf content but only 10-35% of the original Py (depending on
the individual preparation). (The content of «, in GTPyS-washed ROS
membranes was also reduced to <30% of its concentration in ROS
homogenates, as judged by immunoblot analysis with anti-«, antibod-
ies.) PaB was used immediately following its preparation, because the
enzyme was unstable once most of the Py had been removed. Only
preparations containing <25% of the original Py content (i.e. <0.5 Py
per PDE) were used in experiments employing Paf. Efforts to eliminate
completely Py from our Paf preparations were unsuccessful.

Binding of cGMP to Noncatalytic Sites on PDE—Because PDE is the
only rod photoreceptor protein that binds cGMP with high affinity (K,
<uM) (37, 44), we were able to measure changes in binding occupancy at
the noncatalytic sites of PDE in unfractionated ROS homogenates. For
most experiments, a cGMP filter binding assay (40) was used to quan-
tify binding of [*'H]cGMP to high affinity sites on PDE. Inclusion of
zaprinast or E4021 (45) with the [*H]cGMP solution during the filter
binding assay prevented cGMP breakdown during the incubation with
nPDE or activated PDE. In some experiments, the cGMP-binding reac-
tion was halted by addition of ice-cold 95% saturated ammonium sulfate
(40) prior to membrane filtration of the quenched samples.

In order to correlate directly cGMP binding with Py binding to
activated PDE (shown in Fig. 4), we employed a centrifugal separation
assay through a silicone oil layer that partitions free [*H]cGMP from
bound nucleotide (40, 46). Portions (10 ul) of ROS homogenates were
layered on top of 100 ul of silicone oil (density, 1.020 g/ml) in a 5 X
20-mm centrifuge tube (Beckman) at 4 °C. The tubes were spun at room
temperature for 3 min at 110,000 X g,,. Supernatants remaining above
the oil layer were removed and processed for immunoblot analysis of Py
concentration. The pellets were resuspended, and one portion was an-
alyzed for Py content, whereas the other portion was used to quantitate
bound [*H]cGMP.

Quantitative Immunoblot Analysis of Py Concentration in ROS—
Samples for Py analysis were added to electrophoresis sample buffer,
and then subjected to SDS-polyacrylamide gel electrophoresis. After
electrophoretic transfer to a 0.45-um nitrocellulose membrane, the
presence of Py was detected with an affinity-purified rabbit polyclonal
antibody (UNH9710-4P; 1:15,000 dilution) specific for amino acid resi-
dues 63—87 of bovine rod Py. (Frog (Rana pipiens) Py has an identical
amino acid sequence to bovine Py in this region.?) Binding of the Py
antibody was determined using a goat anti-rabbit antibody coupled to
horseradish peroxidase (1:4000 dilution), followed by incubation of the
membrane with substrate (SuperSignal West Pico Chemiluminescent
Substrate, Pierce) and luminescent detection on film (Kodak BioMax
Light). The intensity of the Py immunoreactive bands was recorded
using a scanner and analyzed using the image analysis program, Quan-
tiscan (Biosoft). The concentration of Pyin ROS samples was calculated
by comparison to a standard curve generated with known amounts
(0.5-15 ng) of recombinant Py on the same blot, as described in detail
elsewhere (40).

PDE Activity Assay—The rate of cGMP hydrolysis catalyzed by non-
activated and activated forms of PDE was measured by a coupled-
enzyme phosphate release assay, as described in detail in Ref. 40.
Activity measurements were made in the following buffer: 100 mM Tris,
10 mm MgCl,, 0.5 mm EDTA, 2 mMm dithiothreitol, 0.5 mg/ml bovine

2 W. Baehr, personal communication.
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TABLE 1
Equilibrium and kinetic parameters for high affinity cGMP binding to
frog PDE
Binding of [*H]cGMP to nPDE and taPDE were performed at 4 °C as
described under “Experimental Procedures.” ROS homogenates were
depleted of nucleoside phosphates prior to use. Values represent the
mean * S.E. for the number of determinations shown in parentheses.

Kp (obs.)* E_ ko
nm st wls™!
nPDE 84 +18(5) 34+02X10*(7) 7.6 = 0.8 X 10* (6)
taPDE
Slow 57+94(8) 34+12xX10%64%(8) 7.8+ 0.8 X 10*(7)
Fast 2.9+ 0.9 X 1073, 36% (8)

¢ Equilibrium binding measurements of cGMP to nPDE were per-
formed at 4 °C by mixing PDE (8—-11 nm) with 1-400 nm [*H]cGMP and
incubating for 30 min. Transducin-activated PDE (8-17 nM) was pre-
incubated with GTPyS (added at a concentration equal to the rhodopsin
concentration) for 1 min prior to addition of [*H]cGMP. The B, ob-
tained from these binding isotherms was 1.73 = 0.11 and 0.98 * 0.11
mol of cGMP per mol of PDE for nPDE and taPDE, respectively. A
second class of low affinity sites on taPDE was not detected in these
experiments (see text).

® Dissociation rate constants (£_,) were determined as described in
Fig. 1. Percentage values represent the proportion of the total binding
sites exhibiting rapid or slow ¢cGMP dissociation with taPDE in a
two-site fit of the dissociation kinetics.

¢ Association rate constants (%, ;) were calculated from the %, . values
in Fig. 1 using the equation: &, , = (k,,, — k_,)/[cGMP], where [cGMP]
is the total cGMP concentration and ligand depletion is not significant
(63).

serum albumin (pH 7.5). In all cases, rate measurements were obtained
from at least three individual time points at saturating cGMP concen-
trations (10 mMm), during which time less than 30% of the substrate was
consumed.

