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Phosphodiesterase 6 (PDE6), a multisubunit (abg2d) enzyme, plays a
major role in visual function by hydrolysing cGMP in response to a light
stimulus. Solubilized bovine rod PDE6 molecules depleted of their g sub-
units were puri®ed to homogeneity from bovine retinal rods and their
molecular organization was investigated by electron microscopy. Image
analysis of single particles revealed the three-dimensional dimeric
arrangement of the puri®ed abd complex, and the internal organization
of each catalytic subunit into three distinct domains at a resolution of
2.8 nm. The relative volume of each domain is consistent with sequence
analysis and functional data, which suggest that these domains corre-
spond to the catalytic and two GAF domains. This hypothesis was con-
®rmed by immunolabelling experiments, which located the N-terminal
part of the catalytic subunit where the major interaction between the two
ab subunits was found to occur. The 3D molecular organization of
human platelet PDE5 appears highly homologous to that of bovine rod
PDE6, as predicted by similarities in their primary sequences. These
observations describe the quaternary organization of the catalytic PDE6
ab complex, and place the catalytic and regulatory domains on a struc-
tural model.
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Introduction

The retinal rod outer segment cGMP phosphodi-
esterase (rod PDE6: EC 3.1.4.35) is the G-protein-
activated effector enzyme for visual signal trans-
duction. Rod PDE6 is a multisubunit complex,
composed of two tightly bound catalytic subunits
a (99 kDa)1 and b (98 kDa)2 in addition to two
identical inhibitory g subunits of 11 kDa.3;4 Rod
author:

phosphodiesterase
IC, immune
photoreceptors contain both a membrane-associ-
ated PDE and a soluble PDE, which co-puri®es
with a 17 kDa d subunit.5 It is hypothesized that
the d subunit is responsible for the regulation of
membrane attachment.6 The outer segment enzyme
cascade is initiated when the visual pigment, rho-
dopsin, absorbs a photon. Each illuminated rho-
dopsin molecule activates many transducin
molecules (a G-protein composed of a, b, and g
subunits) by catalysing the exchange of GDP for
GTP. Once GTP is bound, the transducin Ta-GTP
subunit activates PDE6 by displacing the inhibitory
g subunits from the active site of the enzyme, thus
allowing cGMP hydrolysis. The main function of
the rod PDE6 is to rapidly reduce the steady-state
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concentration of cGMP in response to the light
stimulus. This decrease in cGMP concentration
causes closure of cationic channels and generates a
cell membrane hyperpolarization. This initial signal
is transmitted via second-order retinal neurons to
the optic nerve and to the brain.7

The primary structure of the four rod PDE6 sub-
units has been determined.1 ± 3,6 The PDE6 a and b
subunits show a high degree of homology (about
72 %) and contain two functional domains: (1) a
C-terminal region of about 275 amino acid residues
that constitutes the catalytic domain for cyclic
nucleotide hydrolysis, which is highly conserved
for all known mammalians PDEs; (2) a regulatory
domain in the N-terminal half of the sequence that
contains two GAF domains8 that can bind cGMP
with high af®nity. The physiological signi®cance of
these non-catalytic cGMP binding sites is unclear,
but it is known that they regulate the af®nity of
the g subunits for the catalytic ab dimer.9,10

The rod PDE6 complex is just one member of
the sub-family of GAF domain-containing PDEs.
Others members of this group are: cone PDE6,
cGMP-stimulated PDE (PDE2), which hydrolyzes
both cAMP and cGMP, cGMP-binding/cGMP-
speci®c PDE (PDE5) and two newly discovered
enzymes, PDE10 and PDE11 (for reviews, see Con-
ti11 and Francis et al.12). The rod photoreceptor
PDE6 has several unique properties among the
GAF-contaning PDE family: the catalytic complex
is a ab heterodimer, the catalytic a and b subunits
anchored to the membrane by isoprenyl groups at
their C terminus, enzyme activation results from
binding of a heterotrimeric G-protein, the kcat for
cyclic nucleotide hydrolysis is �102-fold higher
than other PDEs, and the catalytic activity is inhib-
ited by the PDE g subunit (reviewed by Artemyev
et al.13). The PDE5 enzyme is most closely related
to rod PDE6, based on amino acid sequence
similarity,14 pharmacological properties15,16 and the
presence of a g-like protein that may associate with
PDE5.17,18 However, the PDE5 homodimer exists in
cells in a soluble form (although no homologous d
subunit has been reported), and its catalytic
activity is not known to be regulated by G-protein
activation.19

