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ABSTRACT: In response to light, a photoreceptor G protein, transducin, activates cGMP-phosphodiesterase
(PDE6) by displacing the inhibitoryγ-subunits (Pγ) from the enzyme’s catalytic sites. Evidence suggests
that the activation of PDE6 involves a conformational change of the key inhibitory C-terminal domain of
Pγ. In this study, the C-terminal region of Pγ, Pγ-73-85, has been targeted for Ala-scanning mutagenesis
to identify the point-to-point interactions between Pγ and the PDE6 catalytic subunits and to probe the
nature of the conformational change. Pγ mutants were tested for their ability to inhibit PDE6 and a chimeric
PDE5-conePDE6 enzyme containing the Pγ C-terminus-binding site of cone PDE. This analysis has
revealed that in addition to previously characterized Ile86 and Ile87, important inhibitory contact residues
of Pγ include Asn74, His75, and Leu78. The patterns of mutant PDE5-conePDE6 enzyme inhibition suggest
the interaction between the PγAsn74/His75 sequence and Met758 of the cone PDE6R′ catalytic subunit.
This interaction, and the interaction between the PγIle86/Ile87 and PDE6R′Phe777/Phe781 residues, is most
consistent with anR-helical structure of the Pγ C-terminus. The analysis of activation of PDE6 enzymes
containing Pγ mutants with Ala-substituted transducin-contact residues demonstrated the critical role of
PγLeu76. Accordingly, we hypothesize that the initial step in PDE6 activation involves an interaction of
transducin-R with PγLeu76. This interaction introduces a bend into theR-helical structure of the Pγ
C-terminus, allowing transducin-R to further twist the C-terminus thereby uncovering the catalytic pocket
of PDE6.

In retinal rod and cone cells, visual heterotrimeric G
proteins, transducins, couple photoexcitation of rhodopsin
and cone opsins to marked activation of cGMP phosphodi-
esterases (PDE6 family) (1, 2). In rod cells, the activity of
the effector enzyme is inhibited in the dark as a result of the
tight binding of two inhibitory γ-subunits (Pγ)1 to the
catalytic heterodimer, PDERâ. Cone holoPDE is comprised
of a catalytic homodimer, (PDER′)2, and two cone Pγ
subunits. Biochemical studies suggest that the inhibition of
PDE6 involves a direct block of PDE catalytic site(s) by the
C-terminal tail of Pγ (3, 4). During the photoresponse, the
activated GTP-bound transducinR-subunit (GtRGTP) inter-
acts with and displaces the Pγ C-terminus from the active
site(s). A recent crystallographic study revealed the structure
of the C-terminal half of Pγ, Pγ-46-87, in a complex with
GtR (5). The structure provided the first molecular details
about the mechanism of PDE activation by transducin. It

shows that several C-terminal residues of Pγ interact with
the switch II-R3-helix cleft of GtR. It appears that GtR
induces a conformational change in Pγ allowing it to engage
and occlude Pγ residues required for PDE inhibition.
However, the nature of the conformational change in Pγ
leading to PDE activation remains unclear since the confor-
mation of Pγ in complex with the PDE6 catalytic subunits
is unknown. Furthermore, although the inhibitory role of the
Pγ C-terminus is well-established (6-8), the role of indi-
vidual Pγ C-terminal residues has not been carefully
examined.