Other Methods—SDS-polyacrylamide gel electrophoresis was per-
formed by the method of Laemmli (47) in 15% acrylamide gels. The
immunoblotting protocol closely followed standard procedures (48). Fit-
ting of PDE activity data was carried out with nonlinear regression
analysis using Sigmaplot. Equilibrium binding data as well as the
kinetics of ¢cGMP association and dissociation were analyzed as de-
scribed in Ref. 40; in all cases, statistical comparisons of one-site versus
two-site fits were carried out using KELL (Biosoft) to determine
whether PDE exhibited one or two distinct classes of ¢cGMP-binding
sites.

RESULTS AND DISCUSSION

Transducin Activation of PDE Converts One Class of Non-
catalytic Sites to a Low Affinity, Rapidly Exchanging State—
Although it has been reported that transducin activation of
photoreceptor PDE leads to changes in ¢cGMP binding to the
noncatalytic sites of the enzyme, the regulatory and physiolog-
ical significance of this process is not well understood. A pre-
vious study reported that transducin activation of PDE accel-
erated ¢cGMP exchange and reduced the binding affinity of
c¢GMP to the noncatalytic sites on the enzyme without a signif-
icant reduction in the stoichiometry of binding (44). However,
this work was conducted with PDE preparations supplemented
with exogenous Py subunit that markedly affects the interac-
tion of cGMP with the noncatalytic sites (see below). Therefore,
we chose to examine the cGMP-binding properties of nonacti-
vated and transducin-activated PDE in ROS homogenates con-
taining only the endogenous Py that is present in rod photore-
ceptor cells. We carried out equilibrium and kinetic studies at
4 °C to slow the binding reactions for accurate measurements
of the rate constants.

Non-activated, nucleotide-depleted PDE (nPDE) in frog ROS
homogenates binds ¢cGMP with high affinity and as a single
class of noninteracting binding sites at 4 °C (K, = 8.4 nMm, B,
= 1.7 mol of cGMP per mol of PDE; see Table I). The measured
K, values for cGMP binding to frog nPDE agrees with previous
estimates when the temperature dependence of the binding
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reaction is taken into account (37). (The B, ,, of nPDE can be
increased to 2.0 by addition of =1 Py per PDE (see Fig. 20),
suggesting that a small amount of Py was lost during prepa-
ration of nPDE.) When transducin is activated by addition of
GTP+S to illuminated ROS homogenates and then 10—400 nm
[*H]cGMP is added, transducin-activated PDE (taPDE) under-
goes a 7-fold decrease in binding affinity (K, = 57 nM) and a
substantial loss in the number of cGMP-binding sites (B, ,, =
1.0 mol ¢cGMP per mol PDE; Table I). At higher [*H]cGMP
concentrations up to 1.3 uM, we detected an additional 0.3 mol
of cGMP bound per PDE, but we could not resolve a distinct,
second class of binding sites. To improve detection of low affin-
ity ¢cGMP-binding sites, we prepared high specific activity
[32P]cGMP and found that increasing the [32P]cGMP concen-
tration from 1 to 15 puM results in a progressive (Ki, ~5 pum)
increase in total cGMP binding to taPDE from 1.2 to 1.9 cGMP
bound per PDE (data not shown). Low affinity cGMP-binding
sites were not detected with nPDE. Thus, activation of PDE by
transducin induces heterogeneity in the noncatalytic sites on
PDE, with a large decrease in binding affinity at one noncata-
lytic site and a more modest change at the second site.

Measurements of the rate of cGMP association and dissoci-
ation were performed to understand better how transducin
activation differentially affects cGMP binding to the two non-
catalytic sites of PDE. When PDE is incubated with 1 um
[®HlcGMP, a single class of cGMP-binding sites is resolved (Fig.
1A), and the association rate constant is identical for nPDE and
taPDE (Table I). (The low affinity ¢cGMP-binding sites on
taPDE (~0.2 ¢cGMP per PDE under these conditions) appar-
ently did not contribute sufficiently to be resolved in Fig. 1A.)
Thus, transducin activation does not significantly alter the
initial step of cGMP binding to the moderate affinity class of
sites on taPDE. The association rate constant for cGMP bind-
ing (k,; = 8 X 10* m ! s71) is approximately 3 orders of
magnitude below the diffusion-controlled limit for a simple
bimolecular protein-ligand binding reaction (49). Restricted
diffusion of ¢cGMP to the binding pocket of the noncatalytic
sites may result from binding of Py in proximity to the non-
catalytic domains on Paf (50).

Heterogeneity in the noncatalytic cGMP-binding sites was
readily observed (Fig. 1B) when bound [*H]cGMP dissociated
from taPDE (but not nPDE), in agreement with previous ob-
servations (38, 44, 51). PDE activation accelerates 9-fold the
exchange rate of cGMP from approximately 0.4 mol cGMP per
mol PDE, probably reflecting the low affinity sites that are not
saturated under the conditions of this experiment. The remain-
ing two-thirds of the binding sites (0.8 mol cGMP per mol PDE)
dissociate bound [*H]cGMP at the same rate as does nPDE.
Thus, a 7-fold change in the K}, of the moderate affinity cGMP-
binding sites following transducin activation of PDE fails to
significantly affect the dissociation rate constant from these
sites. The approximately 1000-fold lowering of cGMP affinity to
the second class of sites on taPDE has a relatively modest effect
on the dissociation rate constant for this class of noncatalytic
sites detected in Fig. 1B.

