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ABSTRACT: In response to light, a photoreceptor G protein, transducin, activates cGMP-phosphodiesterase
(PDES) by displacing the inhibitory-subunits (P) from the enzyme’s catalytic sites. Evidence suggests
that the activation of PDEG6 involves a conformational change of the key inhibitory C-terminal domain of
Py. In this study, the C-terminal region of/PPy-73—85, has been targeted for Ala-scanning mutagenesis
to identify the point-to-point interactions betweepn Bnd the PDE6 catalytic subunits and to probe the
nature of the conformational change. Rutants were tested for their ability to inhibit PDE6 and a chimeric
PDE5-conePDE6 enzyme containing the E-terminus-binding site of cone PDE. This analysis has
revealed that in addition to previously characterize&léand 1167, important inhibitory contact residues

of Py include Asr“, His’®, and Led&. The patterns of mutant PDESonePDE6 enzyme inhibition suggest

the interaction between theyRsn’4/His’®> sequence and M&® of the cone PDE@' catalytic subunit.

This interaction, and the interaction between thél¢3%1le®” and PDE@'Phe’/Phe®! residues, is most
consistent with am-helical structure of the °C-terminus. The analysis of activation of PDE6 enzymes
containing B mutants with Ala-substituted transducin-contact residues demonstrated the critical role of
PyLeu’s. Accordingly, we hypothesize that the initial step in PDE6 activation involves an interaction of
transducine. with PyLeu’®. This interaction introduces a bend into thehelical structure of the P
C-terminus, allowing transducia-to further twist the C-terminus thereby uncovering the catalytic pocket
of PDES6.

In retinal rod and cone cells, visual heterotrimeric G shows that several C-terminal residues ¢fiRteract with
proteins, transducins, couple photoexcitation of rhodopsin the switch I-a3-helix cleft of Gu. It appears that Gt
and cone opsins to marked activation of cGMP phosphodi- induces a conformational change ip &lowing it to engage
esterases (PDEG6 family}l,(2). In rod cells, the activity of  and occlude P residues required for PDE inhibition.
the effector enzyme is inhibited in the dark as a result of the However, the nature of the conformational change jn P

tight binding of two inhibitory y-subunits (R)! to the leading to PDE activation remains unclear since the confor-
catalytic heterodimer, POB. Cone holoPDE is comprised  mation of B/ in complex with the PDE6 catalytic subunits
of a catalytic homodimer, (PDOE),, and two cone § is unknown. Furthermore, although the inhibitory role of the

subunits. Biochemical studies suggest that the inhibition of Py C-terminus is well-established®+{8), the role of indi-
PDES involves a direct block of PDE catalytic site(s) by the vidual Py C-terminal residues has not been carefully
C-terminal tail of B (3, 4). During the photoresponse, the examined.

activated GTP-bound transduaiasubunit (G&GTP) inter- An efficient expression system for the wild-type PDE6
acts with and displaces theyFC-terminus from the active  pag not yet been developed. PDE6 shares many common
site(s). A recent crystallographic study revealed the structure cparacteristics with cGMP-binding cGMP-specific PDE
of the C-terminal half of i, Py-46-87, in a complex with —(ppEs) such as a common general domain organization, a
Gta (5). The struct_ure provided thg f|r§t molecular de?alls high degree of homology of their catalytic domains, a strong
about the mechanism of PDE activation by transducin. It g pstrate specificity for cGMP, and sensitivity to the same
competitive inhibitors, zaprinast and dipyridamol®).(
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of PDE6; tPDE6, PDE6 activated with limited trypsin digestion to  of the rod enzyme. Recently, through Ala-scanning mu-
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Phe7’, and Phé&! (11, 12). A model of the PDEG' catalytic
domain shows that M&® and Phé&’/Phe®! are localized at
opposite sides of the catalytic pocket perimeté®)(
Moreover, the inhibition of mutant PDEEPDEG' enzymes
by Py mutants, PIB6A and B/I87A, indicated that 1€ and
l1e®” of Py interact with Ph&/” and Phé&' of PDEGx' (12).
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Rainin) as described previousl¥9). Purified proteins were
lyophilized, dissolved in 20 mM HEPES buffer (pH 7.5),
and stored at-80 °C until they were used.

