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Background: Photoreceptor PDE6 is the central enzyme in vision, but conformational changes during visual transduction
are not understood.
Results: Binding of cGMP or regulatory proteins to PDE6 induces conformational changes detected by analytical
ultracentrifugation.
Conclusion: Allosteric communication may contribute to regulating PDE6.
Significance: Understanding PDE6 molecular organization will aid understanding of how defects in PDE6 can result in retinal
disease.

As the central effector of visual transduction, the regulationof
photoreceptor phosphodiesterase (PDE6) is controlled by both
allostericmechanisms and extrinsic binding partners. However,
the conformational changes and interactions of PDE6 with
known interacting proteins are poorly understood. Using a fluo-
rescence detection system for the analytical ultracentrifuge, we
examined allosteric changes inPDE6 structure andprotein-pro-
tein interactions with its inhibitory �-subunit, the prenyl-bind-
ing protein (PrBP/�), and activated transducin. In solution, the
PDE6 catalytic dimer (P��) exhibits a more asymmetric shape
(axial ratio of 6.6) than reported previously. The inhibitory P�
subunit behaves as an intrinsically disordered protein in solu-
tion but binds with high affinity to the catalytic dimer to recon-
stitute the holoenzyme without a detectable change in shape.
Whereas the closely related PDE5 homodimer undergoes a sig-
nificant change in its sedimentation properties upon cGMP
binding to its regulatory cGMPbinding site, no such changewas
detected upon ligand binding to the PDE6 catalytic dimer.How-
ever, when P�� was reconstituted with P� truncation mutants
lacking the C-terminal inhibitory region, cGMP-dependent
allosteric changes were observed. PrBP/� bound to the PDE6
holoenzyme with high affinity (KD � 6.2 nM) and induced elon-
gation of the protein complex. Binding of activated transducin
to PDE6 holoenzyme resulted in a concentration-dependent
increase in the sedimentation coefficient, reflecting a dynamic
equilibrium between transducin and PDE6. We conclude that
allosteric regulation of PDE6 is more complex than for PDE5
and is dependent on interactions of regions of P� with the cata-
lytic dimer.

Photoreceptor phosphodiesterase (PDE6) is the central
effector enzyme of phototransduction. The PDE6 activation
mechanism and its catalytic efficiency distinguish it from the
othermammalian phosphodiesterase families (1–3) and under-
lie the ability of photoreceptor cells to rapidly respond to light
stimuli with changes in cGMP levels on the millisecond time
scale (4, 5). During the first steps in vision, photoisomerized
rhodopsin activates the heterotrimeric G-protein, transducin,
which binds GTP and releases its activated �-subunit (T�-
GTP)2 to activatemembrane-associated rod PDE6 holoenzyme
by displacing the inhibitory �-subunit (P�) from the enzyme
active site. The drop in cGMP that results fromPDE6 activation
causes cGMP-gated ion channels to close, resulting in mem-
brane hyperpolarization that is transmitted to second-order
retinal neurons (6, 7).
Considering the wealth of electrophysiological, biochemical,

and genetic information about the activation and deactivation
of the visual transduction pathway (8), it is surprising that fun-
damental aspects of PDE6 structure and regulation remain
obscure. The rod PDE6 holoenzyme is composed of two non-
identical catalytic subunits (� and�) towhich two inhibitory P�
subunits bind. Each catalytic subunit consists of two regulatory
GAF domains (one of which, GAFa, allosterically binds cGMP),
a catalytic domain, and an isoprenylatedC terminus that causes
PDE6 to be membrane-associated (4). Although the molecular
organization of the catalytic subunits have been revealed at low
resolution using electronmicroscopy and image analysis of rod
PDE6 (9–11), very little is known about the conformational
changes likely to occur to the P�� catalytic dimer upon binding
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of the P� subunit to P�� or upon binding of cGMP to theGAFa
domain of the protein. Furthermore, several proteins besides
T�-GTP have been shown to interact with PDE6 in rod outer
segments (e.g. prenyl-binding protein/� (PrBP/�), regulator of
G-protein signaling-9 (RGS9), glutamic acid-rich protein-2
(GARP2), and aryl hydrocarbon receptor-interacting protein-
like 1 (AIPL1); reviewed in Ref 4), but the changes in molecular
organization of PDE6 and (with the exception of transducin)
the regulatory significance of these interactions remains
unclear.
Previous enzymological studies of PDE6 have demonstrated

that catalytic activity is regulated by its tight binding of its P�
inhibitory subunit. Furthermore, the strength of the interaction
of P� with P�� is modulated by cGMP binding to the GAFa
domain. This allosteric regulation of P� affinity for P�� by
cGMP is reciprocal in that cGMP binding affinity for the GAFa
domain is enhanced when P� is associated with P�� (12–14).
Unlike the structurally related PDE5 enzyme in which cGMP
binding to the GAFa domain induces a conformational change
that leads to allosteric enzyme activation (3), direct allosteric
activation of PDE6 catalysis has not been observed (14–16).
The underlying reason for the absence of direct allosteric acti-
vation of PDE6 is not understood; nor is the structural basis for
the reciprocal allosteric effect between cGMP binding and P�
binding to the PDE6 catalytic dimer.
Analytical ultracentrifugation is a well established biophysi-

cal method that can provide hydrodynamic information con-
cerning the size, shape, and interactions of proteins in their
native state under physiological solution conditions (17). Early
hydrodynamic studies of PDE6 (18, 19)were limited by issues of
protein purity and stability as well as the inability to distinguish
molecular size and surface charge from potential asymmetry of
the protein complex. The standard optical systems for analyti-
cal ultracentrifugation (i.e. interference and absorbance) have
impeded progress due to their low sensitivity and the need for
large quantities of purified proteins. The recent development of
a fluorescence detection system for the analytical ultracentri-
fuge (AU-FDS) enables the study of a fluorescently labeled pro-
tein with high sensitivity (i.e. subnanomolar detection levels)
and in complex, concentrated solutions that permit study of
protein-protein and protein-ligand interactions (20, 21). In this
paper, we utilize AU-FDS to examine the structure/function
relationships of PDE6 subunits and to characterize conforma-
tional changes occurring when PDE6 interacts with ligands and
with regulatory binding partners.