An efficient expression system for the wild-type PDE6
has not yet been developed. PDE6 shares many common
characteristics with cGMP-binding cGMP-specific PDE
(PDE5) such as a common general domain organization, a
high degree of homology of their catalytic domains, a strong
substrate specificity for cGMP, and sensitivity to the same
competitive inhibitors, zaprinast and dipyridamole (9).
Furthermore, PDE5 can be readily expressed using the
baculovirus/insect cell system. Therefore, our approach to
studying the structure-function relationship of PDE6 has
been to generate chimeras between PDE6 and PDE5 (10).
A homodimeric catalytic cone PDE6R′ was selected as a
PDE6 template for the construction of chimeric proteins to
avoid complications arising from the heterodimeric nature
of the rod enzyme. Recently, through Ala-scanning mu-
tagenesis of a chimeric PDE5-PDE6R′ enzyme (Chi16)
contaning the Pγ-binding site (PDE6R′-737-784), we identi-
fied three Pγ contact residues on cone PDE6R′, Met758,
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Phe777, and Phe781 (11, 12). A model of the PDE6R′ catalytic
domain shows that Met758 and Phe777/Phe781 are localized at
opposite sides of the catalytic pocket perimeter (12).
Moreover, the inhibition of mutant PDE5-PDE6R′ enzymes
by Pγ mutants, PγI86A and PγI87A, indicated that Ile86 and
Ile87 of Pγ interact with Phe777 and Phe78l of PDE6R′ (12).
These findings suggest a general orientation, but not a
PDE6R′-bound conformation of the Pγ C-terminus. In this
study, we have extended the Ala-scanning mutagenesis of
the Pγ C-terminus to residues Pγ-73-85 to identify the point-
to-point contacts with PDE6R′. A panel of C-terminal Pγ
mutants has been tested for the inhibition of PDE6 activity
and for the activation by transducin, when reconstituted with
PDE6. On the basis of this analysis, we propose a model
for the PDE6-bound structure of the Pγ C-terminus and
hypothesize about the conformational rearrangement upon
its interaction with transducin.

EXPERIMENTAL PROCEDURES

Materials. cGMP, GTPγS, and T4 DNA ligase were
obtained from Roche Molecular Biochemicals. [3H]cGMP
was a product of Amersham Pharmacia Biotech. All restric-
tion enzymes were purchased from New England Biolabs.
AmpliTaq DNA polymerase was a product of Perkin-Elmer.
TPCK-treated trypsin was from Worthington. All other
reagents were purchased from Sigma or Fisher.

Preparation of tPDER′, tPDERâ, GtRGTPγS, and uROS
Membranes.Bovine rod outer segment (ROS) membranes
were obtained according to the method of Papermaster and
Dreyer (13). Urea-stripped ROS membranes were prepared
as described previously (14). HoloPDE6Râ and holoPDE6R′
were purified from outer segments according to the estab-
lished protocols (15, 16). Trypsin-treated PDEs (tPDERâ and
tPDER′) were prepared as described previously (17). Limited
proteolysis of native PDE6 with trypsin removes Pγ and
activates the enzyme (17). GtRGTPγS was extracted from
ROS membranes using GTPγS and purified as described
previously (18). Purified proteins were stored in 40% glycerol
at -20 °C.

Expression and Purification of Chi16 and Chi16 Mutants.
Recombinant His6-tagged Chi16 and its mutants (M758A,
F777A, and F781A) were expressed in Sf9 cells and partially
purified using affinity chromatography on a His-Bind resin
(Novagen) as described previously (12). Purified proteins
were dialyzed against 40% glycerol and stored at-20 °C.

Cloning and Preparation of Pγ Mutants.Pγ mutants were
generated using the pET11a-Pγ expression vector (8, 19).
Construction of Pγ mutants (PγG85A, PγI86A, and PγI87A)
was described previously (8, 12). Pγ residues at positions
73-81, 83, and 84 were substituted with alanine using PCR-
directed mutagenesis. A forward PCR primer contained an
NdeI site. Reverse PCR primers contained a mutated codon
and aSacI site for substitutions of residues 73-76 or a
BamHI site for all other substitutions. PCR products were
digested with aNdeI-BamHI or NdeI-SacI fragment and
subcloned into the pET11a-Pγ vector cut with the corre-
sponding enzymes. Sequences of all mutants were verified
by automated DNA sequencing at the University of Iowa
DNA Core Facility. Pγ and its mutants were expressed in
Escherichia coliand purified on a SP-Sepharose fast flow
column and on a C-4 HPLC column (Microsorb-MW,

Rainin) as described previously (19). Purified proteins were
lyophilized, dissolved in 20 mM HEPES buffer (pH 7.5),
and stored at-80 °C until they were used.