PDE Actiity AssayPDE activity was measured usirit]-
cGMP as described previousl2Q, 21). Less than 15% of
the cGMP was hydrolyzed during these reactions. Khe

These findings suggest a general orientation, but not avalues for inhibition of PDE activity by for mutants were

PDEG&x'-bound conformation of the)yPC-terminus. In this

measured using 1 pM tPREB or tPDEx', or 50-100 pM

study, we have extended the Ala-scanning mutagenesis ofrecombinant PDEs (Chil6 and mutants), in the presence of

the Py C-terminus to residuesP73—85 to identify the point-
to-point contacts with PDEB. A panel of C-terminal I
mutants has been tested for the inhibition of PDEG6 activity
and for the activation by transducin, when reconstituted with

4 or 0.5uM cGMP, respectively (i.e.£35% of theK, value
for the respective PDEsY(11). In PDE activation experi-
ments, 50 pM tPDES was reconstituted with P or its
mutants to achieve a 95% inhibition of cGMP hydrolytic

PDEG6. On the basis of this analysis, we propose a modelactivity. The reconstituted enzyme was mixed with different

for the PDEG6-bound structure of they RC-terminus and

amounts of GiGTPyS (0.05-5 uM) in the presence of

hypothesize about the conformational rearrangement uponuROS membranes (@M rhodopsin). Reactions were initi-

its interaction with transducin.

EXPERIMENTAL PROCEDURES

Materials. cGMP, GTP'S, and T4 DNA ligase were
obtained from Roche Molecular Biochemical3{[cGMP
was a product of Amersham Pharmacia Biotech. All restric-
tion enzymes were purchased from New England Biolabs.
AmpliTag 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 tPDE', tPDEaf, GtaGTPyS, and uROS

ated with the addition of 120M [3H]cGMP.

Other MethodsProtein concentrations were determined
by the Bradford method2@) using IgG as a standard, or by
using calculated extinction coefficients at 280 nm. Concen-
trations of Chil6 and mutatnts were calculated on the basis
of the fraction of PDE protein in preparations, and the
molecular mass of 186 kDa for the PDES catalytic dimer.
The fractional concentrations of PDE were determined from
analysis of the Coomassie Blue-stained SDS gels using a
HP ScanJet Il CX/T scanner and Scion Image Beta 4.02
software. A typical fraction of Chil6 and its mutants in
partially purified preparations was +15%. SDS-PAGE

MembranesBovine rod outer segment (ROS) membranes \yas performed by the Laemmli metho@3{ in 10—14%
were obtained according to the method of Papermaster anchcrylamide gels. For Western immunoblotting, proteins were
Dreyer (L3). Urea-stripped ROS membranes were prepared yransferred to nitrocellulose (Odm, Schieicher & Schuell)

as described previousli4). HoloPDEGS and holoPDEG'

were purified from outer segments according to the estab-

lished protocolsi5, 16). Trypsin-treated PDEs (tPB and
tPDEx) were prepared as described previoudly)(Limited
proteolysis of native PDE6 with trypsin removeg Bnd
activates the enzymdl(). GtaGTPyS was extracted from
ROS membranes using G¥8 and purified as described
previously (8). Purified proteins were stored in 40% glycerol
at —20 °C.

Expression and Purification of Chil6 and Chil6 Mutants.
Recombinant Higstagged Chil6 and its mutants (M758A,

and analyzed using rabbit His probe (H-15) or sheep anti-
PDEG&' 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). Thi&; values in Figures 1 and 2 and
Table 1 were calculated by fitting the data to eq 1

_ Imax

1 4 10%TosK

where |Ihax is the maximal inhibition andX is the total

(1)

F777A, and F781A) were expressed in Sf9 cells and partially concentration of ? or Py mutants. Concentrations of PDE6

purified using affinity chromatography on a His-Bind resin
(Novagen) as described previousty2). Purified proteins
were dialyzed against 40% glycerol and stored-20 °C.
Cloning and Preparation of f Mutants.Py mutants were
generated using the pET11la-Bxpression vectorg( 19).
Construction of P mutants (PG85A, P/I86A, and F/I87A)
was described previously,(12). Py residues at positions

