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ABSTRACT: The cyclic GMP phosphodiesterase (PDE) of vertebrate retinal rod outer segments (ROS) is
kept inactive in the dark by its v subunits and is activated following illumination by the GTP form of the
o subunit of transducin (T,~GTP). Recent studies have shown that the stoichiometry of the inhibited
holoenzyme is a8y, T,~GTP and v act reciprocally. We have investigated the activation mechanism using
fluorescein-labeled v subunit (yF) as a probe. v containing a single covalently attached fluorescein was
prepared by reaction of PDE with 5-(iodoacetamido)fluorescein and purification by reversed-phase high-
pressure liquid chromatography (HPLC). ~F, like native v, inhibits the catalytic activity of trypsin-activated
PDE and transducin-activated PDE. Inhibition by F was overcome by further addition of T,~GTP. ~+F
binds very weakly to ROS membranes stripped of PDE and other peripheral membrane proteins. " added
to ROS membranes became incorporated into a component that could be extracted with a low ionic strength
buffer. HPLC gel filtration showed that 4F became part of the PDE holoenzyme. Incorporation occurred
in less than 1 min in the presence of light and GTP, but much more slowly (¢,,, ~ 500 s) in the absence
of GTP. This result indicates that transducin activates PDE by binding to the holoenzyme and accelerating
the dissociation of v from the inhibitory sites. The binding of 4F to trypsin-activated PDE, s was monitored
by steady-state emission anisotropy measurements and compared with PDE activity. The results indicate
that occupancy of each v binding site suppresses about half of the total activity of PDE; the dissociation
constants for these sites are similar (~10 pM). Our results fit a simple model in which T,~GTP interacts
first with an aByy holoenzyme and carries away one of the v subunits, to form a partially active PDE 4,
complex. This complex can then be converted to fully active PDE,; when a second + subunit is carried
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away by another T,~GTP. The T,~PDE, complex stays bound to the membrane.

In vertebrate photoreceptors, the biochemical event that
converts the light signal (photoisomerization of rhodopsin) into
an electrical signal (closing of cation channels in the plasma
membrane) is the rapid hydrolysis of cGMP (Fesenko et al.,
1985; Yau et al., 1986; Cote et al., 1986; Blazynski & Cohen,
1986; Zimmerman et al., 1985). Photoexcited rhodopsin (R*)
activates the « subunit of transducin by catalyzing the for-
mation of the GTP-bound form, T,~GTP (Fung & Stryer,
1981). T,~GTP, in turn, switches on the phosphodiesterase
(PDE), which catalyzes the hydrolysis of cGMP (Fung et al.,
1981). PDE and transducin are both peripheral membrane
proteins (Kiihn, 1981). Activation occurs on the membrane
surface (Liebman & Sitaramayya, 1984; Tyminski & O’Brien,
1984; Wensel & Stryer, 1988). PDE consists of three kinds
of subunits: « (85 kDa), 8 (82 kDa), and v (9.7 kDa) (Bachr
et al., 1979). The catalytic unit is o3, whereas v is inhibitory
(Hurley & Stryer, 1982). T,~GTP acts by removing the
inhibitory constraint imposed by v. We previously reported
that v binds to native PDE with a dissociation constant on the
order of 107!' M and that nanomolar v can reverse the ac-
tivation of PDE by micromolar T,~GTP+S (Wensel & Stryer,
1986).

Four simple models for the activation process are shown in
Figure 1. In each, T,~GTP (denoted by T) binds first to the
PDE holoenzyme. It has recently been shown that the holo-
enzyme contains two inhibitory subunits (i.e., a8yvy; Deterre
et al.,, 1988), but for simplicity only one v subunit is depicted
here. In model 1, T carries v away from the af catalytic
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subunit of PDE, whereas in model 2 T stays bound to af and
displaces v. T—vy leaves the membrane in model 1b, and v
leaves the membrane in model 2b. In contrast, T forms a
complex with a8y in models 3 and 4, which differ in that v
is taken away from its original site in model 4, but not in model
3. The reported release of inhibitor from activated amphibian
ROS (Yamazaki et al., 1983) supports model 1b or 2b.
However, for bovine ROS, v remains tightly bound to acti-
vated ROS membranes (Wensel & Stryer, 1986; Deterre et
al. 1986), which rules out models 1b and 2b. Models 1a, 3,
and 4 are consistent with the finding that a T—y complex can
be released from activated bovine ROS by washing with a low
ionic strength buffer (Deterre et al., 1986). Models 3 and 4
were favored by the finding that trypsin-activated PDE (a)
had a different K, for cGMP and a different affinity for vy
than did PDE in activated ROS (Sitaramayya et al., 1986).
In contrast, models 3 and 4 are ruled out by our previous
finding that T and v act reciprocally in controlling PDE ac-
tivity.