PDE ActiVity Assay.PDE activity was measured using [3H]-
cGMP as described previously (20, 21). Less than 15% of
the cGMP was hydrolyzed during these reactions. TheKi

values for inhibition of PDE activity by Pγ or mutants were
measured using 1 pM tPDERâ or tPDER′, or 50-100 pM
recombinant PDEs (Chi16 and mutants), in the presence of
4 or 0.5µM cGMP, respectively (i.e.,<35% of theKm value
for the respective PDEs) (9, 11). In PDE activation experi-
ments, 50 pM tPDERâ was reconstituted with Pγ or its
mutants to achieve a 95% inhibition of cGMP hydrolytic
activity. The reconstituted enzyme was mixed with different
amounts of GtRGTPγS (0.05-5 µM) in the presence of
uROS membranes (1µM rhodopsin). Reactions were initi-
ated with the addition of 120µM [3H]cGMP.

Other Methods.Protein concentrations were determined
by the Bradford method (22) using IgG as a standard, or by
using calculated extinction coefficients at 280 nm. Concen-
trations of Chi16 and mutatnts were calculated on the basis
of the fraction of PDE protein in preparations, and the
molecular mass of 186 kDa for the PDE5 catalytic dimer.
The fractional concentrations of PDE were determined from
analysis of the Coomassie Blue-stained SDS gels using a
HP ScanJet II CX/T scanner and Scion Image Beta 4.02
software. A typical fraction of Chi16 and its mutants in
partially purified preparations was 10-15%. SDS-PAGE
was performed by the Laemmli method (23) in 10-14%
acrylamide gels. For Western immunoblotting, proteins were
transferred to nitrocellulose (0.1µm, Schleicher & Schuell)
and analyzed using rabbit His probe (H-15) or sheep anti-
PDE6R′ antibodies (10, 24). The antibody-antigen com-
plexes were detected using anti-rabbit or anti-goat/sheep IgG
conjugated to horseradish peroxidase and ECL reagent
(Pharmacia Biotech). TheKi values in Figures 1 and 2 and
Table 1 were calculated by fitting the data to eq 1

where Imax is the maximal inhibition andX is the total
concentration of Pγ or Pγ mutants. Concentrations of PDE6
and recombinant chimeric PDEs used in inhibition experi-
ments were 15-200-fold lower than the observedKi values.
Therefore, the maximal corrections of theKi values using
free Pγ concentrations could not exceed 5%. TheKa values
in Figure 3 were calculated by fitting the data to eq 2

whereAmax is the maximal increase in PDE activity andX is
the concentration of GtRGTPγS. Fitting the experimental
data to equations was performed with nonlinear least-squares
criteria using GraphPad Prizm Software. TheKi and Ka

values are expressed as means( standard error for three
independent measurements.

RESULTS AND DISCUSSION

Analysis of PDE Inhibition by C-Terminal Mutants of Pγ.
Approximately 11-17 C-terminal residues of Pγ are essential

Y )
Imax

1 + 10X-logKi
(1)

Y )
Amax

1 + 10logKa-X
(2)
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for the inhibition of PDE6 activity, as demonstrated by a
progressive loss of inhibitory function in the C-terminally

truncated Pγ mutants (8). Earlier, our analysis of the
inhibition of mutant PDE5-PDE6R′ enzymes by the Pγ
mutants, PγI86A and PγI87A, has indicated that the PγIle86/
Ile87 sequence interacts with the PDE6R′Phe777/Phe781 se-
quence (12). To further elucidate the point-to-point contacts
between PDER′ and Pγ, Pγ residues within the Pγ-73-85
fragment, except Ala82, have been targeted for Ala-scanning
mutagenesis. The PγG85A mutant was included to assess
the potential role of a conformational freedom that Gly85 may
provide to the C-terminal PγIle86/Ile87 sequence.