73—81, 83, and 84 were substituted with alanine using PCR-
directed mutagenesis. A forward PCR primer contained an

and recombinant chimeric PDEs used in inhibition experi-
ments were 15200-fold lower than the observed values.
Therefore, the maximal corrections of tKg values using
free Py concentrations could not exceed 5%. Tgvalues

in Figure 3 were calculated by fitting the data to eq 2

Amax

Y:1+1d°9K'ch @

Ndé site. Reverse PCR primers contained a mutated codonWNeréAmaxis the maximal increase in PDE activity aHds

and aSad site for substitutions of residues #36 or a
BanH]I site for all other substitutions. PCR products were
digested with aNdd —BanHI or Ndd —Sad fragment and
subcloned into the pET11layPvector cut with the corre-

the concentration of GIGTPyS. Fitting the experimental
data to equations was performed with nonlinear least-squares
criteria using GraphPad Prizm Software. TKe and K,
values are expressed as meanstandard error for three

sponding enzymes. Sequences of all mutants were verifiedindependent measurements.

by automated DNA sequencing at the University of lowa
DNA Core Facility. B 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,

RESULTS AND DISCUSSION

Analysis of PDE Inhibition by C-Terminal Mutants of P
Approximately 11-17 C-terminal residues ofjPare essential
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Ficure 1: Effects of B and B mutants on the catalytic activity
of tPDEG' and Chil6. (A) Inhibition of tPDE&' by Py (m),
PyN74A (@), PyH75A (¥), PyL78A (v), and B’G85A (@). The
activity of tPDEx’ (1 pM) was determined upon addition of
increasing concentrations of®r mutants using 4M cGMP. The

Ki values (nanomolar) calculated from the inhibition curves were
0.14+ 0.02 @), 0.31+ 0.05 @), 1.2+ 0.1 (v), 1.0+ 0.2 (v),
and 1.3+ 0.3 (@). (B) Inhibition of Chil6 activity by P (m),
PyN74A (@), PyH75A (¥), PyL78A (v), and B'G85A (®). The
activity of Chil6 (50 pM) was determined upon addition of
increasing concentrations ofyRor mutants using 0.2M cGMP.
The K; values (nanomolar) calculated from the inhibition curves
were 2.9+ 0.2 @), 4.9+ 0.6 (), 33+ 6 (¥), 9.6+ 0.9 (v), and
14+ 2 (@).

for the inhibition of PDEG6 activity, as demonstrated by a
progressive loss of inhibitory function in the C-terminally
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FiGure 2: Inhibition of tPDE@3 by C-terminal mutants of P
PDE activity was measured usindH|cGMP (19). TheK; values
for inhibition of tPDEGS activity (1 pM) by Py and B/ mutants
were determined in the presence oftll cGMP. The results are
presented as means the standard error for three independent
measurements.

truncated B mutants 8). Earlier, our analysis of the
inhibition of mutant PDE5PDEG' enzymes by the ¥
mutants, RIB6A and P/I87A, has indicated that the/Re®/
lle®” sequence interacts with the PDERPhE”/Phe?! se-
guence 12). To further elucidate the point-to-point contacts
between PDE' and B/, Py residues within the 273—85
fragment, except AR, have been targeted for Ala-scanning
mutagenesis. The)®85A mutant was included to assess
the potential role of a conformational freedom that®&ipay
provide to the C-terminal le®¥/Ile®” sequence.