We conclude that the nonactivated PDE holoenzyme consists
of two identical, high affinity ¢cGMP-binding sites. Further-
more, the excellent agreement between the observed K, and
the kinetic K, value (k/k,; = 4.5 nM) indicates that the
association and dissociation reaction steps measured in Fig. 1
represent the rate-limiting steps for cGMP interaction with the
noncatalytic sites on nPDE. Upon transducin activation of
PDE, heterogeneity in the noncatalytic sites becomes evident.
The moderate affinity noncatalytic site on taPDE (K, = 57 nm)
retains the same kinetic rate constants for cGMP association
and dissociation as observed for nPDE, indicating that some
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Fic. 1. The kinetics of cGMP exchange at the noncatalytic
sites of non-activated and transducin-activated PDE. A, for meas-
uring the kinetics of cGMP association to nPDE, 25 nm PDE was mixed
with 1 um [*H]cGMP at 4 °C, and the binding reaction was quenched
with ice-cold ammonium sulfate at the indicated times (see “Experi-
mental Procedures”). taPDE was prepared from nPDE by preincubating
samples with 1 mm GTP#yS for 1 min prior to cGMP addition. The nPDE
data are the mean * S.E. for 6 experiments, and the curve is the fit of
the data to a pseudo first-order reaction (&, = 7.7 = 0.8 X 107257 %;
B, .« = 1.83 = 0.07 cGMP bound per PDE). For taPDE, the values are
kops = 7.9 £0.8x 1025 Y B, .. = 1.25 + 0.08 cGMP bound per PDE;
n = 7. Note that a two-site model was not statistically preferred to the
one-site model in all experiments examined. B, to measure the kinetics
of cGMP dissociation, 60 nM PDE (either non-activated or preincubated
for 1 min with GTPyS as above) was first incubated with 1 um
[®HlcGMP for 30 min at 4 °C to occupy the noncatalytic sites mPDE, 1.7
¢GMP bound per PDE; taPDE, 1.2 ¢cGMP bound per PDE). At time 0,
dissociation of [*’H]cGMP was initiated by addition of 10 mm unlabeled
c¢GMP, and samples were directly filtered at the indicated times. The
data points are the mean = S.E. (n = 6), and the curves represent the
fit of the data to a single exponential for nPDE (£, = 3.4 X 107 *s™ 1)
and a double exponential process for taPDE (36% fast sites, k2, = 2.9 X
1072 s71; 64% slow sites, k., = 3.4 X 107*s™ ).

other rate-limiting process (e.g. conformational transition, pro-
tein-protein interaction, etc.) must contribute to destabilizing
c¢GMP binding to this class of sites. The low affinity site can
only be saturated at high ¢cGMP concentrations (well above
micromolar) and represents the small proportion of more rap-
idly dissociating sites in Fig. 1B. The creation of two non-
identical cGMP-binding sites upon PDE activation by transdu-
cin is likely to result from differences in how «o-GTPyS
interacts with the a- and B-catalytic subunits.

Exogenous Py Regulates cGMP Exchange Rates at Both Low
and High Affinity Noncatalytic Sites on PDE—To test the role
of Py to regulate ¢cGMP binding to the noncatalytic sites on
nPDE and taPDE, we examined whether adding Py affected
c¢GMP dissociation from nPDE and taPDE. Fig. 2A shows that
when nPDE is incubated with increasing amounts of Py and
then 1 um [*H]cGMP is added to occupy the noncatalytic sites,
the half-time for [PH]cGMP release is progressively slowed. The
ability of Py to slow cGMP dissociation from nPDE is probably
a consequence of reducing (by mass action) the number of PDE
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Fic. 2. Effects of exogenous Py on ¢cGMP dissociation from
noncatalytic sites and on the maximum extent of cGMP binding
to nPDE and taPDE. ROS homogenates (20 nM PDE, final concentra-
tion) were incubated at 4 °C for ~4 min with the following concentra-
tions of Py: 0 (circle), 1.0 (square), 2.0 (¢riangle), 5.0 (diamond), or 20
(upside-down triangle) mol of Py per mol of PDE. For transducin-
activated PDE (B), the ROS were then incubated with 1 mm GTPyS for
1 min. Following addition of 1 um [*H]cGMP for 30 min at 4 °C, samples
were tested for the maximum extent of cGMP binding (C). [*H]cGMP
dissociation was initiated upon addition of 10 mm unlabeled cGMP at
time 0, and then portions were directly filtered at the indicated times.
For nPDE (A), the data were best fit to a single exponential decay with
the dissociation rates progressively slowing from the control value of ¢4
= 34 min to a t1, = 196 min for the 20 Py per PDE condition. For taPDE,
a two-site model for the dissociation kinetics was preferred for the 0 and
1 Py per PDE conditions, with the percentage of the total binding that
can be attributed to the “fast” sites diminishing from 35 to <10% as the
amount of added Py increased from 0 to 2 Py per PDE. The data are the
mean = S.E. for three to six determinations of the dissociation rates for
each concentration of added Py.

molecules lacking one or two bound Py at any moment in time.
The sensitivity of ¢cGMP exchange on nPDE to the free Py
concentration suggests a strong allosteric linkage between Py
binding to PaB and ¢cGMP occupancy of the noncatalytic sites.