EXPERIMENTAL PROCEDURES

Materials—Bovine retinas were purchased from W.L. Law-
son, Inc. The Superdex 200 and Mono-Q columns and the SP-
Sepharose chromatography media were from GE Healthcare.
The C4 reversed-phase column (Vydac 214TP, 22 � 250 mm)
was from Grace Davison Discovery Sciences. Affinity chroma-
tography media and HRV3c protease were from Qiagen or
ThermoFisher Scientific. Filtration and ultrafiltration products
were from Millipore. 5-Iodoacetamidofluorescein (IAF) and
protein assay reagents were from Thermo Scientific/Pierce.
The full-length open reading frame sequence for the human
PDE5A gene (BAA28945) and the modified pFastBac Htb dual

vector were a gift of Dr. Peter Rae (Bayer Healthcare AG). Full-
length recombinant human PDE5, bovine PrBP/�, and bovine
rod P� truncation mutants were kindly provided by Dr. Karyn
Cahill, Hannah Gitschier, and Dr. Xiujun Zhang, respectively
(University of New Hampshire). All other chemicals were
obtained from Sigma.
Preparation of PDE6 Holoenzyme and PDE6 Heterodimer—

Bovine rod outer segments (ROS) were prepared from frozen
bovine retinas under dark-adapted conditions on a discontinu-
ous sucrose gradient. Rod PDE6 holoenzyme (P����) was then
extractedwith a hypotonic buffer from illuminated ROS homo-
genates and purified by Mono-Q anion exchange chromatog-
raphy and Superdex 200 gel filtration chromatography. The
purified PDE6 was concentrated by ultrafiltration and stored
with 50% glycerol at �20 °C (22). Hydrolytic activity was
assayed with a colorimetric method (23).
The PDE6 catalytic dimer (P��) was prepared from the

PDE6 holoenzyme by removing the inhibitory P� subunits
through limited trypsin proteolysis (24). A time course of pro-
teolytic activation of PDE6 was determined to ensure that
�90% of the P� subunit was destroyed without altering the
apparent molecular weight of the catalytic subunits (22). To
deplete endogenous cGMP bound to the noncatalytic cGMP
binding sites on PDE6, purified P�� was incubated at 30 °C for
4 h, and the removal of 60–80% of the endogenous cGMP was
verified by a membrane filtration assay of [3H]cGMP binding
(25). The PDE6 concentration was determined as described
previously (26).
Preparation of Recombinant Full-length PDE5 and Catalytic

Domain of PDE5—The expression and purification of His-
tagged human PDE5 in Sf9 insect cells was performed essen-
tially as described by Corbin et al. (27). Briefly, bacmid DNA
was generated by transforming competent DH10Bac cells
(Invitrogen) using the manufacturer’s protocol. Bacterial colo-
nies were screened by PCR for the presence and correct orien-
tation of the human PDE5 sequence within the viral DNA. Sf9
cells were transfected with the bacmid DNA using SuperFect
(Qiagen). The virus-containing cell supernatant was used in
viral plaque assays to screen viral isolates for protein expression
and to generate high titer viral stocks.
To purify recombinant, His-tagged PDE5, suspension cul-

tures of Sf9 cells were infected (multiplicity of infection � 5
pfu/ml) for 48–60 h at 27 °C. Harvested cells (�2 � 108 cells)
were disrupted by sonication in 20 mM Tris, pH 8, 100 mM

NaCl, supplemented with Sigma protease inhibitor mixture
lacking EDTA. Following centrifugation, the supernatant was
affinity-purified on a 2.5-ml nickel-nitrilotriacetic acid-agarose
column (Qiagen). After washing, His-tagged PDE5 was eluted
with 20 mM Tris, pH 8, 100 mM NaCl, and 250 mM imidazole.
The purified proteinwas immediately buffer-exchanged into 20
mM Tris, pH 7.5, 100 mM NaCl, 2 mM MgCl2, and 2 mM DTT;
concentrated by ultrafiltration; and stored in 45% glycerol at
�20 °C. Purified PDE5 (�95% as judged by SDS-PAGE) was
stable (as judged by catalytic activity and [3H]cGMP binding
measurements) under these conditions for up to a year.
The catalytic domain of PDE5 (amino acids 503–875) was

generated by excising a 1130-nucleotide fragment from the full-
length human PDE5 sequence using the BamHI and NotI
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restriction enzyme recognition sites. The catalytic domain frag-
ment was then inserted into the pET47b vector (Millipore), and
the plasmid was transformed into the Rosetta strain of Esche-
richia coli BL21(DE3) cells for protein expression. The His-
tagged catalytic domain was affinity-purified as described
above, followed by concentration and storage at �20 °C. For
both the full-length and the catalytic domain proteins, fluores-
cent labeling (see below) had no discernible effect on the cata-
lytic properties of the recombinant proteins.
Preparation and Purification of P� and P� Fragments—Re-

combinant full-length P� was expressed in E. coli BL21(DE3)
cells using a pET11 vector containing the nucleotide sequence
for bovine rod P�. Cation exchange chromatography (SP-Sep-
harose) followed by reverse-phase chromatography (28)
yielded P� that was �90% pure, as judged by SDS-PAGE. The
activity of purified P�was assessed by its ability to stoichiomet-
rically inhibit P��, and it was determined to be �95% active.
Truncation mutants of P� used in this study were generated,
purified, and characterized as described previously (26).
Purification of Recombinant PrBP/�—The coding sequence

for bovine PrBP/� was inserted into the pGEX6p1 vector to
generate a pGEX6p1-PrBP/� construct with a glutathione
S-transferase (GST) fusion tag. Recombinant protein was
expressed in E. coli BL21(DE3) cells following induction with
0.5mM isopropylthiogalactoside at 37 °C for 3 h. The expressed
protein was purified by affinity chromatography on a glutathi-
one-agarose column, and the GST tag was removed by incuba-
tion with HRV3C protease followed by repurification of the
PrBP/� and storage at 4 °C until use.
Purification of Persistently Activated Transducin �-Subunit