The Ala-substituted mutants of/Rvere examined for their
ability to inhibit cGMP hydrolytic activities of cone PDE6
and a chimeric PDESPDEG' enzyme, Chil6X1). Chil6
contains the f? C-terminus binding site, PDE6-737—784.
Cone PDE6 devoid of theyPsubunits (tPDE&') was
prepared using limited tryptic digestion of cone holoPDESG.
This allows us to test the effects of Pnutants on PDE®
activity. Substitutions of residues PReL_eu’s, His’™®, Lelf?,
GIn, and Ty#* did not significantly alter the Pinhibitory
characteristics of tPDEB (Table 1). Modest increases in
the K; values were observed for E77A and EB0OA. The
inhibitory defect of the N74A mutant is revealed in the

Table 1: Inhibition of tPDEG’, Chil6, and Its Mutants by)PC-Terminal Mutants

tPDE6 Chi16 F777A F781A M758A
Py 0.14+ 0.02 (100) 2.9t 0.2 (85) 19+ 2 (45) 31+ 5 (65) 97+ 10 (75)
PYF73A 0.21+ 0.02 (100) 2.3t 0.5 (85)
PyN74A 0.31+ 0.05 (90) 4.9+ 0.6 (60) <20% 43+ 3 (35) 82+ 9 (45)
PyH75A 1.2+ 0.1 (100) 33t 6 (75) 98+ 7 (40) 1144+ 16 (55) 103+ 9 (65)
PyL76A 0.18+ 0.02 (100) 2.2+ 0.2 (85)
PYET7A 0.46+ 0.08 (100) 4.9+ 0.5 (90)
PyL78A 1.0+ 0.2 (100) 9.6+ 0.9 (80) 37+ 5 (45) 30+ 4 (60) 1204 15 (75)
PYH79A 0.28+ 0.05 (100) 12+ 3 (90)
PyESOA 0.37+ 0.07 (100) 4.1+ 0.2 (85)
PyL81A 0.29-+ 0.03 (100) 8.2£ 0.5 (85)
PyQ83A 0.26+ 0.3 (100) 5.4+ 3 (80)
PyY84A 0.33+ 0.6 (100) 3.3t 1(85)
PyG85A 1.3+ 0.3 (100) 14+ 2 (80) 26+ 6 (40) 39+ 3 (55) 1124+ 16 (65)
PyI86A 0.75-+ 0.08 (959 13+ 1 (659 96+ 13 (45 49+ 8 (40y <200
PyI87A 0.65- 0.04 (100} 6.6+ 1.0 (709 64+ 8 (25) 32+ 2 (55 <20

2 PDE activity was measured usinH]cGMP (19). TheK; values for inhibition of tPDE&’ (1 pM) or recombinant PDEs (5Q.00 pM) by B
and B mutants were determined using 4 and M6 cGMP as a substrate, respectively. The maximal effects of PDE inhibitiorybyilRants (in
parentheses) were determined using(OPy or mutant. The results are presented as meattee standard error for three independent measurements.
bThe data are from ref2.
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Ficure 3: Activation of Py mutant-reconstituted tPDEG by
GtaGTPyS. tPDE®&S (50 pM) was reconstituted withyP(m),
PyF73A @), PyL76A (¥), PyL78A (O), PyL81A (@), or PyI87A
(a) and mixed with UROS membranesy rhodopsin). The basal
PDE activity of reconstituted enzymes was 5% of that for tPRYE6
alone. GaGTPyS (0.05-5 uM) was added to the mixtures, and
reactions were initiated by addition of 128 cGMP. PDE activity
is expressed as a percentage of tPRE®@ctivity [3200 mol of
cGMP (mol of PDE)! s71]. The calculated, values (nanomolar)
and maximum effects (%) are as follows: 31044 and 44%M),
347 4+ 63 and 31%[{), 707 &+ 126 and 25%Y¥), 220+ 45 and
29% ©), 290+ 43 and 34% @), and 295+ 59 and 46% 4),
respectively.

incomplete inhibition of tPDE& (~90%) and Chil6
(~60%) (Figure 1 and Table 1). Threg Phutations (H75A,
L78A, and G85A) more significantly affected the ability of
Py to inhibit tPDEGY’ and Chil6 as seen from the consider-
able increases in th&; values (Figure 1). The H75A
substitution caused a more than 10-fold increase inkthe
values for both tPDE® (K; = 1.2 nM) and Chil6K; = 33
nM) (Table 1). The replacements of Lduand GIy¥®
increased th&; values for PDEG' by ~10-fold and theK;
values for Chil6 by 34-fold (Figure 1 and Table 1). The
Py mutants with substantially impaired inhibition of tPDiE6
(N74A, H75A, L78A, and G85A) have been additionally
examined for the inhibition of rod tPDE, tPDE&S (Figure
2). All these mutations led to a diminished capacity ¢f P
to inhibit rod PDE. Interestingly, the N74A substitution
resulted in a more profound deficiency of inhibition toward
rod tPDE®3 then for cone tPDE® (Table 1 and Figure
2). Not only was the inhibition of tPDEfCc by P/N74A
incomplete, but the affinity was also reduced by more than
10-fold (Figure 2).