Preincubation of taPDE with increasing amounts of Py prior
to transducin activation has two major effects on the noncata-
lytic cGMP-binding sites. First, Py can convert low affinity
c¢GMP-binding sites on taPDE to high affinity sites (Fig. 2C).
Second, addition of increasing amounts of Py can reduce (1 Py
added per taPDE) or abolish (=2 Py added per taPDE) the
rapidly dissociating class of noncatalytic sites on taPDE, as
well as slowing cGMP dissociation from the other class of sites
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FiG. 3. Py content of membrane and supernatant fractions of
frog ROS homogenates. ROS homogenates (120 nm PDE holoenzyme)
in Buffer A were incubated at 4 °C for 30 s with no additions (Control),
2.2 mMm ¢cGMP (+cGMP), 50 um GTPyS (+GTPvS), or both nucleotides
supplemented with 50 uM zaprinast (+cG & GTP+S). Identical portions
were either kept dark-adapted (black bars) or exposed to room light
(gray bars) during the incubation period, and then samples were cen-
trifuged for 1 min at 110,000 X g at ambient temperature. Supernatant
(s) and membrane (m) samples were processed on different gels, along
with a set of Py standards on each gel, to quantitate the Py content (see
“Experimental Procedures”). Unfractionated, dark-adapted ROS homo-
genates with no additions (Homog.) were also analyzed along with the
membrane samples for the sake of comparison. In the representative
immunoblot shown in the figure, the supernatant samples were exposed
to film for longer times than the membrane samples to permit detection
of lower amounts of immunoreactivity. The * indicates that the amount
of Py was below the level of detection. The data represent the mean =+
S.E. for three experiments with different ROS homogenates.

to a similar extent as nPDE (Fig. 2B). It is noteworthy that Py
exerts these effects on the noncatalytic cGMP-binding sites
with greater potency than it can inhibit catalysis at the active
site of taPDE (see Fig. 7).

Quantitative Analysis of the Py Concentration and Its Sub-
cellular Location in Purified Frog ROS—Because free Py
greatly affects cGMP binding and exchange kinetics with PDE,
we decided to measure the Py concentration in intact frog ROS
as well as the stoichiometry of Py binding to frog Paf. By using
a quantitative immunoblot procedure, we found that homoge-
nates derived from Percoll-purified frog ROS contained 1.81 =
0.13 (mean = S.E.; n = 14) mol of Py relative to the total
concentration of PDE holoenzyme (Fig. 3, Homog.). Upon frac-
tionation of these ROS homogenates into membrane and solu-
ble fractions by centrifugation, both dark-adapted and light-
exposed ROS retain all Py (1.9-2.0 mol Py per mol Pap) in a
membrane-associated state and <0.1 mol Py per mol Paf in
the soluble fractions (Fig. 3, Control). The membrane-associ-
ated Py was bound to PDE, because when frog PDE was re-
leased from ROS membranes by hypotonic extraction, a similar
stoichiometry of Py binding to the released PDE was observed
(data not shown).

Addition of cGMP to saturate the noncatalytic sites on PDE
did not alter the membrane-associated state or stoichiometry of
Py binding to dark-adapted or light-exposed PDE (1.9-2.0 mol
Py per mol PaB; Fig. 3, +¢cGMP). However, if light-exposed
ROS homogenates are incubated with GTPyS to activate trans-
ducin, a substantial release of Py into the supernatant fraction
occurs shortly after nucleotide addition (0.8 = 0.1 mol Py re-
leased per mol of PaB). This Py dissociation into the superna-
tant can be prevented if millimolar levels of cGMP are included
with GTPyS (0.1 mol Py released per mol of Paf; Fig. 3). Our
quantitative analysis of Py agrees with and extends the qual-
itative observations of Arshavsky et al. (39) who first showed
that occupancy of the noncatalytic sites by cGMP could prevent
Py release from ROS membranes following transducin
activation.

We conclude that the frog rod PDE holoenzyme consists of a
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FiG. 4. Py dissociation from transducin-activated PDE corre-
lates with cGMP dissociation from noncatalytic binding sites.
ROS homogenates (30—120 nm PDE) were incubated with 2 um cGMP or
[®HlcGMP and 3 uM E4021 for 10 min at 4 °C. Transducin activation of
PDE and dissociation of its bound cGMP was initiated upon addition of
100 uM GTPyS, 10° units/liter PDE1, and 8 X 10* units/liter calmodulin
(final concentrations). (In control experiments similar to those of Cal-
vert et al., Fig. 5A (51), we determined that PDE1 activities ranging
from 500 to 4000 units/liter resulted in identical cGMP dissociation
kinetics.) At the indicated times, portions were centrifuged for 1 min at
110,000 X g at room temperature. The membrane pellet was then
analyzed for either Py content (e ) or [*H]lcGMP binding (O). The data
points represent the mean + S.E. for four experiments where Py and
[PHlcGMP were both measured on the same preparation. The curves
represent the fit of the data to a 2-site binding model as follows: for Py
release, 30 + 5% of the Py rapidly dissociated (¢1, = 0.6 = 0.2 min) and
70 = 3% of the Py slowly dissociated (t1, = 39 = 6 min); for cGMP
dissociation, 20 * 7% was rapidly released (¢, = 0.7 £ 0.6 min),
whereas 80 + 5% slowly dissociated (¢, = 65 = 15 min).

Paf catalytic dimer to which 2 Py subunits bind, identical to
the aBy, stoichiometry of membrane-associated bovine rod
PDE holoenzyme (52, 53). The absence of Py in the ROS cytosol
may reflect a tightly regulated, coordinated synthesis of cata-
lytic and inhibitory subunits of PDE (as suggested by Py knock-
out experiments (54)). The fact that approximately 1 mol of
Py per mol of PaB can be released within 1 min of light
activation of PDE (Fig. 3, +GTPyS condition) led us to hypoth-
esize that the state of association of Py and ¢cGMP with the
PDE holoenzyme may be tightly coupled upon PDE activation
by transducin.