(T�-GTP�S)—Transducin �-subunits were extracted from
PDE6-depleted ROS membranes by adding 50 �M GTP�S to
the ROSmembranes and recovering the solubilized T�-GTP�S
by centrifugation. The extracted T�-GTP�S was purified on a
blue Sepharose column (29, 30) and, in some experiments, fur-
ther purified by gel filtration chromatography on a Superdex
200 column. The concentration of T�-GTP�S was determined
by a colorimetric protein assay (31). Purified T�-GTP�S was
stored in 50% glycerol at �20 °C with 50 �M GTP�S to ensure
persistent activation.
Protein Labeling with IAF—Proteins were concentrated, and

the buffer was exchanged using Centricon ultrafiltration
devices. The solution used for the labeling reaction was as fol-
lows: 10 mM Tris, pH 7.5, 100 mM NaCl, and 2 mM MgCl2.
Protein disulfide bonds were reduced with a 10-fold molar
excess of Tris (2-carboxyethyl) phosphine-HCl. After the pH
was adjusted to 7.5–8.0 with 100 mM Tris base, reduced pro-
teins were incubated overnight at 4 °C in darkness with a
20-fold excess of IAF suspended in DMSO. Excess label was
removed by gel filtration chromatography, ultrafiltration, or
dialysis, depending on the protein. Labeled proteins were
stored in 50% glycerol. The degree of label incorporation was
determined spectrophotometrically (21).
Analytical Ultracentrifugation and Data Analysis—Experi-

ments were performed in anOptima XLI analytical ultracentri-
fuge (Beckman-Coulter) equipped with a fluorescence detec-
tion system (AVIV Biomedical) (32). Sedimentation velocity
studies were typically run at 50,000 rpm at 20 °C (or 55,000 rpm

at 20 °C for P�) using a Beckman An-50 Ti rotor with double-
sector cells with sapphire windows (Spin Analytical). Fluores-
cence scans (reported in arbitrary units) were acquired at 2-min
intervals for all samples simultaneously. Analysis of 250–500
scans of each sample was performed according to a c(s) distri-
bution model using the program Sedfit (33) to determine sedi-
mentation coefficients of each protein or complex. In one
instance, the absorbance optical system of anOptimaXLA/XLI
centrifuge was used for comparison with the fluorescent detec-
tion system results. In some cases, green fluorescent protein
(GFP) (2.6 S) served as an internal standard.
The Stokes radius (RS) and prolate axial ratio (a/b) were cal-

culated with the program SEDNTERP (34) using the observed
sedimentation coefficient, composition molecular weight, and
partial specific volume (assuming solvation � 0.4 g of H2O/g of
protein). The predicted hydrodynamic behavior for those pro-
teins for which crystallographic data were available was deter-
mined using Solution Modeler (SOMO) (35, 36).
All experimental measurements were performed at least

three times, and data are reported as the mean � S.E. Curve
fitting and statistical tests of significance (unpaired, two-tailed t
test) were performed using SigmaPlot.

RESULTS AND DISCUSSION

Hydrodynamic Analysis of PDE6 Catalytic Dimer and Inhib-
itory Subunit—Because there is a lack of detailed information
about the structural organization of PDE6 holoenzyme and its
constituent subunits, we began our study by examining the
hydrodynamic properties of PDE6 subunits using analytical
ultracentrifugation. We relied on the recent development of
AU-FDS to enable us to detect�100-fold lower concentrations
of protein compared with the traditional optical systems previ-
ously used for sedimentation velocity studies. This approach
requires labeling the protein of interest with a fluorescent dye
to enable detection during sedimentation velocity analysis.
To study the hydrodynamic properties of P� using AU-FDS,

we covalently attached IAF to the 87-amino acid bovine rod P�
molecule at its single cysteine residue (Cys-68) and verified
stoichiometric label incorporation. We ascertained that cova-
lent modification of Cys-68 with IAF did not alter its ability to
inhibit the PDE6 catalytic heterodimer (P��) compared with
unlabeled P� (data not shown). We also compared the sedi-
mentation properties of P�-IAF with those of unlabeled P�
(using an absorbance detection system). Fig. 1 shows that
P�-IAF and unlabeled P� have identical sedimentation proper-
ties, with a sedimentation coefficient of 1.0� 0.02 S for P�-IAF
and 1.0 � 0.06 S for the unlabeled P�. We conclude that cova-
lently attaching a fluorescein molecule at Cys-68 of the P�
sequence does not affect either the shape or the inhibitory
activity of this protein.
Based on themass of P� (9.6 kDa) and its observed s value, an

RS of 2.2 � 10�7 cm was calculated, corresponding to an axial
ratio of 5.9, indicating that the P� solution structure is asym-
metric compared with a tightly folded protein of identical
molecular mass. This result is consistent with other measure-
ments of P� solution structure that indicate that P� can be
considered an intrinsically disordered protein with only limited
amounts of secondary structure (37–39).
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We next fluorescently labeled PDE6 catalytic heterodimer
(P��) with IAF to study its sedimentation properties. We con-
sistently were able to incorporate 5–6 molecules of IAF per
P��, indicating that only a small fraction of the 36 total cys-
teines in the �- and �-subunits were accessible to and reactive
with the dye. Fluorescently labeled PDE6 exhibited catalytic
and cGMP-binding properties thatwere indistinguishable from
those of unlabeled enzyme. Comparison of the sedimentation
properties of the unlabeled versus labeled PDE6 catalytic dimer
(reconstituted with labeled or unlabeled P�, respectively)
revealed no statistically significant differences in PDE6 confor-
mation upon labeling (p � 0.3, two-tailed t test).