The Ala-substituted mutants of Pγ were examined for their
ability to inhibit cGMP hydrolytic activities of cone PDE6R′
and a chimeric PDE5-PDE6R′ enzyme, Chi16 (11). Chi16
contains the Pγ C-terminus binding site, PDE6R′-737-784.
Cone PDE6 devoid of the Pγ subunits (tPDE6R′) was
prepared using limited tryptic digestion of cone holoPDE6.
This allows us to test the effects of Pγ mutants on PDE6R′
activity. Substitutions of residues Phe73, Leu76, His79, Leu81,
Gln83, and Tyr84 did not significantly alter the Pγ inhibitory
characteristics of tPDE6R′ (Table 1). Modest increases in
the Ki values were observed for E77A and E80A. The
inhibitory defect of the N74A mutant is revealed in the

FIGURE 1: Effects of Pγ and Pγ mutants on the catalytic activity
of tPDE6R′ and Chi16. (A) Inhibition of tPDE6R′ by Pγ (9),
PγN74A (0), PγH75A (1), PγL78A (3), and PγG85A (b). The
activity of tPDER′ (1 pM) was determined upon addition of
increasing concentrations of Pγ or mutants using 4µM cGMP. The
Ki values (nanomolar) calculated from the inhibition curves were
0.14 ( 0.02 (9), 0.31( 0.05 (0), 1.2 ( 0.1 (1), 1.0 ( 0.2 (3),
and 1.3( 0.3 (b). (B) Inhibition of Chi16 activity by Pγ (9),
PγN74A (0), PγH75A (1), PγL78A (3), and PγG85A (b). The
activity of Chi16 (50 pM) was determined upon addition of
increasing concentrations of Pγ or mutants using 0.5µM cGMP.
The Ki values (nanomolar) calculated from the inhibition curves
were 2.9( 0.2 (9), 4.9( 0.6 (0), 33( 6 (1), 9.6( 0.9 (3), and
14 ( 2 (b).

Table 1: Inhibition of tPDE6R′, Chi16, and Its Mutants by Pγ C-Terminal Mutantsa

tPDE6R′ Chi16 F777A F781A M758A

Pγ 0.14( 0.02 (100) 2.9( 0.2 (85) 19( 2 (45)b 31 ( 5 (65)b 97 ( 10 (75)b

PγF73A 0.21( 0.02 (100) 2.3( 0.5 (85)
PγN74A 0.31( 0.05 (90) 4.9( 0.6 (60) <20% 43( 3 (35) 82( 9 (45)
PγH75A 1.2( 0.1 (100) 33( 6 (75) 98( 7 (40) 114( 16 (55) 103( 9 (65)
PγL76A 0.18( 0.02 (100) 2.2( 0.2 (85)
PγE77A 0.46( 0.08 (100) 4.9( 0.5 (90)
PγL78A 1.0( 0.2 (100) 9.6( 0.9 (80) 37( 5 (45) 30( 4 (60) 120( 15 (75)
PγH79A 0.28( 0.05 (100) 12( 3 (90)
PγE80A 0.37( 0.07 (100) 4.1( 0.2 (85)
PγL81A 0.29( 0.03 (100) 8.2( 0.5 (85)
PγQ83A 0.26( 0.3 (100) 5.4( 3 (80)
PγY84A 0.33( 0.6 (100) 3.3( 1 (85)
PγG85A 1.3( 0.3 (100) 14( 2 (80) 26( 6 (40) 39( 3 (55) 112( 16 (65)
PγI86A 0.75( 0.08 (95)b 13 ( 1 (65)b 96 ( 13 (45)b 49 ( 8 (40)b <20%b

PγI87A 0.65( 0.04 (100)b 6.6( 1.0 (70)b 64 ( 8 (25)b 32 ( 2 (55)b <20%b

a PDE activity was measured using [3H]cGMP (19). TheKi values for inhibition of tPDE6R′ (1 pM) or recombinant PDEs (50-100 pM) by Pγ
and Pγ mutants were determined using 4 and 0.5µM cGMP as a substrate, respectively. The maximal effects of PDE inhibition by Pγ mutants (in
parentheses) were determined using 10µM Pγ or mutant. The results are presented as means( the standard error for three independent measurements.
b The data are from ref12.