c¢GMP Dissociation from Noncatalytic Sites Correlates with
Py Release following Transducin Activation of PDE—To test
whether ¢cGMP dissociation from noncatalytic sites is directly
correlated with Py release from taPDE, we examined the time
course of cGMP dissociation and of Py release following trans-
ducin activation of PDE under conditions where the free cGMP
concentration was rapidly reduced from its “dark-adapted” con-
centration (2 um). To activate PDE and simultaneously lower
the free cGMP concentration, we employed a “concentration
jump” technique (51) in which GTPyS was added (to activate
frog rod PDE) along with activated PDE1 (to hydrolyze free
cGMP rapidly). Release of Py and cGMP from PDE were deter-
mined by centrifugation of samples through silicone oil and
analysis of the pellets for the amount of [PH]cGMP or Py bound
to the membrane-associated PDE. We found that the time
course of ¢cGMP dissociation following transducin activation
closely tracked the rate of Py release (Fig. 4). Both processes
showed biphasic dissociation kinetics, with 20-30% of the re-
action occurring rapidly (¢1, = 0.6—0.7 min) and the remainder
of the dissociation reaction occurring much more slowly (¢, =
40-60 min).

Experimental limitations prevented us from determining the
temporal sequence of Py and ¢cGMP dissociation from Paf.
However, it is likely that interaction of «-GTPyS with Py
bound to the PDE holoenzyme initially displaces Py from its
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Fic. 5. Endogenous Py binding to transducin-activated PDE
correlates with titration of cGMP binding to the noncatalytic
sites. PDE (15 nM) was transducin-activated by the addition of 10 um
GTPvS 1 min prior to the addition of increasing amounts of [*H]cGMP
(with 200 uM zaprinast). After a 30-min incubation, two portions were
quenched into ice-cold buffered ammonium sulfate (see “Experimental
Procedures”) to determine the [*’H]cGMP content (e ). The remaining
portion was spun for 1 min at 110,000 X g. The supernatants were
discarded, and the pellets were washed once and then analyzed for their
Py content (O). For the cGMP binding data, the curve is a 2-parameter
hyperbolic fit with B, = 1.3 ¢cGMP bound per PDE and a K, = 65 nM,
whereas the Py binding curve parameters are B, ,. = 1.1 Py per PDE
and Ky, = 34 nM ¢cGMP. The data shown are representative of 4 indi-
vidual experiments.

tight association with one catalytic subunit, thereby accelerat-
ing cGMP dissociation from the noncatalytic site. Loss of cGMP
at this noncatalytic site would further lower the Py binding
affinity for Pap, leading to dissociation of Py-a-GTPyS from
Pap. The observation that cGMP and Py dissociation from the
other class of binding sites proceeds as slowly as for nPDE (Fig.
1B) indicates that «,-GTPvS is much less effective in binding to
the second Py molecule and accelerating cGMP exchange at
this noncatalytic site. This might be explained if the remaining
Py bound with higher intrinsic affinity to Paf than the Py that
is rapidly released.

c¢GMP Occupancy of the Noncatalytic Sites Induces Stoichio-
metric Binding of Py to taPDE—We next asked whether occu-
pancy of the noncatalytic cGMP-binding sites on taPDE was
sufficient to reverse Py dissociation from PaB. We first pre-
pared taPDE lacking bound cGMP, and we then added increas-
ing concentrations of [*H]cGMP. After centrifuging the PDE-
containing ROS membranes, we simultaneously assayed the
extent of [*H]cGMP binding and the stoichiometry of Py bind-
ing to taPDE. Fig. 5 demonstrates a one-to-one correlation
between cGMP occupancy of the high affinity noncatalytic sites
and Py binding to Pap. In the absence of cGMP, taPDE bound
0.2 mol of Py per mol of PDE. As increasing concentrations of
c¢cGMP were added, taPDE displayed a single class of high
affinity cGMP-binding sites (B ., = 1.3 = 0.1 cGMP bound per
PDE; n = 4) and a single class of Py-binding sites (B, = 1.4 =
0.1 Py bound per PDE; n = 4). When incubated with high
concentrations of cGMP to occupy both high and low affinity
c¢cGMP-binding sites on taPDE, the Py binding stoichiometry
approached the same value as for nPDE (Fig. 3, +¢cGMP &
GTP»S).

We conclude that cGMP occupancy of the noncatalytic sites
must induce a conformational change in the Paf catalytic
dimer that enhances Py binding to PaB. This allosteric effect of
cGMP to enhance Py binding affinity does not act on the C-
terminal inhibitory domain of Pvy (55), because taPDE remains
catalytically activated (see below). Rather, a distinct domain on
Py (e.g. the central polycationic domain (56)) must be involved
in interacting with Paf in a cGMP-dependent manner.

Two Distinct Classes of Py-binding Sites on Paf Restore
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FiG. 6. The restoration of high affinity cGMP binding to PDE
catalytic dimers by Py reveals two classes of binding sites. Ac-
tivated PDE was prepared either by extraction of Py from Paf by
a,-GTPyS (e, n = 5) or by trypsin proteolysis (2.5 pug/ml trypsin for 5
min at 4 °C) to make tPDE (O, n = 3), as described under “Experimental
Procedures.” The residual Py content was 16 * 2% for PaB and 22 = 2%
for tPDE. The indicated concentration of Py was incubated with 10 nm
Pag (o) or 17 nM tPDE (O) for 5 min before adding 1 um [*H]cGMP plus
200 uMm zaprinast. The samples were incubated for 30 min at 4 °C and
then analyzed for the amount of [*’H]cGMP bound to the enzyme. The
dashed line represents the results that would have been seen if the
restoration of high affinity cGMP binding by Py occurred in a simple
one-to-one stoichiometry.

cGMP binding (mol cGMP per mol Paf)
o
o

High Affinity cGMP Binding to the Noncatalytic Sites—To un-
derstand the basis of the heterogeneity in the noncatalytic sites
of taPDE, we needed to study the binding of cGMP and Py to
catalytic dimers (PafB) where Py had been completely removed.
Previous work had demonstrated that physical removal of Py
from frog rod PDE following transducin activation resulted in a
loss of ¢cGMP binding and that addition of Py restored high
affinity cGMP binding to noncatalytic sites (36, 44, 57). How-
ever, heterogeneity in Py binding to frog PaB has been reported
in some cases (38, 57) but not in others (36, 44).