Additional complexity is introduced by the presence of two
+ subunits in the PDE holoenzyme; it has been suggested that
differential activities of PDE with one, two, or no v subunits
bound may play an important role in the physiological pro-
cesses of activation and inactivation (Deterre et al., 1988). It
has recently been reported that the y displays cooperative
binding to PDE and that transducin acts cooperatively to
activate PDE as well (Whalen & Bitensky, 1989). It has also
recently been proposed (Bennett & Clerc, 1989) that PDE has
a high-affinity site for T,~GTP that induces partial activation
and a low-affinity site that induces maximal activation.

It is evident that the mechanism of activation of PDE by
transducin is an open question despite intensive study by several
laboratories. The problem is especially challenging because
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FIGURE 1: Models for the activation by PDE by transducin. T denotes
the activated form of transducin (T,~GTP), «, 3, and v denote the
subunits of PDE, and the horizontal line represents the surface of the
disk membrane. In model 1, v forms a complex with T which dis-
sociates from PDE. In model 2, T displaces vy from PDE. In model
3, T binds to a complex of all three subunits of PDE and alters their
interactions to switch on catalytic activity. In model 4, T binds to
PDE and causes vy to move away from its inhibitory site; 4 remains
associated with the T-PDE complex.

all of the PDE subunits stay bound to the membrane.
Transducin activates PDE in solution only very weakly. It
therefore seemed desirable to develop assays for subunit in-
teractions that use physical methods (rather than enzymatic
activity measurements) to report directly on binding events
in intact ROS membranes. We have prepared an active
fluorescein-labeled derivative of the ~ subunit of PDE to probe
the activation process. We report here the preparation, pu-
rification, and characterization of this probe and its incorpo-
ration into PDE under activating conditions. Our results
support model la (Figure 1) or a formally equivalent model
in which the initial inactive state is PDE .., (Deterre et al.,
1988) and in which sequential removal by T of two  subunits
from independent binding sites forms afy and o complexes
with half and full activity, respectively.

MATERIALS AND METHODS

Reagents. S-(lodoacetamido)fluorescein was obtained from
Molecular Probes. GTP and GTP4S were obtained from
Boehringer-Mannheim.

Buffers. Buffer A (moderate salt buffer) contained 10 mM
MOPS [3-(N-morpholino)propanesulfonic acid] adjusted to
pH 7.4 with NaOH, 60 mM NaCl, 30 mM KCl, 2 mM
MgCl,, 1 mM dithiothreitol, 0.02% NaN;, and 0.1 mM
phenylmethanesulfonyl fluoride (PMSF). Buffer B (gel fil-
tration buffer) contained 20 mM MOPS, pH 7.2 (adjusted
with KOH), 2 mM MgCl,, 0.5 mM sodium EDTA, 0.02%
NaNj, 2 mM 2-mercaptoethanol, and 0.1 mM PMSF and 0.1
M NaCl.

ROS and Protein Preparations. ROS were prepared from
frozen bovine retinas (J. A. Lawson Co., Lincoln, NE), and
transducin was purified as described (Fung & Stryer, 1980;
Fung et al., 1981). PDE was prepared by hydroxylapatite
chromatography (Wensel & Stryer, 1986). Bleached ROS
membranes (190 mg of rhodopsin, obtained from 400 retinas)
were extracted with moderate salt (buffer A) and then low-salt
buffers (5 mM Tris-HCI, pH 7.4, 0.5 mM MgCl,, | mM
DTT, 0.1 mM PMSF) as described to obtain 8.7 mg of low-
salt-extracted proteins. The solution was adjusted to 30 mM
sodium phosphate, pH 7.2, and 50 mM NaCl and applied to
a 1.5 cm X 10 ¢cm column of hydroxylapatite. PDE was eluted

Wensel and Stryer

with a linear gradient (420 mL total, flow rate of 0.49 mL/
min) from 30 M sodium phosphate, pH 7.2, to 0.3 M phos-
phate (2:1 Na*:K*, pH 7.2). Trypsin-activated PDE and
T.~GTP~S were prepared as described (Wensel & Stryer,
1986). ROS membranes stripped of peripheral proteins
(urea-stripped ROS membranes) were prepared by washing
with 4 M urea (Yamanaka et al., 1985). In some cases, the
urea-stripped membranes were prepared with bleached ROS,
and 11-cis-retinal was added in the dark to regenerate rho-
dopsin.