Mapping Point-to-Point Interactions betweeny Rand
PDE6o . Impaired B> mutants (N74A, H75A, L78A, and
G85A) have been further tested for their effects on the
activity of Chilé mutants. If a C-terminal residue of P
interacts with one of the three PD&6residues (Mebg,
Phe™, or Phé®), the corresponding mutant of Chil6 is
predicted to be inhibited comparably by Rnd by the P
mutant. Other mutants of Chil6 would be less potently
inhibited by the P mutant than by the wild-typejR

The patterns of inhibition of Chilé mutants by the
C-terminal mutants of fare most consistent with A&rand/
or His™® being the contact residues for M&tof PDEG'.

Granovsky and Artemyev

PyH75A inhibited Chil6M758A in a manner similar to that
of wild-type Py, but had increaseH; values for inhibition

of the F777A and F781A Chil6 mutants. Although partial
inhibition complicates interpretation of the data for N74A,
the mutant inhibited M758A with &; analogous to that of
Py. The ability of B/N74A to inhibit F777A and F781A was
impaired, indicative of a potential contact with Mgt
Despite the defect caused by the L78A mutation for the
inhibition of tPDEGY', the effect was not as strong with
Chil6 and its mutants. Perhaps [&ateracts with a PDE®
residue, which is substituted by a nonconserved PDES5 residue
in Chil6. The G85A mutation, while causing a significant
impairment of the B interaction with PDEG’, also had a
smaller effect on the inhibition of Chil6 and its mutants
(Table 1). This suggests that the requirement for the
flexibility of the Py C-terminal residues becomes greater
when the binding of P is tighter.

Activation of PDE®3 Reconstituted with C-Terminahf
Mutants by TransducinThe crystal structure of the P
C-terminus bound to @t shows five transducin contact
residues within the 273—87 region, Phé&, Leu’s, Leu’®,
Lew’s, and 1l€7 (5). To assess the role of the individugt P
residues in PDE6 activation by transducin, we analyzed the
ability of GtaGTPyS to stimulate rod tPDE&3 reconstituted
with Py mutants carrying Ala substitutions of the contact
residues. Rod PDE@ 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. {» mutants were added to 50 pM tPDig6
(100 pM PDES catalytic subunit) to produce a 95% inhibition
of PDE activity. TheK; values for inhibition of tPDES by
the By mutants utilized in the PDE activation assay are shown
in Figure 2. tPDE6, reconstituted with wild-type Pserved
as a control. The  mutant-tPDE6&S complexes were
mixed with uUROS membranes containingc¥ rhodopsin.
The cGMP hydrolytic activity of reconstituted PDEs was
measured upon addition of increasing concentrations of
GtaGTPyS. TheK, values and maximal stimulated PDE
activity levels were determined from the dose-dependent
activation curves (Figure 3). ThK, value for the PDE
complex containing wild-type  was 310 nM, and the
maximal stimulated PDE activity was 44% of the tP 6
activity. Mutations of Ph&, Leu’®, and Le§! 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 tigvalue and the reduction
in the maximal level of stimulation (25% of tPDES
activity). Unexpectedly, the activation of tPD&® recon-
stituted with 187A was unaffected.

