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ABSTRACT The cGMP phosphodiesterase (PDE) of cat-
tie retinal rod outer segments comprises three types of sub-
units: the two heavy catalytic ones, PDEa and PDE.8, each
around 85 kDa, and the light inhibitory one, PDEy or I (11
kDa). The relative stoichiometry is usually assumed to be
1:1:1. PDE activation in the visual transduction cascade
results from removal of the inhibitor by the a subunit of
transducin (Ta). The stoichiometric complex Ta-I, separated
from activated PDE, has been isolated and characterized.
Analyzing now the activated PDE, we find that it still contains
some inhibitor and is resolvable into two species, one with 50%
of the inhibitor content of the native enzyme and the other
totally devoid of it. The same two species are observed upon
activation of PDE by very short tryptic proteolysis, which
specifically degrades the inhibitor. This leads us to conclude
that the composition of the native enzyme is PDEa8-I2. The
two inhibitory subunits are differentially bound, sequentially
removable, and exchangeable between the native complex
PDEa3-I2 and the fully active PDEaqt. The possibility of this
exchange precludes as yet an unambiguous estimate of the
actual activity of the intermediate complex PDEaI3-I. The
differential binding and the exchangeability of the inhibitors
raises the possibility of a fast, diffusion controlled, switch-off
mechanism ofPDE activity after a flash, which would shortcut
the inactivation resulting from the slow GTPase rate of
transducin.

In vertebrate retinal rod outer segments (ROS), the photo-
reception process leading from photoexcitation of rhodopsin
to hyperpolarization of the cell membrane is mediated by a
rapid cGMP hydrolysis (1-3). The cGMP phosphodiesterase
(PDE) responsible for this activity is a multisubunit protein,
peripherally attached to the disc membrane, consisting of a
heterodimeric catalytic complex: PDEa (90 kDa) and PDE,8
(85 kDa), associated with at least one inhibitory subunit,
subunit I (11 kDa) (4, 5). This PDE can be activated by
trypsin (6), which proteolyzes subunit I and relieves the
activity of the catalytic complex PDEap. The inhibitor has
been purified and shown to be able to inhibit the activity of
purified PDEa,3 (7). Studies and analysis of the regulation of
activity of trypsin-activated PDEa3 by purified inhibitor
have been performed under the simplest assumption: that a
single inhibitory subunit blocked the activity of the catalytic
complex (8, 9).
The natural activator of PDE is transducin (T), the G

protein specific to retinal rods (10-12). As for other G
proteins, upon the GDP/GTP exchange catalyzed here by
photoexcited rhodopsin, the Ta-GTP (39 kDa) subunit dis-
sociates from TfBy (37 kDa + 6 kDa). Ta is released from the
membrane into the solution, diffuses to interact with the
PDE complex, and relieves the inhibition of PDE activity.

We have recently demonstrated (13) that permanently acti-
vated Ta-guanosine 5'-[y-thio]triphosphate (GTP['yS]) binds
the PDE inhibitor and forms a membrane-bound stoichio-
metric Ta-I complex physically dissociated from the acti-
vated PDE. Extending our work to purification of this
activated PDE, we have separated two different active PDE
species, one of them still containing about one-half of the
inhibitor content found in the inactive PDE and the other
totally devoid of inhibitor. Similar results were obtained
upon limited proteolytic activation of PDE, leading us to
propose here that the inactive PDE complex includes two
inhibitory subunits. This opens possibilities of subtle regu-
lation processes of PDE activity by transducin.

MATERIALS AND METHODS
Sample Preparation. ROS membranes were prepared as

described (14) and preserved at - 80'C. The thawed pellets
were homogenized, illuminated, and then washed in medium
salt buffer, to eliminate some minor proteins not relevant to
this study. Extraction and "crude" purification were then
carried out using the light, nucleotide, and ionic-strength
dependence of binding of the species (14). Crude PDE was
obtained by low ionic strength extraction of the illuminated
membrane pellet and crude transducin was obtained by
subsequent extraction of the same pellet after addition of 100
,uM GTP[yS]. Total extract was obtained by direct low ionic
strength extraction of an illuminated membrane pellet in the
presence of GTP[yS]. Low salt buffer was 5 mM Hepes/1
mM dithiothreitol, pH 7.5; medium salt buffer was 20 mM
Hepes/120 mM KCl/1 mM dithiothreitol, pH 7.5. Rhodop-
sin concentration in all extraction procedures was 2 mg/ml.
GTP[yS] was used at 100 ,uM.