Two independent approaches were used to prepare Paf3 cat-
alytic dimers where Py had been removed. The first method is
based on the ability of activated transducin to release 50-70%
of its Py when the noncatalytic sites are empty (15). (We fur-
ther optimized the conditions for Py removal from Paf to
reduce further the amount of Py associated with Paf to 10—
25% of the original amount (see “Experimental Procedures”
and Fig. 4).) The second approach to preparing PaB dimers
relied on the ability of trypsin proteolysis to degrade Py with-
out adversely affecting the functional properties of Paf at its
catalytic or noncatalytic sites (43).

Fig. 6 demonstrates that when we prepared Paf catalytic
dimers by either method, addition of Py to Paf in the presence
of 1 um [?HlcGMP restores high affinity cGMP binding to the
noncatalytic sites in a biphasic manner. Addition of =1 mol of
Py per mol Paf results in equimolar ¢cGMP binding to high
affinity sites on Pap. Thereafter, only a slight increase in
c¢GMP binding is observed in the range of 1-2 mol Py added per
mol Paf. It is noteworthy that adding exactly 2 mol of exoge-
nous Py per mol of Paf in Fig. 6 leads to the same extent of
c¢cGMP binding (1.2 mol ¢cGMP per mol PDE) as is seen for
taPDE samples (containing 2 mol of endogenous Py per mol of
PDE) under similar conditions (Table I, Fig. 2C, and Fig. 5).
Addition of =4 mol Py per mol Pap fully restores cGMP binding
to a second class of sites that was unoccupied at lower Py
concentrations (consistent with the results in Fig. 2C for
taPDE). The results shown in Fig. 6 were also observed when
Pap was prepared by activating transducin with GTP instead
of GTPyS (data not shown). The data in Fig. 6 are in good
agreement with previously published data of Cote et al. (44);
the more extensive data set and greater precision in determin-
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TABLE II
Summary of maximal activities for various preparations of activated
frog PDE
pre pl:z’l?gci on [PDE]® Maximum catalytic activity® n
nm c¢GMP per s per PDE
taPDE =12 4400 Ref. 21
12-20 4560 + 140 10
tPDE 0.02 7870 = 150 Ref. 22
0.5-3.0 7550 = 110 23
15-30 4990 + 375 5
Pap 1-2 7000 + 180¢ 8

“ PDE activated by taPDE, trypsin proteolysis (tPDE), or Py extrac-
tion by o,-GTPyS (Pap) was prepared as described under “Experimental
Procedures.”

® The concentration of PDE used to assay the hydrolytic rate.

¢ Determined by measuring catalysis in the presence of saturating
levels of cGMP (~100 times the K,,). The values are normalized to the
concentration of PDE catalytic dimer in each instance.

< The maximal rate was calculated by correcting the observed rate in
each experiment for the residual Py (15-25%) remaining bound to Paf,
assuming a linear dependence of the observed rate with the Py content
(see Fig. 7).

ing PDE subunit concentrations in Fig. 6 probably account for
our ability to resolve the biphasic behavior that was overlooked
in the earlier study.

The results in Fig. 6 demonstrate that Paf contains two
distinct classes of Py-binding sites. One class of Py-binding
sites has very high affinity for PaB in the presence of 1 um
c¢GMP and can bind up to 1 Py per Paf3 as a simple titration
phenomenon. The noncatalytic cGMP-binding sites that are
restored by stoichiometric Py addition correspond to the mod-
erate affinity class of sites found in taPDE (Table I and Fig. 5).
The second class of Py-binding sites on Paf is of lower affinity
and requires an excess of Py (when the cGMP concentration is
=1 uM) in order to shift the equilibrium to the liganded state.
This lower affinity class of Py-binding sites is very likely re-
sponsible for converting low affinity noncatalytic cGMP-bind-
ing sites on taPDE to their high affinity state (Fig. 2C). Al-
though it is probable that the a- and B-catalytic subunits of frog
PDE have binding domains for Py with intrinsically different
binding affinities (as reported for Py binding to bovine rod PDE
(23)), we cannot rule out allosteric mechanisms that might
induce heterogeneity in Py binding to Pag.

Transducin Activation Fails to Stimulate the Maximum Cat-
alytic Potential of the Paf Catalytic Heterodimer—Based on the
above results, we hypothesized that heterogeneity in Py bind-
ing to PaB might also result in differences in catalysis at the
two active sites on PaB. Although most previous work has
assumed that each catalytic subunit contributes equally to
catalysis upon activation of PDE by transducin, there is wide
variation in the reported maximal hydrolytic rates for activated
PDE (see Table V in Ref. 2) as well as uncertainty in the
stoichiometry and cooperativity of transducin activation of
PDE (see Ref. 24 and references therein).

We compared the rates of cGMP hydrolysis for various forms
of activated PDE that differed in the method by which the
inhibitory constraint of Py was relieved. To determine the
maximum hydrolytic rate of taPDE, we measured the enzyme
activity in light-exposed ROS homogenates following addition
of increasing concentrations of GTPyS. Complete activation of
PDE by transducin required a concentration of GTPyS suffi-
cient to activate the entire pool of transducin in ROS (data not
shown). The &, for taPDE, 4560 = 140 cGMP/s (Table II) is not
significantly different from a previous estimate of 4400 cGMP/s
(21).