FIGURE 2: Inhibition of tPDE6Râ by C-terminal mutants of Pγ.
PDE activity was measured using [3H]cGMP (19). The Ki values
for inhibition of tPDE6Râ activity (1 pM) by Pγ and Pγ mutants
were determined in the presence of 4µM cGMP. The results are
presented as means( the standard error for three independent
measurements.
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incomplete inhibition of tPDE6R′ (∼90%) and Chi16
(∼60%) (Figure 1 and Table 1). Three Pγ mutations (H75A,
L78A, and G85A) more significantly affected the ability of
Pγ to inhibit tPDE6R′ and Chi16 as seen from the consider-
able increases in theKi values (Figure 1). The H75A
substitution caused a more than 10-fold increase in theKi

values for both tPDE6R′ (Ki ) 1.2 nM) and Chi16 (Ki ) 33
nM) (Table 1). The replacements of Leu78 and Gly85

increased theKi values for PDE6R′ by ∼10-fold and theKi

values for Chi16 by 3-4-fold (Figure 1 and Table 1). The
Pγ mutants with substantially impaired inhibition of tPDE6R′
(N74A, H75A, L78A, and G85A) have been additionally
examined for the inhibition of rod tPDE, tPDE6Râ (Figure
2). All these mutations led to a diminished capacity of Pγ
to inhibit rod PDE. Interestingly, the N74A substitution
resulted in a more profound deficiency of inhibition toward
rod tPDE6Râ then for cone tPDE6R′ (Table 1 and Figure
2). Not only was the inhibition of tPDE6Rpc by PγN74A
incomplete, but the affinity was also reduced by more than
10-fold (Figure 2).

Mapping Point-to-Point Interactions between Pγ and
PDE6R ′. Impaired Pγ mutants (N74A, H75A, L78A, and
G85A) have been further tested for their effects on the
activity of Chi16 mutants. If a C-terminal residue of Pγ
interacts with one of the three PDE6R′ residues (Met758,
Phe777, or Phe781), the corresponding mutant of Chi16 is
predicted to be inhibited comparably by Pγ and by the Pγ
mutant. Other mutants of Chi16 would be less potently
inhibited by the Pγ mutant than by the wild-type Pγ.

The patterns of inhibition of Chi16 mutants by the
C-terminal mutants of Pγ are most consistent with Asn74 and/
or His75 being the contact residues for Met758 of PDE6R′.

PγH75A inhibited Chi16M758A in a manner similar to that
of wild-type Pγ, but had increasedKi values for inhibition
of the F777A and F781A Chi16 mutants. Although partial
inhibition complicates interpretation of the data for N74A,
the mutant inhibited M758A with aKi analogous to that of
Pγ. The ability of PγN74A to inhibit F777A and F781A was
impaired, indicative of a potential contact with Met758.
Despite the defect caused by the L78A mutation for the
inhibition of tPDE6R′, the effect was not as strong with
Chi16 and its mutants. Perhaps Leu78 interacts with a PDE6R′
residue, which is substituted by a nonconserved PDE5 residue
in Chi16. The G85A mutation, while causing a significant
impairment of the Pγ interaction with PDE6R′, also had a
smaller effect on the inhibition of Chi16 and its mutants
(Table 1). This suggests that the requirement for the
flexibility of the Pγ C-terminal residues becomes greater
when the binding of Pγ is tighter.