Protein Chromatography. Separation and purification of
transducin subunits, native PDE, and the various PDE units
were performed as described (15), on an ion exchange
column (Polyanion SI from Pharmacia) (unfortunately this
very efficient column is not commercially available any-
more, but we have a stock of them). Elution was obtained by
Na2SO4 gradients (from 0 to 600 mM) in a buffer containing
20 mM Hepes, pH 7.5/1 mM MgSO4/5 mM 2-mercaptoeth-
anol. Various gradient programs were used to optimize the
separation of the different PDE species (see figure legends).
Proteins were eluted from the column (0.5 ml/min) followed
by UV absorption. Fractions (250 ,ul) were collected.

Protein Titration. The protein content of crude extracts, of
purified solutions, or of fractions eluted from the column
were estimated through the Coomassie blue colorimetric
assay with bovine serum albumin as a standard. For analysis
of elution fractions NaDodSO4/PAGE was performed on
16% acrylamide gels (16). Gels were stained with Coomassie

Abbreviations: ROS, rod outer segments; T, transducin; PDE,
retinal cGMP phosphodiesterase; GTP[yS], guanosine 5'-[y-thio]-
triphosphate.
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blue, and estimates of the relative protein content were
derived from densitometry of the gels. (See text and Fig. 2
legend for linearity check.)
PDE Activity Assays. PDE activity of the elution fractions

was measured by the pH metric method (17) at 20TC. Elution
fractions (50 ILI) were added to 350 ,AL of a medium containing:
20 mM Hepes, pH 7.5/2 mM MgCI2/500 mM KCl. The PDE
velocity was determined after adding 7.5 ul of 25 mM cGMP.
Under such conditions, in the absence ofROS membrane, the
turnover rate of PDE fully activated by trypsinization was
-1000 mol of cGMP per sec per mol of PDE.

RESULTS
PDE Activated by Ta-GTP[yS] Is Separable in Two Species

That Differ in Inhibitor Content and Specific Activity. When
retinal rod membranes have been fully illuminated, if GTP is
suppressed from the medium, transducin binds quantita-
tively to photoexcited rhodopsins on the discs (11). Crude
PDE (80% pure) can then be extracted from the membrane
pellet by low ionic strength washing. This PDE has a very
low basal activity. On gel filtration column and our Pharma-
cia FPLC Polyanion exchange column, it elutes as a single
peak (Fig. LA). NaDodSO4/PAGE of the peak fractions
shows that it contains the three types of subunits-PDEa,
PDEP, and I. The two larger subunits, which have nearly
identical molecular masses and are very closely related (4),
are present in equal molecular amounts, but the relative
stoichiometry of the very small inhibitor subunit cannot be
reliably estimated from densitometry of the gel fractions.
When, after the extraction of PDE, GTP[yS] is added to

the illuminated ROS membrane pellet, transducin is acti-
vated and released from R*. It can be extracted quantita-

FIG. 1. Separation of activated from inactive PDE by ion
exchange chromatography. (A-C) Elutions by a Na2SO4 gradient of
various ROS extracts loaded on a Pharmacia FPLC Polyanion
column. Each extract was obtained from aliquots of ROS membrane
suspensions containing 5 mg of rhodopsin. The gradient slope is 8.8
mM/ml from 0 to 130 mM and 16.6 mM/ml above 130 mM, and the
elution rate is 0.5 ml/min. The profile is shown between 50 mM and
400 mM Na2SO4. (D) NaDodSO4/polyacrylamide gel of fractions
from the indicated region.