Electrophoresis. SDS—polyacrylamide gel electrophoresis
was performed by using the method of Laemmli (1970) with
the resolving gel containing a linear gradient from 6% to 20%
polyacrylamide.

Assays. PDE assays were carried out by using the pH
recording method (Liebman & Evanczuk, 1982) with an initial
c¢GMP concentration of 2 mM or by monitoring hydrolysis of
[*H]cGMP (Wensel & Stryer, 1986) with an initial cGMP
concentration of 2.4 mM. Inhibitory activity of vF was de-
termined by titration of trypsin-activated PDE (Wensel &
Stryer, 1986).

Preparation of vF. 5-(lodoacetamido)fluorescein (1.0 mM)
was mixed with PDE (1.8 uM) in sodium phosphate buffer
(50 mM, pH 7.2) in the dark at 23 °C. To determine the time
course of the reaction, aliquots were removed during the re-
action and mixed first with 2-mercaptoethanol (to 50 mM)
and then with trichloroacetic acid (10%). The precipitated
protein was sedimented, washed with acetone, and analyzed
by SDS-polyacrylamide gel electrophoresis. The 4 bands on
the gel were either visualized and photographed on an ultra-
violet transilluminator or cut out and soaked in 0.1% SDS to
elute vF for measurement of fluorescence. The v band was
labeled maximally within 10 min under these conditions. The
effect of exhaustive labeling was determined by allowing the
reaction to proceed for 3 h at 23 °C and then assaying for PDE
activity before and after limited trypsin digestion. To test for
the specificity of the reaction, PDE was oxidized by treatment
with dithiodipyridyl before addition of (iodoacetamido)-
fluorescein, and the extent of labeling was compared to that
observed with PDE that had been previously treated with DTT
(5 mM).

Purification of vF by Reversed-Phase HPLC. After the
reaction was stopped by addition of mercaptoethanol, unin-
corporated dye was removed by repeated dilution (to 2 mL)
and reconcentration (to ~20 uL) using a Centricon 30 ap-
paratus. This dilution—concentration cycle was repeated five
times. The concentrated protein was suspended in 15% (v/v)
acetonitrile containing 0.1% trifluoroacetic acid (HPLC start
buffer), heated to 60 °C, and spun in a Beckman airfuge at
30 psi for 10 min to remove precipitated PDE subunits, pri-
marily « and 5. The supernatant was applied to an Alltech
Macrosphere C4 column and eluted with a gradient from 15%
to 65% acetonitrile (0.1% trifluoroacetic acid throughout).
Fractions of 1 mL were collected in siliconized polypropylene
tubes. The fluorescence of an aliquot of each fraction was
measured after it was diluted into a solution containing 0.1%
SDS and 1 N NaOH. Inhibitory activity was assayed by
vacuum drying | uL of each fraction, adding a solution of
trypsin-activated PDE, and measuring the resultant PDE
activity. Absorbance was monitored at 280 and 440 nm. An
injection of the 2-mercaptoethanol conjugate of 5-(iodoacet-
amido)fluorescein was used as a standard to quantitate the
amount of fluorescein in the yF peak.

Fluorescence Measurements. Corrected emission and ex-
citation spectra were measured by using an SLM 8000 con-
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trolled by an IBM PC. Samples were excited at 490 nm, and
the emission was monitored at 520 nm,

Emission Anisotropy Measurements. The binding of ~F
to PDE was monitored by observing changes in emission an-
isotropy of the attached fluorescein chromophore. The SLM
8000 instrument was used with the following modifications:
fluorescence was excited with the 476.5-nm line of a vertically
polarized argon ion laser passed through a Glan-Thompson
polarizing prism. Emission at 540 nm (selected with 540-nm
interference filters and Corion LL500 dielectric film cut-on
filters) was detected simultaneously by two photomultipliers
equipped with Glan-Thompson polarizers oriented to detect
either horizontally or vertically polarized light. The relative
sensitivity of the detection system to light of horizontal and
vertical polarization was determined by rotating the excitation
polarizer 90° (the laser emits ~1% residual horizontally po-
larized light) and recording the intensity detected by each
detector. Alternatively, the 488-nm line of the laser was used
to excite the isotropic emission of Tb(III)EDTA™ at 546 nm,
and the intensity was detected by each detector recorded.