The structure of the C-terminal catalytic domain
has been solved at atomic resolution for human
recombinant PDE4B2B.20 Moreover, the structure
of the PDE5 GAF domain has been modelled,
based on its homology with GAF domain-contain-
ing proteins.21 However, the molecular organiz-
ation of the fully functional PDE complex is still
not elucidated, which is a prerequisite to under-
standing how the catalytic and regulatory domains
communicate and how the structure of the enzyme
is modi®ed upon transducin activation, cGMP
binding, or g subunit interaction. In the present
work, we employed electron microscopy combined
with numerical image analysis to describe the mol-
ecular structure of puri®ed bovine retinal rod
PDE6. This study revealed that the PDE6 a and b
subunits each have an elongated shape and are
associated to form a pseudo 2-fold symmetry. Each
subunit is divided into three distinct structural
subdomains, whose sizes correspond to a large cat-
alytic domain and two smaller cGMP-binding
domains. This hypothesis was supported by immu-
nolabelling of the a subunit N-terminal domain.
The analysis of puri®ed human blood platelet
PDE5 showed that the overall structure is con-
served between these two distinct PDE families.
This study provides a structural model to further
investigate the molecular mechanism and regu-
lation of rod PDE6 activity during visual signal
transduction.

Results

Purification, biochemical and pharmacological
characterisation of bovine rod PDE6

Bovine PDE6 complexes were puri®ed from
retinal rod outer segments (ROS) as described.22

Highly puri®ed PDE6 complexes were obtained by
loading the soluble hypotonic extract of ROS onto
a Sephadex HR-200 gel-®ltration column. The PDE
activity was tested throughout the fractionation,
and the highest cGMP hydrolylic activity was
found for fractions 29 to 31, which correspond to a
relative molecular mass of about 200 kDa
(Figure 1(a)). These fractions were pooled and con-
centrated. The kinetics of cGMP hydrolysis for pur-
i®ed PDE6 were determined and a Km value of
27.7 mM and a Vmax value of 42 mmol mg ÿ1 minÿ1

were obtained. The enzyme was potently inhibited
by NH2-zaprinast and 1,3-dimethyl-6-(propoxy-5-
methanesulfonylamidophenyl) pyrazolo[3,4d]-pyri-
minin-4-(5H)-one (DMPPO), two analogues of
zaprinast (the conventional inhibitor of cGMP-
speci®c PDEs) with respective IC50 values of 7 and
8 nM determined at 1 mM cGMP. These values
were consistent with previously determined kinetic
values.16,23,24

The soluble hypotonic extract of ROS fractions
and the puri®ed PDE6 were analysed by SDS/8 %
(w/v) polyacrylamide gel electrophoresis
(Figure 1(b), lanes 1 and 2, respectively). Both frac-
tions contained a major double band at about
95 kDa, which corresponded to the PDE6 a and b
subunits, as shown by a Western blot analysis
using PDE6 a and b subunit-speci®c antibodies
(Figure 1(b), lanes 3 and 4, respectively). The gel-
®ltration step resulted in the loss of the PDE6 g
subunit, as judged by a speci®c antibody showing
that PDE6 g is present in the hypotonic extract but
absent after gel-®ltration (Figure 1(b), lanes 5 and
6, respectively). Upon analysing all fractions of the
gel-®ltration eluant, the g subunit could be
detected in fractions 34 to 37, which corresponds
to a molecular mass of 80-50 kDa (data not
shown). The dissociation of this subunit from the
PDE6 ab complex was reported to occur during
gel-®ltration and to be due to the interaction of the
g subunit with activated transducin a subunit pre-
sent in the hypotonic extract.25,26 Antibodies raised



Figure 1. Puri®cation and phy-
sico-chemical characterisation of
retinal rod PDE6. (a) cGMP
hydrolysis activity pro®le of retinal
rod PDE6 isolated as described22

and puri®ed by gel-®ltration. (b)
Coomassie-stained SDS-PAGE pro-
tein analysis of 150 ng of the sol-
uble rod outer segment fraction
(lane 1) and 30 ng of the gel-®l-
tration peak fractions (lane 2). Wes-
tern blot analysis using PDE6 a-
and b-speci®c antibodies identi®es
a double band at �95 kDa in the
soluble rod outer segment fraction
(lane 3) and in the gel-®ltration
peak fraction (lane 4) correspond-
ing to the catalytic subunits. Wes-
tern blot analysis using a PDE6 g-
speci®c antibody shows that this
subunit, present in the soluble rod
outer segment fraction (lane 5) is
lost during gel-®ltration (lane 6).
Western blot analysis using a PDE6
d-speci®c antibody identi®es a
band at 17 kDa in the soluble rod
outer segment fraction (lane 7) and
in the gel-®ltration peak fraction
(Lane 8) corresponding to the d
subunit. Molecular mass markers
are indicated on the left of the lane
1.