Sedimentation velocity analysis of P��-IAF yielded a major
species with a sedimentation coefficient of 7.5 � 0.02 S (Fig. 2).
Taking into consideration the molecular mass of P��, the
hydrodynamic behavior of the catalytic dimer is consistentwith
an elongated shape in solution (axial ratio (a/b) of 6.6, assuming
a prolate ellipsoid shape; see Table 1. Aminor species (typically
less than 10% of the total fluorescent signal) was routinely
observed with a sedimentation coefficient of �5 S and most
likely represents proteolytic fragments of P�� or a minor con-
taminating protein co-purifying with PDE6. Based on hydrody-
namic modeling of the solution behavior of the structurally
related PDE2 crystal structure (Table 1), monomeric PDE6 cat-
alytic subunits would be expected to sediment at 4.3 S, not 5.0 S.
Thus, it is unlikely that the 5 S material represents monomeric
�- and/or �-subunits of PDE6.
Binding of P� to P�� Does Not Alter Conformation of Result-

ing Holoenzyme—The catalytic subunits of PDE6 consist of
three folding domains: two N-terminal tandem GAF domains
(GAFa and GAFb) and the C-terminal catalytic domain. Bio-
chemical evidence indicates that the N-terminal portion of P�
interacts with the GAFa domain of the catalytic subunits,
whereas the C-terminal portion of P� interacts with the cata-
lytic domains of P�� (40). To test the hypothesis that binding
of P� to P�� might induce a structural change in conformation
of the domain organization of PDE6, we examined the effects of

mixing P� with P�� prior to determining the hydrodynamic
properties of the reconstituted holoenzyme.
Previous studies have documented that the addition of stoi-

chiometric amounts of unlabeled P� to P�� can quantitatively
inhibit cGMP hydrolysis (41, 42). This titration behavior of P�
to inhibit P�� was also observed for the IAF-labeled catalytic
dimer (data not shown). Upon reconstituting the PDE6 holoen-
zyme by adding back stoichiometric amounts of P� to our P��-
IAF preparation, we found an increase of the sedimentation
coefficient from 7.5 � 0.02 to 7.9 � 0.03 S (Fig. 2). Highly puri-
fied PDE6 holoenzyme also was labeled with IAF, which
resulted in labeling of both the P� subunits and the P�� cata-
lytic dimer (3–5molecules of IAF per holoenzyme). The result-
ing sedimentation behavior of the native holoenzyme (s� 7.9�
0.02 S; Table 1)was indistinguishable from that of reconstituted
PDE6-IAF. These results support the idea that the limited pro-
teolysis of PDE6 used to prepare purified P�� did not adversely
affect the dimerization of the catalytic subunits or their ability
to bind P� to reform the ���� holoenzyme. At all concentra-
tions tested, neither P�� nor PDE6 holoenzyme revealed any
evidence for the existence of monomeric catalytic subunits.
Calculation of the Stokes radius based on the observed sedi-

mentation coefficient leads to the conclusion that the P�� cat-
alytic dimer (RS � 6.1 � 10�7 cm) does not undergo a signifi-
cant change in shape upon binding of P� subunits (RS � 6.3 �
10�7 cm; see Table 1). The simplest interpretation is that the
intrinsically disordered P� subunit (39) binds to the elongated
P�� by conforming to overall shape of the catalytic dimer with-
out causing detectable alterations in the conformation of the
GAF or catalytic domains.
Comparison of the hydrodynamic properties of PDE6

holoenzyme (Fig. 2) with available structural information for
PDE6 holoenzyme (examined by electron microscopy and

FIGURE 1. Hydrodynamic properties of the purified P� subunit. P� was
purified, and a portion was labeled with IAF (see “Experimental Procedures”).
Sedimentation velocity studies were carried out using either the absorbance
optical system (77 �M P�; 55,000 rpm at 20 °C; dashed line) or the fluorescence
optical system (1 or 10 nM P�-IAF; 50,000 rpm at 20 °C; solid line). The resulting
data were analyzed with Sedfit to determine a sedimentation coefficient of
1.0 S for all samples.

FIGURE 2. Hydrodynamic properties of PDE6 holoenzyme and catalytic
dimer reconstituted with P�. Sedimentation velocity experiments (50,000
rpm at 20 °C) were conducted with fluorescently labeled PDE6 holoenzyme
(P����-IAF; black), PDE6 catalytic dimer (P��-IAF; dark gray), PDE6 catalytic
dimer reconstituted with stoichiometric amounts of unlabeled P� (P��-IAF �
2 P�; medium gray), and purified P� (light gray). As an internal standard, GFP
(2.6 S) was added to samples containing catalytic subunits. The sedimenta-
tion coefficients determined in this representative experiment were as fol-
lows: PDE6 holoenzyme, 7.9 S; catalytic dimer, 7.5 S; reconstituted PDE6
holoenzyme, 7.9 S; purified P�, 1.0 S. See Table 1 for averaged data and sta-
tistical significance for this and subsequent figures.
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image analysis (9, 10)) suggests that the solution structure of
PDE6 is more asymmetric than the molecular organization
described by electron microscopy. Our estimate of the molec-
ular volume of PDE6 (785 nm3, based on its Stokes radius) is
20–40% smaller than the two published values for the molec-
ular dimensions of purified PDE6 holoenzyme examined by
electron microscopy (9, 10). In addition, PDE6 in solution
appears more elongated than what is seen for PDE6 particles
viewed by electron microscopy. These differences may reflect
an overestimate of the molecular dimensions of negatively
stained particles used for the electron microscopic analysis
and/or distortion of themolecular organization of PDE6 during
sample preparation for electron microscopy.
cGMP Binding Induces Large Conformational Changes in

PDE5 but Not in PDE6—Because AU-FDS is well suited to
detect conformational changes in proteins upon ligand binding,
we sought to determine whether cGMP binding to the GAF
domains of PDE6 could alter its overall shape. Support for this
idea comes from studies of the closely related enzyme, PDE5,
which undergoes changes in electrophoretic mobility (43, 44)
and NMR spectral properties (45) upon binding of cGMP.
Because PDE5 and PDE6 are closely related structurally and
biochemically (see Introduction), we examinedwhether ligand-
induced conformational changes could be observed for both
the PDE5 and PDE6 enzyme families.
We first tested fluorescently labeled recombinant human