~F Uptake Assays. The extent of rapid uptake of ¥F by
ROS membranes was assessed by mixing ROS (7.6 uM R*)
with vF (4 nM) in the presence or absence of GTP (20 uM)
in buffer A. After 3 min at room temperature, the suspension
was placed on ice and then centrifuged in an airfuge (5 min,
30 psi). The binding of vF to membranes was determined by
measuring the loss of fluorescence from the supernatant.
Following moderate salt washing, pellets were washed with
an equal volume of distilled water to remove PDE and other
low-salt-extractable proteins, and the fluorescence of this
low-salt supernatant was also measured. The fluorescence of
+F that had not been mixed with ROS was not measurably
affected by changes in ionic strength. In each case, the
background fluorescence from samples devoid of yF was
subtracted from the total fluorescence.

Kinetics of ¥F Uptake by ROS. ROS membranes 2.5 uM
R*) were added to tubes containing dried vF (50 nM final
concentration) in the presence or absence of GTP (0.1 mM).
PDE in this reaction mixture was estimated to be 10 nM. At
various times, aliquots were removed and the membranes
sedimented in an airfuge (30 psi). The fluorescence of the
supernatant solutions and of the resuspended pellets was
measured.

HPLC Gel Filtration Analysis of Bound ~F. +F was in-
corporated into ROS membranes by incubating ¥F (6 nM)
with ROS (67 uM R*) in buffer A, with or without GTP (35
uM) for 30 min at 23 °C. The suspension was diluted by
addition of an equal volume of buffer B and sedimented in an
airfuge (5 min, 30 psi). The supernatant solution containing
free vF was removed, and the washed pellets were resuspended
in a buffer identical with buffer B except for the absence of
NaCl. This suspension was diluted 4-fold with 2 mM MgCl,
to elute PDE and other low-salt-extractable proteins. This
suspension (38 uM R*) was spun for 5 min at 30 psi (airfuge).
The composition of the supernatant solution was adjusted to
that of buffer B by addition of a 10-fold concentrated stock
and centrifuged again to remove traces of ROS membranes.
The low-salt-extracted proteins were then concentrated to 100
uL by using a Centricon 30 membrane and injected onto a
TSK 4000SW gel filtration column equilibrated with buffer
B. The proteins were eluted with buffer B at a flow rate of
1 mL/min and collected in 1-mL fractions. The column was
calibrated with a series of protein standards including purified
PDE holoenzyme and transducin. Fractions were assayed for
fluorescence as described above and for PDE activity following
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FIGURE 2: Retention of activity by both the inhibitory () and the
catalytic (a8) subunits after extensive 5-(iodoacetamido)fluorescein
labeling of PDE. After PDE was treated for 3 h with 5-(iodoacet-
amido)fluorescein as described in the text, the enzymatic activity of
an aliquot (28 nM PDE) was assayed by the pH recording technique.
At the time indicated by the leftmost arrow (¢G), 2 mM cGMP was
added. A very low level of hydrolytic activity was observed, as in the
native enzyme. When trypsin was added to destroy the v subunit,
activation to the level expected for unlabeled PDE was observed,
confirming that «8 retained their catalytic activity and that v retained
its inhibitory activity. Activity prior to trypsin treatment was 2% of
the trypsin-activated level (calculated from the maximal slopes of the
pH record before and after trypsin treatment).

trypsin treatment by using the pH recording method.

RESULTS

S-(Iodoacetamido)fluorescein Labels PDE without Altering
Its Activity. The v subunit of PDE was rapidly labeled by
5-(iodoacetamido)fluorescein, with the reaction essentially
complete within 5 min. The « and 3 subunits were also labeled
but with slower kinetics; the extent of fluorescein incorporation
into & and 8 increased over the entire 3-h incubation period.
The labeling reactions were blocked by prior oxidation using
4,4'-dithiodipyridine, indicating that the SH groups of cysteine
residues were the primary targets for this reagent. Faint
labeling of all three subunits in oxidized PDE was observed
after long incubation times (i.e., >1 h) with the fluorescein
reagent, presumably due to a much slower side reaction with
lysine residues. After 3 h at 23 °C, PDE remained inactive
but was fully activated upon treatment with trypsin (Figure
2). Thus, the labeling of the single sulfhydryl group in the
+ subunit (Cys 68; Ovchinnikov et al., 1986) does not diminish
its ability to inhibit PDE. Likewise, extensive labeling of the
a and 8 subunits with this reagent did not decrease their
catalytic activity. Similar experiments with other sulfhy-
dryl-labeling reagents [5-[[2-((iodoacetyl)amino)ethyl]-
amino]naphthalene-1-sulfonic acid, fluorescein 5-maleimide,
and ['*C]-NV-ethylmaleimide] yielded similar results.