tively from the membrane pellet (crude transducin) by low
ionic strength washing. On the ion exchange column, this
active transducin elutes as two peaks corresponding to the
separated subunits Ta-GTP[yS] and T/3y (Fig. 1B).
But if GTP[yS] is added to the illuminated membranes

before the low ionic strength extraction, transducin interacts
with PDE before both proteins are extracted. On the ion
exchange elution profile of this total extract, a supplemen-
tary peak is then found to precede the Ta-GTP[yS] and T,(y
peaks (Fig. 1C). We previously characterized this peak (13)
as due to the formation of a stoichiometric complex Ta-I,
which is dissociated from the activated PDE complex. The
dissociation is not an artifact because of strong interactions
with the charges of the ion exchange resin: on a gel filtration
column, part of the inhibitor is also dissociated from the
heavy catalytic complex of the PDE (13) and migrates with
an apparent molecular mass around 50 kDa, close to that of
Ta. This represents most probably the Ta-I complex that is
not resolved from free Ta on this column.
Under the usual assumption of 1:1:1 relative stoichiometry

of the a, A, and I subunits in PDE, one would expect the
activated PDE resulting from the removal of inhibitor by Ta
to be devoid of subunit I. We wondered whether this acti-
vated PDE could be separated from the native one. Indeed,
we found on the ion exchange elution profile of the GTP[yS]-
activated total extract, in addition to the peak corresponding
to the inactivated PDE of the crude extracts, a second PDE
peak that eluted at higher salt concentration. To our surprise,
this peak contained, besides the PDEa and PDE,8 catalytic
units, a significant amount of inhibitory subunit (Fig. ID).
But, after slightly modifying the gradient program and loading
the column with total extracts from larger membrane samples
(>10 mg of rhodopsin), we noticed that the second peak could
be resolved into two partially overlapping components (Fig.
2A): a major one in which the ratio I/PDEaB3 was about
one-half of that measured in the inactive PDE peak, and a
minor one that appeared totally devoid of I (Fig. 2C). As the
small inhibitor stains much less than the catalytic subunits,
the quantitation of inhibitor staining and its normalization to
that of PDEaf was based on the scanning of many gels with
different loads of the same fractions. The total protein content
of the elution fractions was also independently estimated by
the Coomassie blue colorimetric method in solution, and this
calibration was used to normalize the loads of the fractions
compared on gels. This complete procedure was repeated on
three preparations, and partial checks were made on three
others. The ratio I/PDEaP in the major PDE peak resulting
from the action of Ta-GTP[yS] was constantly found to lie
between 40%6 and 60%o of that found for the inactive PDE peak
in the same preparation.
Measurements of the cGMP phosphodiesterase activity of

the peak fractions indicated that both components of the new
peak corresponded to activated PDE and, indeed, resolved
these components better than did the UV elution profile
(Fig. 2A). The specific activity was more than twice as high
for the PDE that is totally devoid of inhibitory subunit than
for that of the first component. The simplest interpretation
for the existence of three PDE peaks with 2:1:0 relative
amounts of inhibitor for a normalized amount of PDEa.3 is
that they correspond, respectively, to inactive PDE with two
inhibitory subunits and to two different states of activated
PDE with, respectively, one and zero inhibitory subunit. We
thus denote the three PDE peaks as PDEaf3-I2 (inactive),
PDEa(3-I, and PDEaP3.

Further experiments were performed, first by incubating
crude PDE with crude transducin solutions in the absence of
membranes and then by incubating purified inactive PDE
with purified Ta-GTP[yS], separated from T,8y. The same
qualitative pattern of PDE eluting in three peaks was always
found, but the relative amounts ofPDE in the different peaks
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FIG. 2. Analysis by ion exchange chromatography and charac-
terization of the three different states of PDE obtained upon
activation by Ta-GTP[yS]. A total extract was prepared from a
suspension of ROS membranes containing 11 mg of rhodopsin and
was chromatographed. (A) Elution profile (-) and cGMP hydrolysis
activity of the elution fractions (---). The Na2SO4 gradient slope is
16.6 mM/ml from 0 to 180 mM and 53 mM/ml above 180 mM. The
profile is shown between 150 and 400 mM Na2SO4. (B) Na]DodSO4/
PAGE of underlined fractions (80 Al per well). The bands around 30
kDa are from an unknown contaminant also present in crude
inactive PDE preparations. (C) Densitometry of the Coomassie
blue-stained gel. To get reliable above-background gel stain detec-
tion of the weak inhibitor band, this gel had to be overloaded for the
PDEa,8 doublet. Linearity of the densitometric scan of the subunit I
band was checked by varying the gel load by factors of 2 on specific
fractions. Densitometry of the PDEaP doublet was performed on
another gel loaded with only 10 jul per well of the same elution
fractions. The ratio of the optical densities of subunit I and PDEa3
bands is arbitrarily normalized to 100%o for the first PDE peak.