ActiVation of PDE6Râ Reconstituted with C-Terminal Pγ
Mutants by Transducin.The crystal structure of the Pγ
C-terminus bound to GtR shows five transducin contact
residues within the Pγ-73-87 region, Phe73, Leu76, Leu78,
Leu81, and Ile87 (5). To assess the role of the individual Pγ
residues in PDE6 activation by transducin, we analyzed the
ability of GtRGTPγS to stimulate rod tPDE6Râ reconstituted
with Pγ mutants carrying Ala substitutions of the contact
residues. Rod PDE6Râ rather then cone PDE6 was used in
the activation experiments, because in contrast to the cone
components, rod Gt and rod disk membranes were more
readily available. Pγ mutants were added to 50 pM tPDE6Râ
(100 pM PDE6 catalytic subunit) to produce a 95% inhibition
of PDE activity. TheKi values for inhibition of tPDERâ by
the Pγ mutants utilized in the PDE activation assay are shown
in Figure 2. tPDE6Râ reconstituted with wild-type Pγ served
as a control. The Pγ mutant-tPDE6Râ complexes were
mixed with uROS membranes containing 1µM rhodopsin.
The cGMP hydrolytic activity of reconstituted PDEs was
measured upon addition of increasing concentrations of
GtRGTPγS. TheKa values and maximal stimulated PDE
activity levels were determined from the dose-dependent
activation curves (Figure 3). TheKa value for the PDE
complex containing wild-type Pγ was 310 nM, and the
maximal stimulated PDE activity was 44% of the tPDE6Râ
activity. Mutations of Phe73, Leu78, and Leu81 impaired the
ability of transducin to activate reconstituted enzymes, as
evident from the reduced maximal levels of stimulated PDE
activity (Figure 3). A particularly serious defect for tranducin
activation was caused by the L76A mutation. The defect is
apparent in both the increase in theKa value and the reduction
in the maximal level of stimulation (25% of tPDE6Râ
activity). Unexpectedly, the activation of tPDE6Râ recon-
stituted with I87A was unaffected.

ActiVation of PDE6 by Transducin Requires a Conforma-
tional Switch in the Pγ C-Terminus.Two sites of an 87-
residue rod Pγ subunit, the central polycationic domain (Pγ-
24-45), and the C-terminal tail (roughly Pγ-73-87) have
been implicated in the binding of Pγ to rod PDERâ (6-8,
15). The C-terminus of Pγ represents a key inhibitory domain
(3, 4). To remove this catalytic block and activate PDE,
transducin must displace the Pγ C-terminus from the catalytic
cavity. The activation of PDE by transducin most likely
involves a conformational change in the Pγ C-terminus. A
Pγ displacement through simple dissociation from PDEs and

FIGURE 3: Activation of Pγ mutant-reconstituted tPDE6Râ by
GtRGTPγS. tPDE6Râ (50 pM) was reconstituted with Pγ (9),
PγF73A (0), PγL76A (1), PγL78A (O), PγL81A (b), or PγI87A
(2) and mixed with uROS membranes (1µM rhodopsin). The basal
PDE activity of reconstituted enzymes was 5% of that for tPDE6Râ
alone. GtRGTPγS (0.05-5 µM) was added to the mixtures, and
reactions were initiated by addition of 120µM cGMP. PDE activity
is expressed as a percentage of tPDE6Râ activity [3200 mol of
cGMP (mol of PDE)-1 s-1]. The calculatedKa values (nanomolar)
and maximum effects (%) are as follows: 310( 44 and 44% (9),
347 ( 63 and 31% (0), 707 ( 126 and 25% (1), 220 ( 45 and
29% (O), 290 ( 43 and 34% (b), and 295( 59 and 46% (2),
respectively.
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subsequent binding to GtR does not account for the fast
activation kinetics (1). In the presence of ROS membranes
using physiologically relevant protein concentrations, trans-
ducin-activated PDE has been shown to be a membrane-
bound complex with GtR (25-27). Although a direct
interaction of activated GtR with PDE catalytic subunits is
likely (25, 28), the complex is held together primarily by
Pγ. The polycationic region of Pγ was shown to interact
with GtR (6, 7, 29) and therefore could serve as a tether. A
simultaneous binding of Pγ-24-45 to the PDE catalytic
subunit and GtR in the activated complex would imply that
Pγ-24-45 might not undergo a substantial rearrangement
upon PDE activation. The structure of the Pγ C-terminal
region bound to GtR has been recently elucidated (5).
Therefore, the structure of Pγ in complex with PDE6
catalytic subunits holds a key to understanding an activational
switch of the effector enzyme.