Purification of ¥F by Reversed-Phase HPLC. Previously
published procedures for obtaining active v included gel fil-
tration in acid (Hurley & Stryer, 1982), which gave low yields,
heat treatment (Wensel & Stryer, 1986; Hurley & Stryer,
1982; Dummler & Etingof, 1976), which resulted in either low
yields or contamination by catalytic subunits, and elution from
SDS gels (Wensel & Stryer, 1986), which results in contam-
ination with gel components. To purify ¥F, we made use of
the recent finding (Brown & Stryer, 1989) that y retains
activity after purification by reversed-phase HPLC (Figure
3). Because the HPLC buffer contains only volatile com-
ponents, highly purified vF can be obtained. The peak yF
fraction contained 530 nM fluorescein (on the basis of 440-nm
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FIGURE 3: Purification of ¥F by reversed-phase HPLC. PDE labeled
with 5-(iodoacetamido)fluorescein was applied to a C4 column and
eluted with a gradient from 15% to 65% CH,CN (0.1% TFA
throughout).

absorbance), and 540 nM v [(on the basis of inhibition of
trypsin-activated PDE, assuming a hydrolytic rate of 4200
¢GMP 57! (Hurley & Stryer, 1982)]. Thus, ¥F contained a
single attached fluorescein.

Purified vF Reversibly Inhibits PDE. Two important
characteristics of the inhibitory constraint imposed on PDE
by native v are its removal by tryptic digestion and its reversal
by activated transducin. Purified vF was tested for these
properties. As shown in Figure 4, vF has the following
properties: (1) it inhibits trypsin-activated PDE; (2) it loses
its inhibitory activity upon trypsin treatment; (3) it inhibits
PDE in ROS activated by light and GTP~S; and (4) its in-
hibitory action is reversed by addition of exogenous transducin.

GTP Enhances v¥ Uptake by a Low-Salt-Extractable
Component of Light-Activated ROS. When v was incubated
with illuminated ROS in the presence of GTP, a significant
change in fluorescence intensity was not observed (over the
sum of 4F fluorescence without membranes and membrane
background). When the membranes were centrifuged in
moderate salt (buffer A) 52% of the yF bound to the mem-
branes. In the absence of GTP, 9.4% of the vF was incorpo-
rated. Washing the GTP-treated membrane pellet with low
salt (a step known to remove PDE) removed 67% of the bound
vF. Repeated moderate salt washing, on the other hand, did
not remove vF from these membranes. In contrast, urea-
stripped ROS membranes (from which PDE and other pe-
ripheral proteins have been removed) bind vF (and native v)
very weakly in either low or moderate salt, irrespective of the
presence of GTP (data not shown). Free v and bound F
have essentially the same emission spectrum. Hence, it was
necessary to separate membranes from supernatants to de-
termine the extent of binding.

HPLC Gel Filtration Shows That vF Is Incorporated Ex-
clusively into PDE. To determine whether vF was in fact
incorporated into PDE, a low-salt extract of yF-containing
ROS was analyzed by gel filtration (Figure 5). The major
fluorescent component coelutes from this column with PDE
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FIGURE 4: Reversibility of PDE inhibition by ¥F. (A) Trypsin-ac-
tivated PDE (tPDE, 2.5 nM) was assayed in the presence (lower trace)
or absence (upper trace) of 4F (4 nM). PDE inhibited by vF became
catalytically active when trypsin was added (to 0.1 mg/mL) at the
indicated time. (B) PDE in ROS activated by light and GTPyS. ROS
membranes were exposed to light, and their PDE activity was measured
by the pH method at a concentration of 1| uM R* before and after
addition of GTP~S (25 uM). When +F (26 nM) was mixed with ROS
and GTPyS before addition of cGMP (lower trace), very little cGMP
hydrolysis was observed after GTP+S addition. At the times indicated
by arrows, aliquots of purified transducin (T) were added (final
concentration 2 M), resulting in markedly increased PDE activity.