depended on the contents of Ta-GTP[yS] and PDEa,-I2 in
the initial mixture. However, even with a ratio of 100 Ta per
PDEa8-I2 in the mixture before elution, the stripping of
subunit I from PDECaP-I2 was far from complete, and the
PDEaP peak remained much smaller than PDEaP-I (Fig. 3).
As discussed later, the yield of stripping of inhibitor from
PDE might depend on transducin concentration rather than
on its stoichiometry with respect to native PDE.

Analogies Between Ta-GTP[ySJ-Activated PDE and PDE
Activated by Short Proteolysis. Trypsin activates PDE by
degrading the inhibitory subunit (6, 7). We first observed
that after the usual treatment of crude PDE by trypsin (9) the
activated enzyme eluted on the ion exchange column as a
single peak, totally devoid of inhibitor. Its position coincided
with that of the minor peak, devoid of inhibitor, observed
after GTP[yS] activation, and its specific activity (Vmax,
-1000 cGMP hydrolyzed per sec per PDE molecule) was
very close to that measured previously for this minor peak.
We then analyzed the progressive effect of mild tryptic
digestion at 0C (Fig. 4): upon a very short digestion time,
the native PDE peak decreases first to give rise to a major
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FIG. 3. Activation of purified PDE by purified Ta-GTP[yS].
The elution profiles were obtained after loading on the column
solutions containing 0.04 /.LM PDE + 0.4 ,uM Ta-GTP[yS] (--) and
0.04 IzM PDE + 4 t&M Ta-GTP[yS] (-). The increase on the left is
due to the tail of the Ta peak.

peak that elutes at the same ionic strength as the PDEaI-I
peak observed previously with Ta-GTP[,yS] and a minor
proportion of PDE totally devoid of inhibitor. Only upon
longer digestion does the native PDE peak disappear com-
pletely, then the PDEaf3-I peak decreases on its turn to be
replaced quantitatively by the peak devoid of inhibitor. This
later peak is fairly resistant to further proteolysis: it is not
significantly degraded after 20 min of the same treatment (at
0WC). Densitometry of the gels of the various elution frac-
tions confirmed that the relative inhibitor content in the
three peaks obtained upon proteolysis are in the same 2:1:0
ratio as obtained for transducin-activated PDE. The specific
cGMP phosphodiesterase activities of the two trypsinized
PDE species are, within the accuracy of our calibrations,
identical to that found for the corresponding transducin-
activated species (compare activity data in Figs. 2 and 4).
But, by contrast with transducin-induced activation, which
under our conditions always produced only a small propor-
tion of totally stripped PDEa/3, tryptic activation leads easily
to nearly pure PDEaf3.

FIG. 4. Activation of PDE by progressive trypsinization. (A)
Elution profiles of 1-ml aliquots of crude PDE extracts (containing
80 pug of PDE) that were proteolyzed by trypsin (40 zg of L-1-
tosylamido-2-phenylethyl chloromethyl ketone-treated trypsin) for
various times at 0C (sample in melting ice). The proteolysis was
blocked by adding 200 pAg of soybean trypsin inhibitor. --, 0 min
(inhibitor added before trypsin); -.-, 1 min; -, 5 min. (B) Elution
profile of a 2-ml crude PDE extract proteolyzed for 3 min (same
conditions as in A). -, Optical density; ---, cGMP hydrolysis
activity of the eluted fractions.
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EFFECTS OF VASCULAR DISTENTION ON LUNG INFLATION
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FIG. 7. THE RELATIONSHIP BETWEEN PULMONARY
VASCULAR PRESSURE AND VOLUME, AND AIRWAY (TRANS-
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sure followed within a few seconds the onset of
congestion. The direction of change was toward
subatmospheric; that is, the force which developed
acted in the direction of expanding the lungs. (It
will be recalled from the description of the prepara-
tion that gas was not permitted to enter the lungs.)
The change in airway pressure correlated well with
the level of vascular pressure, ranging from about
1 cm. of water at a vascular pressure of 20 cm. of
water, up to nearly 5 cm. of water at vascular
pressures of 50 to 70 cm. of water. The largest
distending pressure developed in any lung in this
series was 5 cm. of water.
At lower degrees of congestion, airway pressure