PDE5 (1–2 IAF molecules per dimer) and observed a sedimen-
tation coefficient of 7.7 � 0.04 S (n � 16) in the absence of
added cGMP (Fig. 3A). The calculated Stokes radius (RS �
6.4 � 10�7 cm) for PDE5 is somewhat larger than for the PDE6
catalytic dimer, indicating a more elongated molecular struc-
ture (axial ratio of 7.2). Upon cGMPbinding, the sedimentation
coefficient is lowered from 7.7 to 7.4 � 0.04 S (n � 12; Fig. 3A),
indicative of a statistically significant (p	 0.0001) elongation of
PDE5 structure (e.g. increase in axial ratio to 8.4) upon cGMP
binding. This finding agrees with a cGMP-dependent decrease

in PDE5 electrophoretic mobility on native gels and a shift in
elution during gel filtration chromatography (44, 46). This
cGMP-dependent conformational change in PDE5 holoen-
zyme was not observed when we tested the isolated catalytic
domain of PDE5; in this instance, the catalytic domain behaves
as a monomeric, mildly asymmetric protein (3.4 S), and cGMP
addition caused no statistically significant change in sedimen-
tation coefficient (p � 0.46). For both the full-length PDE5
homodimer and themonomeric catalytic domain fragment, the
predicted hydrodynamic properties (based on modeling the
solved crystal structures) were in good agreement with
the observed sedimentation behavior of these two proteins
(Table 1).
To examine whether similar allosteric regulation of PDE6 by

cGMP could be detected, we compared the hydrodynamic
properties of P��-IAF in the absence of ligands or in the pres-
ence of 10 mM cGMP plus a PDE5/6 catalytic site inhibitor
(either 1mMzaprinast or 0.1mMvardenafil) to prevent destruc-
tion of cGMP. (cGMPbinding assays confirmed earlier findings
(14, 42) that, under these conditions, all high affinity cGMP
binding sites on P�� would remain occupied during centrif-
ugation.) No significant change in sedimentation coefficient
was observed for PDE6 catalytic dimer in the absence or
presence of cGMP (Fig. 3B). (We were unable to test the
effects of cGMP in the absence of a cyclic nucleotide phos-
phodiesterase inhibitor because the high catalytic rate of
P�� will degrade all of the added cGMP during the time
needed to conduct the sedimentation velocity experiment.)
We also examined the ability of various PDE5/6 inhibitors to
alter the sedimentation properties of P�� but found no
effects of zaprinast or vardenafil on the hydrodynamic
behavior of the PDE6 catalytic dimer (data not shown). We
conclude that, unlike with PDE5, no significant conforma-
tional changes can be detected upon binding of cGMP (or
other small ligands) to the PDE6 catalytic dimer.

TABLE 1
Summary of sedimentation properties
Sedimentation velocity analysis using the fluorescence detection system (see “Experimental Procedures”) was carried out on the indicated protein samples. The data were
analyzed using Sedfit with the following parameters: partial specific volume � 0.7300, buffer density � 0.99823 g/ml, and viscosity � 0.01002 Poise. The sedimentation
coefficient (s) values are the mean � S.E. for n separate determinations.

Protein sample n sa RS
b

Axial ratio
(a/b)c

Predicted
sd

cm
P���� 32 7.9 � 0.02 6.3 � 10�7 6.8
P�� 24 7.5 � 0.02* 6.1 � 10�7 6.6
P�� � 2� 12 7.9 � 0.03 6.3 � 10�7 6.8
P�� � cGMP 20 7.5 � 0.04* 6.1 � 10�7 6.7
P� 13 1.0 � 0.02 2.2 � 10�7 5.9
PrBP/� 24 2.0 � 0.04 2.0 � 10�7 1.3 1.9
2PrBP/� � P���� 20 8.1 � 0.05 7.2 � 10�7 8.6
T�/GTP�S 13 3.1 � 0.04 3.1 � 10�7 3.7 3.2
T�/GTP�S � P� 26 3.5 � 0.08** 3.4 � 10�7 4.1
PDE5 dimer 16 7.7 � 0.04 6.4 � 10�7 7.2 4.3/7.1
PDE5 dimer � cGMP 12 7.4 � 0.04* 6.7 � 10�7 8.4
PDE5-CAT monomer 6 3.4 � 0.12 3.1 � 10�7 3.2 3.1
PDE5-CAT � cGMP 6 3.3 � 0.04 3.2 � 10�7 3.6

a To determine statistical significance referenced to the boldface entry in each section, a two-tailed t test was performed, and the degree of significance noted by an aster-
isk (p 	 0.001), a double asterisk (p 	 0.01), or no asterisk (not statistically significant).

b RS was calculated using SEDNTERP, a knowledge of the composition molecular weight, and the partial specific volume (assuming solvation � (0.4 g of H2O/g of protein)).
c Axial ratio was calculated assuming a prolate ellipsoid model of the hydrodynamic properties, assuming the monomeric state except for PDE5 and PDE6 catalytic dimers.
d Predicted sedimentation coefficient is based on hydrodynamic modeling using SOMO (35) with the following Protein Data Bank structure files: PrBP/� (1KSH), T�-GTP�S
(1TND), PDE5 monomer/dimer (modeled using the dimeric PDE2 crystal structure, 3IBJ), PDE5 catalytic domain (no ligand bound, 1T9R).
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cGMP-dependent Conformational Changes in PDE6 Can Be
Observed upon Stabilization of cGMPBinding by P� Fragments—
The failure to observe structural rearrangement of P�� upon P�
binding (Fig.2)orcGMPbinding (Fig.3)wasunexpected.Previous
work has documented positive cooperativity of cGMP and P�
binding toP��andallostericeffectsofN-terminal fragmentsofP�
oncGMPbinding andcatalytic activity (13, 14, 26, 47, 48).This led
us to consider whether the combination of cGMPoccupancy plus
interactionof P�might benecessary to observe structural changes
in PDE6 conformation.
To test this, we compared the hydrodynamic behavior of P��

when incubated with various P� fragments in the absence or
presence of cGMP. Fig. 4 shows that the sedimentation coeffi-
cient of the PDE6 catalytic dimer in the absence of cGMP (open
circles) linearly increased as a function of the length (i.e.mass)
of the P� fragment that was added. This behavior is consistent
with a change in size of the reconstituted PDE6 holoenzyme
without a change in shape (Fig. 4, inset, open circles).