A Modeling of PDE6-Pγ Contacts Suggests anR-Helical
Conformation of the PDE6-Bound Pγ C-Terminus. Implica-
tions for the GtR-Induced Conformational Switch.To
understand the structure of the Pγ C-terminus in holoPDE,
we mapped the point-to-point interactions between Pγ and
PDE6R′. This information could be applied to a model of

the PDER′ catalytic domain (11) to provide distances and
constraints for a model of the Pγ C-terminus. The model of
the PDER′ catalytic domain was generated previously on the
basis of the crystal structure of the PDE4 catalytic domain,
which is the first and currently the only available structure
of any PDE. The modeled sequence, PDE6R′-518-809, is
57% homologous to the corresponding PDE4 sequence.
Therefore, the PDE6R′ modeling is appropriate. Recently, a
mutational analysis of the Pγ binding site in a chimeric
PDE5-PDE6R′ enzyme revealed three Pγ contact residues
on cone PDE6R′: Met758, Phe777, and Phe781 (11, 12). The
analysis also indicated that Ile86 and Ile87 of Pγ interact with
Phe777and Phe781of PDE6R′ (12). Furthermore, we suggested
that residues adjacent to the PγIle86/Ile87 sequence stretch
over the catalytic cavity until Pγ reaches the opposite side
and contacts PDE6R′Met758 (12). This study indicates that
PγAsn74 and/or -His75 are probable contact residues of Met758.
In agreement with the proposed conformational change, the
GtR-bound structure of the Pγ C-terminus does not allow a
fit between Pγ and PDE6R′ that would match the contact
residues. From a model of the PDE6R′ catalytic domain, the
distance between Phe777 and Met758 is ∼14 Å. The simplest
conformation of the Pγ C-terminus that provides a good

FIGURE 4: Conformational switch in the Pγ C-terminus. (A) Molecular modeling (33) shows that Pγ-60-87 undergoes a significant
conformational change from the GtR-bound structure (red) (5) upon the extension of helixR3 from residues Pγ-78-83 to Pγ-75-83
(green). (B) At the left is a model of the PDE6R′ catalytic domain (a space-filling representation, green) (5) with manually docked Pγ-
50-87 (a backbone representation, blue) generated using Swiss-PdbViewer (version 3.7b2) (33), and the image was obtained using RasMol
(version 2.6). The structure of Pγ-50-87 was derived from the crystal structure (5) by extending helixR3 to PγHis75 and by allowing
varying æ and ψ angles for PγGly85 and torsion angles of the side chains of Asn74, His75, Ile86, and Ile87. The Pγ C-terminus binding
residues (Met758, Phe777, and Phe781) are shown in red. The metal ions (Zn2+ and Mg2+) are shown in yellow. The PDE6R′ contact residues
of Pγ [Asn74, His75, Leu78, Ile86, and Ile87 (blue)] and the GtcR contact residue [Leu76 (magenta)] are shown in “ball-and-stick” representation.
At the right is a model of the transducin-activated PDE6R′ complex. The structures of Pγ-50-87 (blue) and GtR (cyan) are from the
structure of the GtR‚Pγ‚RGS9 complex (5). (C) The molecular surface of the PDE6R′-Pγ-50-87 complex color-coded by electrostatic
potential [-10kBT (red) and 10kBT (blue)] was generated using Swiss-PdbViewer (version 3.7b2) (33). At the left is PDE6R′, with a view
of the active site. Pγ-50-87 is shown in backbone representation. At the center is the PDE6R′-Pγ-50-87 complex. At the right is Pγ-
50-87 translated horizontally and rotated 180° about the vertical axis.
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match for the Pγ contact residues is a regular right-handed
R-helix. In fact, anR-helix is a preferred conformation for
Pγ-75-83 based on the predicted secondary structure (30).
In the GtR-Pγ-46-87 complex, PγAsn74 and -His75 are
situated in the loop between two smallR-helices,R2 (Pγ-
69-73) andR3 (Pγ-78-83), that run in almost perpendicular
planes (5). The twist in the polypeptide chain is stabilized
by GtR, which draws contacts with PγLeu76, -Leu78, -Leu81,
and -Ile87. We hypothesize that in the absence of the GtR
contacts, Pγ-75-83 assumes anR-helical conformation. A
molecular model of the Pγ C-terminus suggests that a simple
extension of helixR3 to His75 would eliminate the turn
betweenR2 andR3, and straighten the C-terminus (Figure
4A). This rearrangement would place the Asn74/His75 and
Ile86/Ile87 residues in a favorabe position for the interaction
with PDE6R′ residues Met758 and Phe777/Phe781, respectively.
Furthermore, the interaction with PDE6R′ is likely to induce
and/or stabilize theR-helical conformation of Pγ-75-83.
Quite possibly, helicesR2 and R3 of Pγ may form a
continuousR-helix (Pγ-69-83).