We used the same frog ROS homogenates to compare directly
taPDE with PDE activated by trypsin proteolysis (tPDE). We
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found that the k., in the latter case was substantially higher,
in contrast to previous comparisons using frog PDE (14, 58). In
one set of experiments where we added increasing concentra-
tions of trypsin to 2 nm PDE, we found a maximum catalytic
rate of 7640 = 140 ¢cGMP hydrolyzed per s (n = 5; data not
shown). In additional experiments where hydrolytic activity
measurements were made at relatively low tPDE concentra-
tions (0.5-3 nm PDE), we observed similar high rates (Table II).
If hydrolytic activity of tPDE was assayed at substantially
higher enzyme concentrations (15-30 nm tPDE), the maximal
rate approached the %, for taPDE (Table II). In a separate
experiment, progressive dilution of tPDE from 3 to 0.5 nm
caused the hydrolytic activity to increase from 6400 to 8100
cGMP/s/PDE; further dilution to 6 pm tPDE had no further
effect on the apparent % ,,. We attribute this phenomenon to
the presence of proteolytic fragments of Py in our tPDE prep-
arations that retain the ability to bind to and inhibit Paf at
high, but not low, PDE concentrations. A 4.6-kDa Py-immuno-
reactive band (corresponding to amino acids 46—87 of bovine
Py (56)) has been detected on immunoblots of tPDE prepara-
tions and co-purifies with tPDE following gel filtration chroma-
tography (data not shown).

We have also measured the maximal ¢cGMP hydrolytic rates
of Paf preparations in which 75—-85% of the endogenous Py has
been extracted by «-GTPyS. We find catalytic rates substan-
tially greater (range, 5000—6600 ¢cGMP/s) than the k., for
taPDE. When corrected for the residual Py content of these Paf3
preparations, the predicted k.., of PaB dimer devoid of Py is
7000 = 180 cGMP/s (n = 8; Table II). Trypsinization of these
Pap preparations containing residual Py can further elevate
the hydrolytic rate approximately 25%.

We conclude that the maximum catalytic potential of the
Pap catalytic dimer approaches 8000 cGMP hydrolyzed per s
per Pap when all Py is released from the enzyme. If we assume
each catalytic subunit has the same turnover number (4000
c¢cGMP/s/subunit) and the K, for tPDE is 22 um (22), the spec-
ificity constant k,/K,, is calculated to be 1.8 X 108 m ! s~ 1.
Thus, the catalysis of cGMP into 5’-GMP occurs with extremely
high catalytic efficiency and very near the diffusion limit (49).
However, PDE never achieves this level of activation in vivo,
because transducin activation of the enzyme fails to relieve
completely Py inhibition at both active sites. Rather, o-GTPyS
acts to relieve completely inhibition at only one of the two
active sites on PaB, with perhaps a minor (=10%) effect at the
second catalytic site. Activation of PDE catalysis by one, not
two, activated transducin molecules in frog ROS homogenates
is consistent with the 1:1 stoichiometry of bovine rod PDE
activation by transducin in a purified, reconstituted system
(24).

Exogenous Py Can Stoichiometrically Inhibit PafB Catalytic
Dimers but Not taPDE—To probe further how transducin binds
to and activates the PDE holoenzyme, we examined the ability
of exogenous Py to inhibit the various forms of activated PDE
used in this paper. Previous studies using tPDE or Paf3 prep-
arations offer conflicting views on the ability of Py to inhibit
activated frog PDE. In some reports, activated PDE can be
inhibited by Py as a single class of high affinity sites (38, 57),
exhibiting the same titration behavior observed with bovine
tPDE (e.g. Refs. 11, 43, 59). Other studies with activated frog
PDE show evidence for lower affinity Py binding and/or com-
plex inhibition of catalysis by added Py (14, 15, 36). These
differing results may arise from a number of factors, including
the concentration of PDE catalytic subunits used, residual Py
in the activated PDE preparations, and uncertainties in deter-
mining the active Paf and/or Py concentrations.

To resolve these discrepancies, we examined the ability of Py
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FiG. 7. Stoichiometric Py inhibition of catalysis is observed
with tPDE and Paf but not with taPDE. tPDE (5 nMm) was activated
by trypsin treatment (200 pg/ml trypsin for 10 min at 4 °C; see “Exper-
imental Procedures”) and then incubated with the indicated amount of
Py. taPDE was prepared by first incubating nPDE (30 nm) with the
indicated amounts of Py for 2 min prior to addition of 1 mm GTPyS for
1 min at 22 °C. Paf dimers depleted of >70% of its endogenous Py were
prepared by two successive extractions of Py with GTPyS followed by
centrifugation (see “Experimental Procedures”). Paf (1 nm) was then
incubated with the indicated concentrations of exogenous Py. PDE
catalytic activity was measured with 10 mM cGMP as substrate, and the
rates were normalized to the maximum value obtained in the absence of
added Py. The curves represent a 3-parameter logistic curve fit to the
data with IC;, values 0f 0.9, 0.9, and 7.1 Py per PDE for tPDE, Paf3, and
taPDE, respectively.

to inhibit activated PDE under conditions where the catalytic
and inhibitory subunit concentrations were precisely deter-
mined. Fig. 7 shows that PDE activated by transducin responds
quite differently to the addition of Py than do tPDE or Paf
preparations. Both tPDE and Pap are stoichiometrically inhib-
ited by 2 mol of Py per mol of Paf. The steep linear dependence
of tPDE and Paf activity on the Py concentration reflects a
titration phenomenon consistent with the sub-nanomolar bind-
ing affinity of Py for frog PDE reported previously (22). The
similar behavior for tPDE and Paf in Fig. 7 shows that
trypsinization of PDE acts primarily on Py and has no notice-
able effect on the ability of Paf subunits to be inhibited by
added Pvy. Although «,-GTP+S is present in our Paf prepara-
tions (see “Experimental Procedures”) and is capable of binding
free Py (15), the stoichiometric inhibition of PaB by Py demon-
strates that a,-GTPyS cannot compete effectively with Paf for
binding to Py under these conditions. Thus, in both instances
where activated PDE has had its Py physically removed from
the catalytic dimer, exogenous Py has free access to and high
affinity for the catalytic sites and can stoichiometrically inhibit
catalysis.