In contrast, adding cGMP to occupy all of the cGMP binding
sites on P�� reconstituted with various P� fragments sup-
pressed this linear increase in s value because the size of the P�
fragments was increased (Fig. 4, filled circles). P� fragments
ranging in size from the first 45 to the first 73 residues all
showed highly significant differences in s value when cGMP
was present compared with identical samples lacking cGMP
during the experiment. This cGMP-dependent change in sedi-
mentation properties of the reconstituted enzyme is accompa-
nied by a previously documented enhancement of cGMP bind-
ing to low affinity sites of P�� by P� (42) or N-terminal P�
fragments (14).
Only in the case of full-length P� does this cGMP-induced

change in PDE6 holoenzyme conformation revert to an axial
ratio similar to that seen in the absence of cGMP (Fig. 4, inset).
It should also be noted that another study has reported a
cGMP-dependent shift in the elution profile of partially acti-
vated PDE6 (���) studied using gel filtration chromatography
(49).
Taken together, the results of Figs. 3 and 4 suggest that both

PDE5 and PDE6 undergo a cGMP-induced elongation of the
catalytic dimer but that in the case of PDE6, this allosteric
mechanism requires the participation of the GAF-interacting
region of P� (for discussion, see below).
Binding of PrBP/� to PDE6 Holoenzyme Causes Elongation of

Protein Complex—Asmentioned in the Introduction, PrBP/� is
a small prenyl-binding protein that co-purifies with a soluble
form of PDE6 when isolated from retinal extracts and has been
hypothesized to play a role in PDE6 transport and/or regulation

FIGURE 3. Evidence for ligand-induced conformational changes in PDE5
but not PDE6. AU-FDS Sedimentation velocity studies (50,000 rpm at 20 °C)
were carried out to examine conformational changes induced by cGMP.
A, His-tagged, recombinant PDE5, either full-length or catalytic domain, were
fluorescently labeled and repurified by gel filtration chromatography prior to
sedimentation velocity analysis of 10 nM protein in the presence or absence of
10 mM cGMP. The sedimentation coefficients determined in this experiment
were as follows: PDE5-IAF alone, 7.7 S; PDE5-IAF plus cGMP, 7.4 S; PDE5CAT-
IAF alone, 3.3 S; PDE5CAT-IAF � cGMP, 3.2 S. B, purified PDE6-IAF was acti-
vated by limited trypsin proteolysis, repurified by gel filtration chromatogra-
phy, and depleted of endogenous nucleotides (see “Experimental Proce-
dures”). 10 nM P��-IAF (plus 1 mM zaprinast or 0.1 mM vardenafil) was ana-
lyzed in the presence or absence of 10 mM cGMP. The resulting sedimentation
coefficients were as follows: P��-IAF, 7.5 S; P��-IAF plus cGMP, 7.5 S.

FIGURE 4. cGMP-induced conformational changes in PDE6 observed
when P� truncation mutants are bound to the catalytic dimer. Purified,
nucleotide-depleted P��-IAF (10 nM) was incubated with 1 �M concentra-
tions of the following: nothing (control), full-length P� (P�(1– 87)), and the
C-terminal truncation mutants P�(1– 45), P�(1– 60), P�(1–70), and P�(1–73).
One portion of each preparation was incubated with 10 mM cGMP, and sam-
ples were centrifuged as soon as possible thereafter to minimize cGMP
hydrolysis. The x axis represents the number of amino acids in each of the
C-terminal truncation mutants. Data points represent the mean � S.E. of 4 –9
separate experiments. The asterisks indicate statistical difference at p 	 0.05
(*) p 	 0.005 (**) level of significance. The straight line is the predicted s value
for each sample, calculated using the additional mass contributed by each P�
truncation mutant, assuming a binding stoichiometry of 2 P� per P�� and no
change in shape of the reconstituted protein. Inset, the axial ratio was calcu-
lated with SEDNTERP based on the composition molecular weight and the s
value for each condition in the absence (open circles) and presence (filled
circles) of cGMP.
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of its catalytic activity (50–52). To examine this interaction, we
first purified recombinantly expressed PrBP/�, labeled it with
IAF (�2 IAFmolecules per protein), and determined its hydro-
dynamic properties using AU-FDS. PrBP/� exhibits a sedimen-
tation coefficient of 2.0 � 0.04 S (Table 1). This corresponds to
a Stokes radius of 2.0 � 10�7 cm and an axial ratio of 1.3,
indicating that the protein is essentially a spherical globular
protein in solution. Our results are consistent with the pre-
dicted hydrodynamic properties of PrBP/� based on modeling
the x-ray crystal structure (Protein Data Bank entry 1KSH,
chain B) using SOMO (35, 36), supporting the characterization
of PrBP/� as a tightly organized, immunoglobulin-like fold
protein (53).
Following incubation of fluorescently labeled PrBP/� with

PDE6 holoenzyme, a PrBP/�-PDE6 complex was detected with
a sedimentation coefficient of 8.1� 0.05 S (Fig. 5A). To evaluate
the affinity of the interaction between PrBP/� and PDE6, we
preincubated PDE6 holoenzyme with a large excess of PrBP/�-
IAF, performed gel filtration to remove unbound PrBP/�-IAF,
and then examined the sedimentation properties of a series of
dilutions of the protein complex.As shown in Fig. 5B, the extent
to which PrBP/�-IAF remained bound to PDE6 was concentra-
tion-dependent (K1⁄2 � 6.1 nM), indicating a strong affinity of
PrBP/�-IAF for PDE6 holoenzyme. However, the above exper-
iments are unable to determine the binding stoichiometry of
this interaction, specifically whether one or both of the isopre-
nylated catalytic subunits bind PrBP/�-IAF.
To estimate the binding stoichiometry of PrBP/� to PDE6,we

quantitated the amount of PrBP/�-IAF bound to purified PDE6
holoenzyme or to PDE6 solubilized fromROSmembranes with
PrBP/� following gel filtration chromatography to remove
unbound PrBP/�. The amount of PrBP/� bound was quantified
by either spectrofluorimetric analysis (with reference to a set of
PrBP/�-IAF standards of known concentration) or following
SDS-PAGE and quantitation of Coomassie-stained gel bands.
Both approaches yielded similar results with a maximum bind-
ing stoichiometry of 2.2� 0.4 (n� 12), consistent with a recent
study (11). With this information, we could now interpret the
modest shift in sedimentation coefficient from 7.9 to 8.1 S upon
PrBP/� binding to reflect a significant elongation of the protein
complex (axial ratio increased from 6.8 to 8.6) upon PrBP/�-
IAF binding to the isoprenyl group at the C terminus of each
PDE6 catalytic subunit.
Interactions of Activated Transducin �-Subunit with PDE6—

The heterotrimeric G-protein, transducin, plays a critical role
in the activation of membrane-associated rod PDE6 during vis-
ual excitation (see Introduction). We utilized AU-FDS to study
the hydrodynamic properties of the persistently activated
transducin�-subunit (T�-GTP�S) and its interactionswith the
inhibitory P� subunit and with the PDE6 holoenzyme. Purified
T�-GTP�S fluorescently labeled with IAF (0.2–0.4 molecules
of IAF per T�-GTP�S) was found to have a sedimentation coef-
ficient of 3.1� 0.04 S, consistent with a slightly elongated glob-
ular protein (axial ratio 3.7; Table 1). The predicted asymmetry
(axial ratio of 3.0) based on computer modeling of the hydro-
dynamic properties from the x-ray crystal structure (Protein
Data Bank entry 1TND) is comparable with the observed solu-
tion properties of T�-GTP�S (Table 1).