approached equilibrium asymptotically and re-
turned nearly to control level when congestion was
reversed. At the highest vascular pressure, the
response was biphasic: Initially, as before, airway
pressure became subatmospheric, but it shortly re-
versed its direction and became positive relative to
the atmosphere if the congestion was sustained
long enough. This reversal appeared to corre-
spond to formation of increasing amounts of
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FIG. 8. THE EFFECT OF VASCULAR CONGESTION ON
AIRWAY PRESSURE, SHOWING THE CHANGE IN SIGN IN
THE AIRWAY DtJRING EDEMA FORMATION

edema. (The lungs were seen to increase sig-
nificantly in volume.) It is noteworthy that, sub-
sequent to this step, the response of airway pres-
sure to lower levels of vascular pressure was sig-
nificantly reduced (Figure 8).

In the human stillborn lung, pulmonary arterial
pressure could not be transmitted to the left atrium.
For this reason the procedure was reversed and
left atrial pressure was elevated in an attempt to
open the vascular system from the other direction.
There was no retrograde transmission of pressure
either, until atrial pressure reached 80 cm. of wa-
ter; at this point arterial pressure rose suddenly
to about 70 cm. of water. Associated with this ex-
treme elevation of vascular pressure was a slight
biphasic change in airway pressure; that is, there
was a transient negative phase followed by a posi-
tive one (Figure 9).
The results of experiments on fetal puppies were

less clear-cut, probably because of leakage out of
the vascular system. The largest change induced
in airway pressure during filling of the blood ves-
sels was less than 1 cm. of water.
To ensure that pressure changes measured with

the gas-filled recording system (tracheal cannula
and pressure tubing) were a valid reflection of
changes occurring at the alveolar level, two ad-
ditional procedures were done. One was to place
a gas-free cat's lung in an air-tight, stoppered glass
jar; the lung was supported by its tracheal can-
nula leading through the stopper to a transducer;
several sizes of cannulae and lengths of tubing
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FIG. 9. PRESSURE TRACINGS OBTAINED DURING ELE-
VATION OF THE LEFT ATRIAL PRESSURE IN THE LUNGS
OF A HUMAN STILLBORN
Note the very minimal changes in airway pressure ac-

companying vascular distention.
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which means a lifetime of the order of 10 to 1000 sec for the
bound state. The response time of PDE activation by trans-
ducin is <100 msec (1). This stage of activation must
therefore proceed through the formation of an intermediate
state Ta-I-PDEaf3 in which transducin binds to the inhibitor
in the native PDE complex and modifies its conformation to
a state I*, which has a lower affinity for the catalytic
complex, so as to allow its fast dissociation, according to the
scheme: Ta + I-PDEaf3KjTa-I-PDEaI3= Ta-I*-PDEap =
Ta-1* + PDEaf3. The first binding step implies that the rate
of activation of PDE, which depends on the ratio [Ta-I-
PDE]/[I-PDE] = [TaI/Kd, is controlled by the concentra-
tion of transducin rather than its stoichiometry relative to
that of native PDE.

For the affinity of the second inhibitor for PDEa,-I, no
estimate has been made, as its existence was unsuspected.
However, Sitaramayya et al. (8) observed that in broken ROS
light-activated PDE, which is transducin-activated PDE,
needed much higher inhibitor concentration to be inactivated
than does the trypsin-activated enzyme. In our hands (Figs. 2
and 3), activation by transducin in vitro produces mostly
PDEa(3-I. The low affinity (0.4 AM) evaluated in ref. 8 from
inactivation curves may then be taken as an order of magni-
tude guess for the affinity of I for PDEa.3-I in the equilibrium:
I + PDEa(3-I PDEa(3-I2. With such an affinity, the rate
constant for the dissociation of one inhibitory subunit from
the native PDE-I2 could be in the subsecond range.