Activation of PDEG6 by Transducin Requires a Conforma-
tional Switch in the P C-Terminus.Two sites of an 87-
residue rod B subunit, the central polycationic domain/P
24—45), and the C-terminal tail (roughlyyP73—87) have
been implicated in the binding ofyPo rod PDES (6—8,

15). The C-terminus of Prepresents a key inhibitory domain
(3, 4). To remove this catalytic block and activate PDE,
transducin must displace the B-terminus from the catalytic
cavity. The activation of PDE by transducin most likely
involves a conformational change in thg E-terminus. A

Py displacement through simple dissociation from PDEs and
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Ficure 4: Conformational switch in theyPC-terminus. (A) Molecular modeling3@) shows that pP-60—87 undergoes a significant
conformational change from the @&bound structure (red)s{ upon the extension of helig3 from residues $78—83 to B/-75—-83
(green). (B) At the left is a model of the PD&6catalytic domain (a space-filling representation, gre@wmiith manually docked -
50—87 (a backbone representation, blue) generated using Swiss-PdbViewer (version3)lz2)d the image was obtained using RasMol
(version 2.6). The structure ofyP50—87 was derived from the crystal structur®) py extending helixa3 to PyHis’ and by allowing
varying ¢ andy angles for PGIly8® and torsion angles of the side chains of AsmHis™, 11e8, and Ilé7. The B, C-terminus binding
residues (MeP8 Phe’’, and Phé&?) are shown in redThe metal ions (Z# and Mg ™) are shown in yellowThe PDE®' contact residues
of Py [Asn, His™, Leu’8, 11e85, and I1é7 (blue)] and the Gte contact residue [Lei (magenta)] are shown in “ball-and-stick” representation.
At the right is a model of the transducin-activated PRE6omplex. The structures ofyP50—87 (blue) and Gt (cyan) are from the
structure of the Git-Py-RGS9 complexg). (C) The molecular surface of the PD&6-Py-50—87 complex color-coded by electrostatic
potential F10ksT (red) and 18T (blue)] was generated using Swiss-PdbViewer (version 3.738) At the left is PDE@!, with a view

of the active site. -50—87 is shown in backbone representation. At the center is the RBDES-50—87 complex. At the right is
50—87 translated horizontally and rotated $&bout the vertical axis.

subsequent binding to @tdoes not account for the fast the PDE' catalytic domain 11) to provide distances and
activation kinetics 7). In the presence of ROS membranes constraints for a model of theyFC-terminus. The model of
using physiologically relevant protein concentrations, trans- the PDE’ catalytic domain was generated previously on the
ducin-activated PDE has been shown to be a membrane-basis of the crystal structure of the PDE4 catalytic domain,
bound complex with Gt (25—27). Although a direct which is the first and currently the only available structure
interaction of activated @&t with PDE catalytic subunits is  of any PDE. The modeled sequence, PRES18-809, is
likely (25, 28), the complex is held together primarily by 57% homologous to the corresponding PDE4 sequence.
Py. The polycationic region of ¥ was shown to interact Therefore, the PDES modeling is appropriate. Recently, a
with Gta (6, 7, 29) and therefore could serve as a tether. A mutational analysis of theyPbinding site in a chimeric
simultaneous binding of yR24—45 to the PDE catalytic = PDE5-PDE& enzyme revealed three’Rontact residues
subunit and Gt in the activated complex would imply that on cone PDE&': Met’®8, Phé’’, and Phé&! (11, 12). The
Py-24—45 might not undergo a substantial rearrangement analysis also indicated that #feand 11€7 of Py interact with

upon PDE activation. The structure of the E-terminal
region bound to Gt has been recently elucidated).(
Therefore, the structure ofyPin complex with PDE6

Pheé””and Phé& of PDE&' (12). Furthermore, we suggested
that residues adjacent to the/IR8%1le®” sequence stretch
over the catalytic cavity until f°reaches the opposite side

catalytic subunits holds a key to understanding an activationaland contacts PDESMet’® (12). This study indicates that

switch of the effector enzyme.