In contrast, the inhibition of taPDE by addition of Py re-
quires a greater than 15-fold molar excess of Py to inhibit
completely catalytic activity (Fig. 7). The potency of Py inhibi-
tion at the active site is severalfold weaker than its ability to
convert low affinity noncatalytic binding sites on taPDE to
higher affinity sites (Fig. 2C). Note that in the presence of
millimolar levels of ¢cGMP in Fig. 7, taPDE binds 2 mol of
endogenous Py per mol of PDE (Fig. 3) and has a catalytic
activity about one-half of the maximal rate of Pa (Table II). It
is likely, therefore, that taPDE exists as a complex of «-GTPyS
with the PDE holoenzyme. We speculate that a molecule of
a,-GTPvS, in a complex with Py and a catalytic subunit, hin-
ders the free diffusion of exogenous Py to its inhibitory binding
site, thereby reducing the effectiveness of free Py to inhibit
c¢GMP hydrolysis compared with tPDE or Paf3 preparations.

Role of the Noncatalytic cGMP-binding Sites during Trans-
ducin Activation of PDE—OQOur results suggest that the non-
catalytic sites on photoreceptor PDE detect changes in cyto-
plasmic ¢cGMP concentration during phototransduction and
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Fic. 8. Model for activation of rod photoreceptor PDE holoen-
zyme by transducin. The nonactivated form of the PDE holoenzyme
(nPDE) is depicted with the right-hand catalytic subunit having a
higher affinity for Py. Following binding of activated transducin (a;*) to
the PDE holoenzyme, the inhibitory constraint of Py is released at the
active site (notch) on the left-hand catalytic subunit (lower Py binding
affinity). In the presence of high ¢cGMP concentrations, noncatalytic
sites (semi-circles) remain occupied, and Py remains bound to both
subunits (¢(aPDE-A). Lowering the cGMP concentrations causes a tran-
sition to taPDE-B in which ¢GMP dissociates from its low affinity
noncatalytic site (left side), and Py dissociation accompanies cGMP
release. The right-hand subunit of taPDE-B retains bound ¢GMP and
Pybecause of its intrinsically higher binding affinity for both molecules,
and little relief of inhibition occurs at this active site. See text for
details.

allosterically regulate the state of association of Py with PDE
and with activated transducin. In the dark-adapted state,
c¢cGMP levels in rod photoreceptors are much higher (>1 um)
than the Kj, for cGMP binding to the noncatalytic sites of
nPDE. Consequently, Py remains bound to both catalytic sub-
units in its inhibitory conformation, and ¢cGMP and Py ex-
change between the bound and free states is expected to be very
slow (Fig. 8, nPDE).

Transient light activation of the visual excitation pathway
causes activated «, to displace Py from its inhibitory conforma-
tion, and ¢cGMP rapidly drops below micromolar levels. How-
ever, the recovery of the dark-adapted state in response to dim
flashes (occurring on a time scale of seconds) probably restores
cGMP levels (via guanylate cyclase activation) more rapidly
than ¢cGMP can dissociate from noncatalytic sites. Under these
conditions, activated PDE would consist of a complex of PDE
holoenzyme (both noncatalytic sites occupied, both Py bound to
Pap, and one catalytic site fully active; Fig. 8, taPDE-A) and
activated . PDE inactivation would depend upon the intrinsic
GTPase rate of transducin converting activated «,-GTP to in-
active a-GDP.

Persistent activation of the phototransduction cascade by
continuous illumination or bright flashes of light causes cyto-
plasmic cGMP levels to remain below the K, for the low affinity
sites on taPDE long enough for cGMP to dissociate from the low
affinity noncatalytic sites. Py dissociation will occur at the
same rate because of the highly cooperative nature of Py and
c¢GMP binding to PDE (Fig. 8, taPDE-B). The Py that is re-
leased is known to serve as a GTPase-accelerating factor for
a,-GTP, in combination with the Regulator of G-protein Signal-
ing-9 (RGS-9) and the G-protein B;; subunit (60—62). This
would speed up transducin inactivation, diminish the ampli-
tude of the light response, and act as a feedback regulator for
light adaptation.

Our model predicts that the second catalytic subunit of the
PDE holoenzyme remains relatively unaffected by activation of
the rod phototransduction cascade, in terms of catalytic acti-
vation, Py release, or cGMP dissociation (Fig. 8, right-hand
subunit). Only under certain in vitro conditions does this sub-
unit undergo changes in ligand binding or catalytic activity. A
higher intrinsic affinity of this catalytic subunit for Py may
account for this phenomenon.

Additional experiments are needed to test the hypothesis that
the noncatalytic sites on PDE serve as a detector of the cGMP
concentration in rod photoreceptors during light adaptation. Fu-
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ture work will focus on better understanding the properties of the
low affinity noncatalytic sites on activated PDE, identifying the
structural basis for catalytic subunit heterogeneity, and exam-
ining whether the homodimeric cone PDE employs similar
regulatory mechanisms in cone photoreceptors.
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