Is the High Concentration of Transducin Found in Vivo
Required for Full Activation of PDE? It would not make
sense that, in the physiological response, light could not fully
activate the PDE. The low rate of activation by transducin in
vitro, as compared to proteolytic activation, is probably due
to the low concentrations of active transducin that are used
for in vitro assay, as compared to the concentration that may
be reached in vivo, around a photoexcited rhodopsin mole-
cule. In our assays, as in all other published experiments, the
concentration of transducin is, at most, in the micromolar
range. This appears sufficient to strip most PDE of one
inhibitor, but not of both their inhibitory subunits. In vivo,
within a few hundred milliseconds of the absorption of a
photon, all of the transducin molecules surrounding the
photoexcited rhodopsin are activated, and all of the Ta-GTP
subunits are liberated. The local concentration of Ta-GTP in
the cytoplasmic cleft between two discs may then reach 500
,M (19). This is 2 orders of magnitude higher than that
commonly used in vitro and probably sufficient to fully
activate, at least transiently, surrounding PDE molecules.
Exchange of Inhibitor Between the Three States of PDE

Hinders the Estimate of the Specific Activity of PDEafi-I. In
Fig. 5, inhibitor exchange is observed in a sample in which
the two original components, PDEaJ3-12 and PDEaf3, had
incubated together for a few minutes before the separation of
the different complexes on the ion exchange column. No
attempt has yet been made to reduce this time and study the
exchange rate. The activity measurements on elution frac-
tions (Figs. 2 and 4B) were always performed long after their
isolation, so one expects that in each fraction an equilibrium
has been reached. Therefore, the measured activity cannot
be attributed to the single state that was originally isolated.
The ratio of activities for fractions of the PDEaf3 peak versus
that of the PDEaf-I peak is between 2 and 2.5. This value
does not allow us to exclude one of two extreme hypotheses.
The first would be that PDEa3 has exactly twice the activity
of PDEaf3-I; the two catalytic subunits are functionally
identical and work independently, each one being blocked
by its inhibitor; removing one inhibitor releases exactly
one-half of the total activity. The other hypothesis would be
that the a and 8 subunits form a unique catalytic complex
that is active only when both inhibitory subunits have been

removed: only PDEaf3 would be active, and the activity
measured on the fractions from the PDEaf3-I peak would
result entirely from the PDEap generated by exchange: 2
PDEap-I = PDEap3 + PDEap-12. In the first hypothesis,
the PDE activity depends linearly on the inhibitor content of
the sample, as if there were only one inhibitor per complex.
The other, more interesting, alternative,which also applies
for any intermediate case where PDEaf3-I has less than
one-half the activity of PDEa,(, allows for nonlinear cou-
pling between inhibitor removal and PDE activity and per-
mits speculation on possible regulation mechanisms.
A Speculative Regulation Model. Dilution of transducin and

exchange of inhibitor between inactive PDEaf3-I2 and fully
activated PDEaJB could regulate the overall PDE activity in
vivo. The rapid termination of the rod physiological response
requires that every step of the cGMP cascade be rapidly
blocked after a flash (1). Photoexcited rhodopsin itself is
rapidly inhibited by phosphorylation followed by arrestin
binding (20). But for decoupling transducin from PDE, the
GTPase rate of transducin seems too slow to account for a
rapid turn-off correlated with the decay of Ta-GTP. We
have already pointed out that in vivo, around a single
photoexcited rhodopsin, the Ta-GTP concentration in-
creases temporarily high enough to fully strip and maximally
activate the PDE. But as Ta-GTP, which is very soluble,
diffuses away into more distant membrane areas its concen-
tration becomes too low to produce any more PDEaf3. The
initially formed PDEa'p also diffuse away into areas where
they encounter excess native PDEaf3-12. One might then
speculate that exchange of inhibitor between PDEa,83-2 and
PDEa,3 could lead to a decrease of total PDE activity if
PDEaB-I has less than one-half the activity of PDEap. For
this latter process to be kinetically significant, the dissocia-
tion rate constant of one subunit I from PDE-42 should be in
the subsecond range, as discussed above. Both of these
diffusion-dependent processes could allow a rapid quenching
1f the PDE activity that would precede the permanent
inactivation of transducin resulting from GTP hydrolysis.
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