Bovine Rod cGMP Phosphodiesterase 783
against the d subunit revealed a band at a molecu-
lar mass of 17 kDa, showing that the PDE6 d sub-
unit is present in the hypotonic extract ROS
fraction and remains associated with the complex
after gel-®ltration (Figure 1(b), lanes 7 and 8,
respectively). The d subunit is probably sub-stoi-
chiometric, since the hypotonic extract contains
both soluble PDE6 complexes that contain d and
membrane-bound PDE6 complexes that are solubil-
ized by the hypotonic treatment and are depleted
in d subunits. The gel-®ltration step removed most
contaminating protein bands present in the ROS
fraction, and resulted in a puri®ed PDE6 complex
containing mainly the ab catalytic subunits.

Electron microscopy observation of the
PDE6 complexes

Direct electron microscopy observation of the
puri®ed PDE6 molecules, adsorbed onto a carbon
®lm and negatively stained with uranyl acetate,
revealed mostly slightly elongated particles about
10 nm � 14 nm in size (Figure 2(a)). A total of 1896
images corresponding to the major molecular
population were extracted from the original micro-
graphs and analysed to describe in more detail the
molecular organization of the PDE6 molecule.

Once brought to a common origin, the molecular
images were analysed by multivariate statistical
procedures and by classi®cation methods to
identify subsets of similar images. This analysis
identi®ed preferential molecular views with differ-
ent in-plane orientations, which were used as
references for rotational and translational align-
ment of the data set. Interestingly, the two ®rst
non-trivial eigenvectors, which are themselves
images, showed a 2-fold symmetry and were
rotated by 90 � one with respect to the other. This
symmetry of the eigenvectors re¯ects the sym-
metry properties of the structure and indicates that
the complex contains two almost identical subunits
related by a 2-fold symmetry (data not shown).27

The aligned data set was clustered and the most
representative class averages were used as new
alignment references. The sequence of alignment
and classi®cation was iterated four times until the
clustering into 50 classes was stable, and
Figure 2(b) shows some characteristic class
averages.



Figure 2. Electron microscopy observation and image
analysis of PDE6 molecules puri®ed from bovine rod
outer segments. (a) Electron micrograph of PDE6 mol-
ecules adsorbed onto a carbon ®lm and negatively
stained with uranyl acetate showing the homogeneity in
size and the dispersion of the complexes. (b) Gallery of
the most representative PDE6 views obtained upon
averaging aligned images clustered into homogeneous
classes. The stain-excluding protein densities are rep-
resented in white and are outlined by contours of equal
density. The four views correspond to different orien-
tations of the molecule. The scale bar represents 58 nm
in (a) and 16 nm in (b).

Figure 3. Three-dimensional model of bovine rod
PDE6. (a) A diagram showing the orientations of the 64
class averages used in the ®nal reconstruction. Each
class-average is represented by a point in a (y, f) coor-
dinate system. (b) Diagram representing the Fourier
shell correlation function between two independent
reconstructions. The vertical axis indicates the value of
the Fourier shell correlation coef®cient versus the resol-
ution in 1/nm represented on the horizontal axis. (c)
Surface representation of the 3D reconstruction of the
bovine rod PDE6 at a resolution of 2.8 nm. The model is
turned around a vertical axis by increments of 30 �. The
scale bar represents 15 nm.
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Some views show an almost perfect in-plane 2-
fold symmetry axis, which con®rm the symmetry
properties of the eigenvectors and indicate that the
particles are composed of two similar entities,
referred to as asymmetric units. The other classes
most probably correspond to the same molecular
arrangement viewed through different orientations.
Several views, corresponding to a majority of the
original images, are clearly produced by a rotation
around the symmetry axis. The particles are
11 nm � 14 nm in size and show two stain-accessi-
ble holes within the dimer interface. Each is com-
posed of three distinct domains forming a linear
arrangement. The largest apical domain, about
4.5 nm in size, is connected through thin linkers to
two smaller subdomains, about 3.5 nm in size
each. The interface between the asymmetric units
is formed by interactions between homologous
sub-domains. The observed 2-fold symmetry is
consistent with the biochemical data, indicating
that PDE6 molecules are composed primarily of
two highly homologous ab subunits representing
85 % of the mass of the complex.