{~185 kDa) and not with ¥ (9.7 kDa) or with other major
components of ROS. When +F was incubated with ROS
without GTP, the fluorescence coeluted with PDE, indicating
that vF was incorporated into PDE in that case as well; the
integrated intensity of the HPLC fluorescence peak was 53%
of that observed with GTP.

GTP Accelerates the Rate of Exchange of vF with Native
v. Over the course of several incorporation experiments in
which different incubation times were used, it was observed
that the extent of ¥ incorporation into ROS with and without
GTP differed much more in short incubations than in long
ones. A study of the kinetics of incorporation on a time scale
of minutes (Figure 6) revealed the reason. When GTP was
present, v¥ became incorporated into PDE in less than 1 min,
the time resolution of our experiment. In contrast, exchange
occurred with a half-time of about 500 s when GTP was
absent. Thus, GTP (almost certainly acting through T,~GTP)
greatly accelerated the rate of y~F exchange. In addition
to a faster incorporation of ¥F, the maximal incorporation in
the presence of GTP was somewhat higher; this difference
suggests that there may be a small pool of ¥F binding sites on
PDE not accessible in the absence of GTP.

Anisotropy of ¥F Is Increased by Binding to PDE. Figure
7 shows the record of a titration of vF with trypsin-activated
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FIGURE S: Gel filtration analysis showing vF incorporation into PDE.
+F was incorporated into ROS membranes in the presence of GTP
as described in the text. The membranes were washed first with
moderate salt (buffer A) and then with low-salt buffer to remove PDE.
The low-salt extract was concentrated and injected onto a TSK 4000
HPLC gel filtration column. Fractions were assayed for PDE activity
by the pH method, and fluorescence emission was measured at 520
nm with 490-nm excitation. The elution volumes of the following
standards are indicated: catalase (250 kDa, coelutes with blue
dextran); PDE (184 kDa); transducin (85 kDa); BSA (67 kDa);
carbonic anhydrase (30 kDa); ribonuclease A (13.7 kDa); cytochrome
¢ (12.4 kDa).

PDE (PDE,4). As increasing amounts of PDE 5 were added,
the anisotropy (A4) increased from its initial value (A4;) of 0.14,
characteristic of free 4F, to a maximal value (4,) of 0.23,
characteristic of vF bound to PDE. This signal serves as a
measure of the fraction of 4 in a sample that is bound to PDE
(fy), according to f, = (A4 — A/ (A, — A4y).

Correlation of ¥¥ Binding with Inhibition. The lower panel
of Figure 8 shows PDE activity (determined by using the pH
method) measured in samples containing 4.5 nM trypsin-ac-
tivated PDE and varying amounts of y¥F. The upper panel
shows the fraction of PDE sites occupied (f), determined from
emission anisotropy measurements at each v concentration
according to f = f,vo/Po, Where 4 and P are the total added
~ and total PDE, respectively. At lower 4F concentrations,
the activity decreased in a nearly linear fashion with increasing
+F, with activity eventually reduced to an undetectably low
level. The binding curve almost exactly mirrors the inhibition
curve, with f, the fraction of v sites occupied, increasing lin-
early at low v concentrations and approaching saturation at
values above 9 nM.

DiscussioN

We have prepared a fully functional fluorescent derivative
of the inhibitory subunit of retinal rod ¢cGMP phosphodi-
esterase. F, like native vy, inhibits the catalytic activity of
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FIGURE 6: Kinetics of v incorporation into PDE bound to ROS
membranes. ROS membranes (2.5 uM R*, a%proximately 10 nM
PDE) were added to tubes containing dried 4f (50 nM final con-
centration) in the presence or absence of GTP (0.1 mM). At the
indicated times, aliquots were removed and the membranes sedimented
in an airfuge (30 psi). The fluorescence of the supernatant solutions
and of the resuspended pellets was measured (490-nm excitation,
520-nm emission). The fluorescence intensity of the pellets is plotted
as a percentage of the sum of the fluorescence intensity of the pellets
and the supernatants. The curve shown is calculated for a background
of 5.2% (corresponding to approximately S uL of the solution retained
in the pellet from each 100-uL sample), a maximum incorporation
of 10.2%, and a first-order rate constant for uptake of 1.3 X 10*s7".
Theoretical maximal incorporation, assuming equal affinities of y and
~F for PDE, is 16.7%.