Upon binding of P� to transducin �-subunit, the sedimenta-
tion coefficient increases from 3.1 to 3.5 S (Table 1). This
increase in s value can be predominantly accounted for by the
increased mass of the complex of T�-GTP�S with P� (1:1 stoi-
chiometry), with only a modest increase in the axial ratio (from
3.7 to 4.1). Similar results are obtained regardless of how the
complex of T�-GTP�S with P� is formed or which protein was
fluorescently labeled (not shown).
When purified T�-GTP�S is incubated with fluorescently

labeled PDE6 holoenzyme, the sedimentation coefficient of the
labeled species increases in a concentration-dependentmanner

FIGURE 5. Binding of PDE6-interacting protein PrBP/� with PDE6 holoen-
zyme. A, purified PrBP/�-IAF (1 �M) was incubated overnight at 4 °C with 420
nM PDE6 holoenzyme, and then unbound PrBP/�-IAF was separated from
PDE6 by gel filtration chromatography. The recovered protein complex was
then diluted to the following PDE6 concentrations (listed from front to back):
1, 3, 5, 7.5, 10, 30, and 100 nM. Sedimentation velocity analysis of the dilution
series was then performed, along with a control sample (not shown) consist-
ing of purified PrBP/�-IAF, which sediments at 2.0 S. At 100 nM, the amplitude
of the fluorescent signal (2 S peak � 29.4 units and 8 S peak � 113 units) is off
scale so that the results at lower concentrations can be seen. B, the percent-
age of the total PrBP/� fluorescence associated with PDE6 was determined for
each PDE6 concentration by integrating the areas under the observed peaks
and calculating the percentage of the total fluorescence migrating at 8.1 S.
The curve represents the fit of the data to a two-parameter hyperbolic func-
tion (K1⁄2 � 6.1 nM).
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(Fig. 6), from 7.9 S (no added T�-GTP�S) to 9.4 S (10,000-fold
molar excess of T�-GTP�S over PDE6). (The efficiency with
which T�-GTP�S activates PDE6 catalysis in solution occurs
over the same concentration range as this observed shift in s
value (54).) This progressive increase in s value as the
T�-GTP�S concentration is increased can be explained by
either (a) two molecules of T�-GTP�S binding to the PDE6
holoenzyme with an insignificant change in shape or (b) one
T�-GTP�S binding to PDE6 that induces a reduction in asym-
metry of the protein complex. The presence of smaller s value
peaks complicates the interpretation of these data. In particu-
lar, the several peaks between 2 and 7 S do not exhibit system-
atic shifts as the transducin concentration increases. Because
purified T�-GTP�S has a sedimentation coefficient of 3.1 S and
T�-GTP�S complexed with P� is shifted to 3.5 (Table 1), it is
likely that increased quantities ofmaterial sedimenting approx-
imately at 3–4 S may result from a portion of the P� subunit
completely dissociating from the PDE6 holoenzyme following
T�-GTP�S binding the enzyme.Also notable is the shape of the
leading edge of the 8 S PDE6 peak in the presence of higher
concentrations of T�-GTP�S. The skewing toward higher s val-
ues may be indicative of multiple equilibria between transdu-
cin-PDE6 complexes consisting of one or two T�-GTP�S mol-
ecules binding to the PDE6 holoenzyme.
Conclusions—The photoreceptor-specific PDE6 is one of five

members of the mammalian phosphodiesterase superfamily
that contain tandem GAF domains. In contrast to the other
GAF-containing phosphodiesterases (PDE2, PDE5, PDE10,
and PDE11) in which ligand binding to the GAF domains is
allosterically communicated to the enzyme active site to
enhance catalysis (reviewed in Refs. 55 and 56), there is no bio-
chemical evidence supporting direct allosteric regulation of the
PDE6 catalytic dimer (P��) by cGMP binding (14–16). Com-
parison of the hydrodynamic behavior of PDE5 and P�� in the
absence and presence of cGMP (Fig. 3) demonstrates that

PDE5, but not PDE6, undergoes a large scale conformational
change of the entire catalytic dimer upon cGMP binding to the
GAFa domain (Fig. 7C) that probably represents the structural
basis for PDE5 allosteric activation.
The absence of direct allosteric regulation of PDE6 by cGMP

binding (Fig. 3B) reflects a failure of the GAF domains to com-
municate to the catalytic domain upon cGMP occupancy
because the isolated GAFa domain of cone PDE6 undergoes a
similar ligand-dependent stabilization of secondary structure
(57) that has been observed for cGMP binding to PDE2 and
PDE5 GAF domains (45, 58). The ability of P�1–45, known to
bind with high affinity to the GAF domains of P�� (14, 59, 60),
to restore a cGMP-dependent conformational change to the

FIGURE 6. Binding of the G-protein, transducin, to PDE6 holoenzyme.
Purified PDE6 holoenzyme (2.5 or 6 nM) covalently labeled with IAF was incu-
bated with various concentrations of purified, activated T�-GTP�S. Sedimen-
tation velocity analysis was then carried out (50,000 rpm at 20 °C), and the
data were analyzed to determine the sedimentation coefficient for each con-
centration: no added T�-GTP�S (thick solid line), 3000-fold molar excess of
T�-GTP�S (dashed line), 5000-fold excess (dotted line), and 10,000-fold excess
(thin solid line). The traces shown were normalized based on the total protein
fluorescence in each sample.