A Modeling of PDE6-Py Contacts Suggests arHelical
Conformation of the PDE6-BoundyFC-Terminus. Implica-
tions for the Gt-Induced Conformational SwitchTo
understand the structure of the B-terminus in holoPDE,
we mapped the point-to-point interactions betweenaRd
PDEG&'. This information could be applied to a model of

PyAsn’ and/or -Hig® are probable contact residues of &t

In agreement with the proposed conformational change, the
Gta-bound structure of the)PC-terminus does not allow a

fit between B and PDE@' that would match the contact
residues. From a model of the PDE&atalytic domain, the
distance between PHéand Mef58is ~14 A. The simplest
conformation of the § C-terminus that provides a good
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match for the B contact residues is a regular right-handed
a-helix. In fact, ana-helix is a preferred conformation for
Py-75—83 based on the predicted secondary structB@g (
In the Goi—Py-46—87 complex, PAsn™* and -Hig® are
situated in the loop between two smallhelices,o2 (Py-
69—73) anda3 (Py-78—83), that run in almost perpendicular
planes §). The twist in the polypeptide chain is stabilized
by Gta, which draws contacts withyf.eu’s, -Leu’®, -Lelf?,
and -1l”. We hypothesize that in the absence of the Gt
contacts, P-75—83 assumes aa-helical conformation. A
molecular model of the PC-terminus suggests that a simple
extension of helixa3 to His”® would eliminate the turn
betweeno2 andoa3, and straighten the C-terminus (Figure
4A). This rearrangement would place the A¥His’™ and
11e®¥1le®” residues in a favorabe position for the interaction
with PDE6Gx' residues MeP8and Ph&/Phe®?, respectively.
Furthermore, the interaction with PD&Gs likely to induce
and/or stabilize thex-helical conformation of P-75—83.
Quite possibly, helicex2 and a3 of Py may form a
continuouso-helix (Py-69—83).

A model of B/-50—87 docked to PDE® in a conforma-
tion derived from the crystal structure by an extension of
helix a3 to residues +75—83 is shown in Figure 4B. This
model requires a certain degree of flexibility for the®tle
l1e®” residues to enable their interaction with the PHehes!
residues. The inhibitory defects of the G85A mutant confirm
that the rotational freedom provided by &lyo 11e%%/11e8” is
important for the inhibition of PDE6 by jP Our Ala-
scanning analysis also identified/Beu’® as an essential
PDEG' contact residue. In the model, the side chain of Beu
faces the catalytic cavity, and is close to several potential
contact residues within the catalytic perimeter. As fof’|le
Leu’® participates in the interactions with both PDE and Gt
further bolstering the mechanism of effector activation
through sequestration of the criticaj fhhibitory residues.
Modest reductions in the yPaffinity for PDE6y were
observed with the E77A and E80A substitutions. These
effects might reflect a contribution of the electrostatic
interactions to the § C-terminus-PDE6 binding. The
surface surrounding the catalytic pocket is largely neutral to
positively charged, whereas the electrostatic potential of the
Py 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@®terminus may
satisfy the parameters of its binding to PRE®btained in
this study.

How does Gt induce a switch of thePC-terminus from
a proposed “morea-helical” conformation to the bent
conformation seen in the &tbound structure? The analysis
of transducin activation of reconstituted PDES containing the
C-terminal B> mutants with substituted Gtcontact residues
provides some interesting clues to the mechanism. The I87A
mutation did not cause any significant impairment obxGt
activation. The replacement of the dGtontact residue in

this mutant was probably compensated by a parallel decrease 55’

in the affinity of Py for the PDE catalytic subunits. Moderate
defects in transducin activation resulting from the substitu-
tions of Phé3, Leu’®, and Le@! are consistent with a loss of
Gta contacts. The most severe impairment of the ability of
Gta to activate PDE was observed in the enzyme reconsti-
tuted with B/L76A. In the model, the side chain of/Peu’®
points away from the catalytic pocket and is readily acces-
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sible to Gt (Figure 4B). Led® is also a weak link in the
o-helical structure as, together with adjacent residues, it has
a relatively low reliability index for am-helix as a predicted
secondary structured(). In addition to BLeu’s, previous
studies 81, 32) and the crystal structur&)implicate B Trp™

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-bounddGfirst interacts with Letf
and the more N-terminal residues af,Particularly Trg°.
The interaction with Trf serves to anchor @tto the B/
C-terminus, whereas the interaction with [&introduces a
bend in itsa-helical structure. Gt is then able to engage
C-terminal residues L&g Lel?!, and Il€” to complete the
PDE activation switch of  (Figure 4B).
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