PDE,; this inhibition is overcome by the addition of activated
transducin or trypsin. The single fluorescein in 4F is attached
via a sulfhydryl-specific reaction and therefore must be atta-
ched to cysteine 68, the sole thiol in the polypeptide (Ovch-
innikov et al., 1986). The availability of this fluorescent
subunit facilitates probing the activation mechanism by directly
monitoring its interactions with membranes and other subunits.
~F binds very weakly to disk membranes stripped of PDE and
other peripheral membrane proteins. In contrast, 4F was taken
up by PDE bound to membranes, most likely by exchange of
~F for native ¥ in the holoenzyme. Incorporation of 4F was
markedly accelerated by T,~GTP. Thus, transducin induces
the dissociation of v from its binding site on the holoenzyme.

These findings, taken together with previous studies, provide
insight into the mechanism of PDE activation. In model 2a
(Figure 1), activated transducin displaces v from PDE; the
released v stays tightly bound to the membrane. Our finding
that + binds only weakly to the membrane excludes model 2a.
In model 1a, T,~GTP carries ¥ away from PDE and forms
a membrane-bound complex with y. This model is supported
by the finding that a complex of T,~-GTP~S and v can be
released from disk membranes by washing them with a low
ionic strength buffer (Deterre et al., 1986). Models 1b and
2b, in which « is released from the membrane during the
activation process, were ruled out previously by SDS—poly-
acrylamide gel analyses showing very little v in supernatants
of GTPyS-activated ROS that were centrifuged (Wensel &
Stryer, 1986; Deterre et al., 1987). Likewise, repeated washing
of activated membranes did not yield a pellet containing
permanently activated PDE. Our finding that activated
transducin markedly accelerates the incorporation of 4F into
PDE (Figure 6) excludes model 3, in which v is presumed not
to leave its binding site on PDE during activation. Models
3 and 4 are also inconsistent with the finding that PDE activity
is reciprocally controlled by y and T,-GTP (Wensel & Stryer,
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FIGURE 7: Anisotropy of vF as a function of added trypsin-activated
PDE. The emission anisotropy of ¥ (8.7 nM) was monitored con-
tinuously while aliquots of trypsin-activated PDE were added to the
stirred 1.5-mL sample. The large vertical spikes mark PDE additions.
The first six PDE additions were 2 uL each, and each increased the
total PDE by 0.82 nM. The final two additions were 4 uL each,
resulting in total PDE concentrations of 6.6 and 8.2 nM, respectively.
Emission of vF at 540 nm was excited by a vertically polarized laser
beam (476.7 nm) and monitored simultaneously by two photomul-
tipliers fitted with polarizing prisms oriented vertically (F,) or hor-
izontally (Fy). Anisotropy was calculated according to A = (gF, -
Fy)/{gF, + 2F,), where g = F,/F, measured with horizontally po-
larized excitation. Background fluorescence, measured with a buffer
blank containing PDE and no vF, made a negligible contribution to
the total signal. The total emission intensity of ¥F (F, + 2F}) was
not measurably changed by the addition of tPDE. The inset shows
the percent of ¥F bound to tPDE (100fy), calculated as described in
the text by using the anisotropy data and plotted as a function of added
trypsin-activated PDE (tPDE).

1986). Model 3 cannot account for the inhibition of trans-
ducin-activated PDE by the addition of exogenous y. Model
4 predicts that the addition of a second equivalent of v should
lead to inhibition that cannot be reversed by subsequent ad-
dition of T,~GTPS, contrary to what is found experimentally.

Thus, the evidence strongly favors model 1a. However, this
simple picture must now be modified to take into account the
recent finding that PDE holoenzyme contains two v subunits
(aBy7) instead of one (aBy) (Deterre et al., 1988). An ac-
tivation scheme that incorporates this finding is shown in
Figure 9. Two new questions are posed by the existence of
two v binding sites: (1) What are the relative activities of
afyy, T-aBvyy, T-aBy, afy, and ¢8? (2) What are the
equilibrium and kinetic constants connecting these states?