FIGURE 7. Changes in molecular organization of PDE6 and PDE5. The
depicted catalytic dimers of PDE6 and PDE5 are based on electron micro-
scopic image analysis of the molecular organization of the enzymes reported
by Kameni et al. (9); the enzyme active sites (top) and GAFa regulatory cGMP
binding site (bottom) are represented by semicircular areas deleted from the
molecular model. The inhibitory P� subunit of PDE6 is represented as an
S-shaped rod, and cGMP is shown as a dark circle. A, the PDE6 catalytic dimer
(P��) fails to undergo a detectable change in conformation upon binding of
P� and/or cGMP. B, although full-length P� fails to support allosteric changes
upon cGMP binding, C-terminal truncations of P� allow detection of cGMP-
induced elongation of the catalytic dimer. C, similarly, an elongation of the
PDE5 homodimer is observed upon cGMP binding, consistent with previous
hydrodynamic studies (44, 46). D, post-translational farnesylation (left sub-
unit) or geranylgeranylation (right subunit) of the C terminus of the PDE6 �-
and �-subunits permit PrBP/� (crystal structure derived from Protein Data
Bank entry 1KSH) to associate with the catalytic subunits, causing an overall
elongation of the protein complex.
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PDE6 catalytic dimer (Fig. 4) dramatically illustrates that allos-
teric communication from the tandem GAF domains of PDE6
requires participation of the GAF-interacting region of P� (Fig.
7B). In this context, the N-terminal half of P� may play a role in
PDE6 regulation not unlike the N-terminal regions of other
GAF-containing cyclic nucleotide phosphodiesterase catalytic
subunits, which exert regulatory control over catalytic activity
(61, 62).
This ligand-induced conformational change of PDE6 also has

important implications for the mechanism of transducin acti-
vation of PDE6 during visual excitation. It is generally accepted
that that activated transducin �-subunit (T�*-GTP) binds to
the C-terminal region of P� to displace the inhibitory con-
straint of P� at the enzyme active site (63–65). A structural
study of the complex of P�(70–87) with a chimeric PDE5/
PDE6 catalytic domain (66) suggests a mechanism in which
T�*-GTP may interact with P� residues 71–77 and induce a
hingelike movement of the last 10 residues away from the
enzyme active site without the T�*-GTP-P� complex dissoci-
ating completely from the PDE6 holoenzyme. Our experiments
revealing a cGMP-dependent elongation of P��-P�(1–60) or
P��-P�(1–73) (Figs. 4 and 7B) may in fact mimic the transdu-
cin-activated state of the PDE6 holoenzyme in which activated
transducin has displaced the C-terminal third of P� from P��
to T�*-GTP. The state of occupancy of the GAF domains of
P�� could regulate the conformational transition froman elon-
gated (cGMP-bound) conformation to a more compact (empty
site) conformation of the activated enzyme; this may be rele-
vant under physiological conditions of rod photoreceptor light
adaptation (i.e. persistent PDE6 activation and sustained low-
ering of cytoplasmic cGMP levels), where negative feedback
regulation of the lifetime of PDE6 activation is expected (67).
The failure to detect cGMP-dependent changes in the nonacti-
vated PDE6 holoenzyme conformation (Fig. 7A) may be indic-
ative of the fact that tight binding of the C-terminal region of
full-length P� to the catalytic domains of P�� prevents a
cGMP-induced conformational change that would otherwise
occur.
Our analysis of the hydrodynamic behavior of P� in aqueous

solution using AU-FDS agrees well with structural data using
othermethods (38, 40) and lends support to the conclusion that
P� is a disordered, extended structure in solution and binds at
multiple sites along the surface of the PDE6 catalytic dimer
(consistent with chemical cross-linking studies, reviewed in Ref
40). The observation that binding of P� to P�� occurs without
a significant change in overall shape of the resulting heterote-
tramer (Fig. 7A) supports the idea that P� conforms to the over-
all shape of the catalytic dimer upon binding (Table 1). The
function of these multiple sites of interactions between the
extended, partially unfolded structure of P� and the highly
organized three-domain structure of the PDE6 catalytic sub-
units remains a subject of inquiry and is probably fundamental
to the multiple roles P� plays in visual excitation and recovery
(40).
AU-FDS has been successfully used to quantify the high

affinity protein-protein interactions between PrBP/� and PDE6
holoenzyme (Fig. 5). In conjunction with independently deter-
mining the stoichiometry of two molecules of PrBP/� binding

per catalytic dimer, the sedimentation coefficient of the protein
complex indicates that significant elongation results from
PrBP/� binding to the isoprenyl groups attached to the catalytic
domain of PDE6 (Fig. 7D). This transition to a more elongated
structure for the PDE6-PrBP/� complex in solution is consis-
tent with electron microscopic observations of negatively
stained preparations of a GST-PrBP/� fusion protein mixed
with purified PDE6 holoenzyme (11).
Studies on the mechanism of transducin activation of PDE6

are hampered by the fact that in vivo, this process occurs with
both proteins confined to the photoreceptor outer segment
membrane and at high local concentrations compared with
what can be achieved with purified proteins in solution (5). Our
hydrodynamic results reveal that binding of transducin to
PDE6 in solution can be demonstrated using sedimentation
velocity analysis, but the complexity of the data preclude
straightforward analysis of the binding affinity or stoichiome-
try. Future efforts will be directed at reconstituting transducin
and PDE6 on buoyant membranes (e.g. nanodiscs (68)) that are
amenable to sedimentation velocity analysis.
Mutations in each of the catalytic subunit genes (rod PDE6A,

rod PDE6B, and cone PDE6C) as well as the rod inhibitory P�
subunit (PDE6G) have all been associated with retinal degener-
ative diseases, such as retinitis pigmentosa, congenital station-
ary night blindness, and cone-rod dystrophy (69). Indeed,
mutations in the rod catalytic subunits are the second most
common identifiable cause of autosomal recessive retinitis pig-
mentosa (70). In addition, it is increasingly clear that genetic
defects in proteins known to interact with PDE6 subunits (e.g.
transducin, RGS9-1, and GARP2) are also capable of causing
retinal dystrophy in humans and in animalmodels (69), perhaps
due to impaired regulation of PDE6 activity. Our biophysical
approaches to studying PDE6 and its regulatory binding part-
ners will provide the mechanistic basis for understanding how
mutations in phototransduction genes alter their activity, allos-
teric regulation, and ability to form signal transducing com-
plexes required for normal vision.
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