Three-dimensional model of the
PDE6 complexes

To investigate the 3D organization of the PDE6
molecules, a conical tilt series was recorded. A sub-
set of molecular images corresponding to a unique
PDE6 orientation were selected from the untilted
image data set and a preliminary 3D model was
reconstructed from the corresponding tilted
images. This reconstruction was re®ned for transla-
tional misalignments and slight variations in pro-
jection direction, and was then used to determine
the orientation of other PDE6 views revealed upon
analysis of the untilted image data set by using
sinogram correlation functions. Two additional
alignment/reconstruction cycles were performed,
after which the resulting 3D model was stable and
the orientation plot shows that all possible orien-
tations of the complex could be found in the
untilted data set (Figure 3(a)). The resolution test
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performed on two independent data sets gave a
value of 2.8 nm based on the 0.5 cut-off for the
Fourier shell correlation coef®cient (Figure 3(b)).
The 2-fold symmetry was imposed because the
asymmetric units could not be differentiated at the
present resolution.

The PDE6 complex appears as a slightly elong-
ated and ¯at particle 14.5 nm � 11.4 nm � 7.5 nm
in size (Figure 3(c)). The density threshold corre-
sponds to a volume of about 200 kDa (assuming a
protein density of 1.4 g/cm3), consistent with the
mass of PDE6 calculated from the amino acid
sequences of the a and b subunits. Each asym-
metric unit, 14.5 nm � 5.5 nm � 7.5 nm in size,
consists of a linear arrangement of three subdo-
mains connected by thin linkers. The largest
domain (1) occupies a relative volume of 57 % (cor-
responding to about 56 kDa). Domain 2 represents
15 % (corresponding to about 15 kDa), whereas
domain 3 occupies 28 % of the volume (corre-
sponding to about 27 kDa). The major contacts
between the asymmetric units occur between the
two homologous domains 3 and, to a lesser extent,
between the domains 2, whereas the largest
domains (1) do not interact.

Electron microscopy observation of
PDE5 molecules

In order to con®rm that this molecular arrange-
ment is common to other phosphodiesterase
families, human platelet PDE5 was puri®ed and
observed under the same conditions. The cytosolic
fraction of human platelets was precipitated in
ammonium sulphate. The solubilized fraction was
separated by DEAE-Sepharose chromatography as
described.28 Fractions hydrolyzing cGMP and
inhibited by the PDE5-speci®c inhibitor zaprinast
were pooled and loaded onto an NH2-zaprinast
af®nity column. Following elution with a 25 mM
cGMP-containing buffer, the PDE was further puri-
®ed by anion-exchange HPLC.29 A single, sym-
metrical peak of cGMP hydrolytic activity was
resolved (Figure 3(a)). This peak was analysed by
SDS-PAGE (8 % polyacrylamide) and a major band
at a molecular mass of 85 kDa was detected
by Coomassie blue staining (Figure 4(b), lane 1).
Western blot analysis performed using a
PDE5-speci®c antibody14 against native bovine
lung PDE530 revealed two bands, at 85 kDa and
90 kDa (Figure 4(b), lane 2). The trypsin-digested
bands were analysed by matrix-assisted laser deso-
rption/ionization time-of-¯ight (MALDI-TOF)
mass spectrometry (data not shown), which con-
®rmed that the major band at 85 kDa corresponds
to the PDE5 subunit, whereas the minor band at
90 kDa corresponds to a contaminant protein
(glycogen phosphorylase). The faster migration of
the PDE5 subunit was not investigated further but
could be explained by speci®c post-tranlational
modi®cations, limited proteolysis during puri®-
cation or by the presence of a splicing variant of
PDE5.31 The puri®ed human platelet PDE5 had Km
and Vmax values of 0.27 mM and 4.3 nmol minÿ1

mgÿ1, respectively. NH2-zaprinast and DMPPO
were found to inhibit the puri®ed enzyme with
IC50 values in the nanomolar range (data not
shown).