A model of Pγ-50-87 docked to PDE6R′ in a conforma-
tion derived from the crystal structure by an extension of
helix R3 to residues Pγ-75-83 is shown in Figure 4B. This
model requires a certain degree of flexibility for the Ile86/
Ile87 residues to enable their interaction with the Phe777/Phe781

residues. The inhibitory defects of the G85A mutant confirm
that the rotational freedom provided by Gly85 to Ile86/Ile87 is
important for the inhibition of PDE6 by Pγ. Our Ala-
scanning analysis also identified PγLeu78 as an essential
PDE6R′ contact residue. In the model, the side chain of Leu78

faces the catalytic cavity, and is close to several potential
contact residues within the catalytic perimeter. As for Ile87,
Leu78 participates in the interactions with both PDE and GtR,
further bolstering the mechanism of effector activation
through sequestration of the critical Pγ inhibitory residues.
Modest reductions in the Pγ affinity for PDE6R′ were
observed with the E77A and E80A substitutions. These
effects might reflect a contribution of the electrostatic
interactions to the Pγ C-terminus-PDE6 binding. The
surface surrounding the catalytic pocket is largely neutral to
positively charged, whereas the electrostatic potential of the
Pγ C-terminus is negative (Figure 4C). Although the model
in Figure 4B is in accord with our analysis, it remains
speculative as other conformations of the Pγ C-terminus may
satisfy the parameters of its binding to PDE6R′ obtained in
this study.

How does GtR induce a switch of the Pγ C-terminus from
a proposed “moreR-helical” conformation to the bent
conformation seen in the GtR-bound structure? The analysis
of transducin activation of reconstituted PDEs containing the
C-terminal Pγ mutants with substituted GtR contact residues
provides some interesting clues to the mechanism. The I87A
mutation did not cause any significant impairment of GtR
activation. The replacement of the GtR contact residue in
this mutant was probably compensated by a parallel decrease
in the affinity of Pγ for the PDE catalytic subunits. Moderate
defects in transducin activation resulting from the substitu-
tions of Phe73, Leu78, and Leu81 are consistent with a loss of
GtR contacts. The most severe impairment of the ability of
GtR to activate PDE was observed in the enzyme reconsti-
tuted with PγL76A. In the model, the side chain of PγLeu76

points away from the catalytic pocket and is readily acces-

sible to GtR (Figure 4B). Leu76 is also a weak link in the
R-helical structure as, together with adjacent residues, it has
a relatively low reliability index for anR-helix as a predicted
secondary structure (30). In addition to PγLeu76, previous
studies (31, 32) and the crystal structure (5) implicate PγTrp70

as a critical residue for the effector activation by transducin.
On the basis of the severity of the L76A activation defect,
we speculate that GTP-bound GtR first interacts with Leu76

and the more N-terminal residues of Pγ, particularly Trp70.
The interaction with Trp70 serves to anchor GtR to the Pγ
C-terminus, whereas the interaction with Leu76 introduces a
bend in itsR-helical structure. GtR is then able to engage
C-terminal residues Leu78, Leu81, and Ile87 to complete the
PDE activation switch of Pγ (Figure 4B).
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