Our experiments with trypsin-activated PDE and yF shed
light on the relative activity levels of a8vy~y, a8y, and a8, as
well as on the equilibrium constants for association of v with
these two complexes. Our finding that inhibition of catalytic
activity parallels the binding of v (Figure 8) suggests that the
binding of each ~ subunit inhibits about half of the total
activity. Thus, a8y~ has almost no activity (<1% of af),
whereas a8y has 50% of the activity of a8. To illustrate this
point, Figure 8 depicts theoretical curves predicted by two
contrasting models. In the first, «8yy and afvy are assumed
to be inactive (i.e., binding of one v subunit inhibits com-
pletely), whereas in the second a8 and aBy are assumed to
be equally active (i.e., both y subunits must bind for any
inhibition to occur). In both cases it is assumed that the two
binding sites have equal affinities, and both dissociation con-
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FIGURE 8: Titration of trypsin-activated PDE with 4F. Both the
catalytic activity and 4F emission anisotropy were measured as a
function of ¥F added to trypsin-activated PDE (4.5 nM). The ex-
perimental points in the upper panel (open circles) were obtained from
anisotropy measurements, which report on the binding of 4F, and are
plotted as the fractional occupancy, f, of the v binding sites on PDE.
The solid circles in the lower panel depict PDE activity, which was
determined from the hydrolysis of cGMP. The following assumptions
about the activity of different PDE—y complexes were used to calculate
the theoretical curves a—¢: curve a, af fully active, afyy and aBy
completely inactive; curve b, afy half-active, o fully active, aByy
completely inactive; curve ¢, a8y and af fully active, a8y inactive.
The binding curve d and curves a~c were all calculated by assuming
a Ky of 10 pM and two + binding sites per PDE.
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FIGURE 9: Model for activation of PDE by transducin. Symbols for
subunits are as in Figure 1. The inactive (dark) form of PDE is
assumed to be afyy. T (T,~GTP) binds to this complex, forming
T-afvyy. T-v dissociates from this complex and stays bound to the
membrane, leaving T-afy. A second molecule of T can react with
afy to give T-aBy and then dissociate to form a second mem-
brane-bound T—vy complex.

stants are on the order of 10 pM (Wensel & Stryer, 1986).
This assumption is consistent with the shape of the experi-
mental titration curves, which indicate nearly stoichiometric
binding over most of the titrations. In this simple case, the
fraction of PDE in each of the three states a8, a8+, and afvyy
can be calculated from the binomial distribution given the
fraction of PDE’s ¥ sites that are occupied, £ [af]/Py = (1
- N% [aBY1/Po = 2f01 - /); [aByY]/Py = f2. The fraction
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of occupied v binding sites can in turn be calculated from the
total PDE, Py, the total 4F, v,, and the dissociation constant,
Kq according to f = 1 /(2Pg)[vo — (=b + (62 + 4oKy)'/?) /2],
where b = Ky — ¥ + 2P, Figure 8 shows the result expected
for each model; curve a, calculated for the case where binding
of a single v results in complete inhibition, displays marked
curvature and is concave upward, whereas curve ¢, calculated
for the case where binding of two v subunits is necessary for
inhibition (i.e., where a8 is fully active), displays a similar
degree of curvature but is concave downward. These models
are clearly inconsistent with the data. In contrast, curve b,
predicted for the case where a3y has half the activity of a3,
is linear over most of the titration and is consistent with the
data. The binding curve, d, does not depend on the activity
levels of the different states but does depend on the assumed
number of sites, the concentration of added 4F, and the as-
sumed K. The agreement of the data with the curve predicted
by using the same parameters used to generate curves a— (i.e.,
curve d) confirms that the estimates of total number of +
binding sites (two per PDE), the v concentration, and K (10
pM) are reasonable and that errors in these parameters cannot
account for the discrepancy between the data and curves a and
c.

The simplest model consistent with the data, then, is the one
shown in Figure 9, which is formally equivalent to model 1a
(Figure 1). Two molecules of T must interact with each PDE
to form af and fully activate the PDE. However, the inter-
mediate state, a3y, is also active, with a catalytic activity about
half that of ag.

We do not know whether T-aB8y+ or T-af¥ is active or
how much of each is present at equilibrium. However, the
~F exchange kinetics point to a central role for a T-af8yy
complex in either case. T cannot accelerate the dissociation
of 4 from holo-PDE without first binding to the a8+ com-
plex. Thus, T-afBy+ must be the first intermediate formed
in the activation reaction.

The model depicted in Figure 9 can serve as a working
hypothesis to guide further experiments aimed at elucidating
the activation mechanism. Direct measurements of subunit
interactions (e.g., using fluorescence energy transfer and other
techniques) will be important in testing this model and in
elucidating the activation mechanism and the structures of the
intermediates. The methods described here for preparing
functional PDE specifically labeled in the v subunit, and
potentially with different labels on each of two 4 subunits,
should facilitate these experiments.
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