In order to investigate the molecular organiz-
ation of the PDE5 enzyme, the puri®ed molecules
were processed for electron microscopy as
described above for the PDE6 complexes. A total
of 1406 molecular images of PDE5 complexes were
analysed similarly to the PDE6 data set. Although
PDE5 contains a single isoform of the catalytic sub-
unit,30 a dimeric architecture was found for this
enzyme also, consistent with biochemical evidence
for a catalytic dimer.32 Since the views of the PDE5
and the PDE6 complexes appeared similar, the
angular assignment of the PDE5 views could be
performed by using the PDE6 model as a reference.
The 3D models of the two enzymes were found to
be similar (Figure 4(c)) both in the shape of the
asymmetric units and in their dimeric interactions.
Since both the PDE5 and the PDE6 monomer
revealed three electron-dense subdomains, this
common organisation re¯ects essentially the cataly-
tic subunits and not the low molecular mass g and
d subunits. This structural homology re¯ects the
high level of sequence conservation between the
catalytic subunits of PDE5 and PDE6, and under-
lines the conserved modular organisation of these
proteins.

Immunolabelling of the N-terminal region of
the PDE6 aaa subunit

Sequence alignment of the different cGMP-bind-
ing PDEs indicated that the highly homologous a
and b subunits contain three major regions of
sequence conservation corresponding to the
C-terminal catalytic domain and to two regulatory
GAF domains. The 3D model of the PDE6 mol-
ecule shows three structural domains, which may
correspond to these three functional regions. To
investigate this hypothesis, a polyclonal antibody
raised against the N terminus of the bovine rod
PDE6 a subunit (amino acid residues 1-10) was
used to immunolabel the corresponding sequence
on the PDE6 model. When the puri®ed enzyme
was incubated with a ®vefold molar excess of anti-
body, labelled PDE6 molecules were clearly
observed by electron microscopy (Figure 5(a)). To
determine the interaction site of the antibody with
the PDE6 complex, a total of 423 images of
immune complex (IC) were recorded. Upon anal-
ysis, 296 IC images were found to correspond to
the major orientation of the PDE6 molecules where
the 2-fold symmetry axis lies in-plane. This subset
of similarly oriented particles was analysed further
to detect the speci®c location (e.g. most frequent
occurrence) of an additional protein density arising
from the binding of the antibody. Using this
approach, a speci®c antibody-binding site could be
determined at the tip of domain 3 (Figure 5(b)).
This immunolabelling experiment showed that the



Figure 4. Structural comparison
between puri®ed human platelet
PDE5 and bovine rod PDE6. (a)
Activity pro®le of human platelet
PDE5 puri®ed on an ion-exchange
HPLC column following a NH2-
zaprinast af®nity chromatography.
Peak activity was observed at
0.25 M NaCl. (b) Protein analysis of
the HPLC peak fraction described
in (a): 50 ng of protein was ana-
lyzed by SDS-PAGE. Panel 1: the
Coomassie stain reveals a major
band at 85 kDa; Panel 2: The Wes-
tern blot analysis using a lung
PDE5-speci®c antibody,14 kindly
provided by Dr J. D. Corbin, ident-
i®es the major band as PDE5. Mol-
ecular mass markers are indicated
at the left of panel 1. (c) Surface
representation of the 3D models of
human platelet PDE5 and of bovine
rod PDE6. The dimeric structure as
well as the three-domain organiz-
ation of each asymmetric unit are
conserved in both enzyme forms.
The models are turned around a
vertical axis by increments of 45 �.
The scale bar represents 10 nm.
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amino terminus of the a subunit is located at the
end of the PDE6 molecule where the tightest inter-
action between the two monomers occurs, and
suggests strongly that the C-terminal catalytic
domains are located in the largest domain 1
(Figure 5(c)).

Discussion

In vertebrates, the large family of 30-50 cyclic
nucleotide phosphodiesterases is encoded by at
least 21 genes, which have been subdivided into 11
groups according to their nucleotide sequences,
kinetic behaviour, sensitivity to inhibitors and
regulatory properties.11,12 Each PDE contains a con-
served catalytic domain of about 275 amino acid
residues in length placed near the carboxy-terminal
ends of the protein. The amino-terminal parts of
these proteins have regulatory functions, which
differ between the PDEs and may involve cal-
cium/calmodulin-binding sites, cGMP-binding
sites, membrane localisation domains, and/or
phosphorylation sites. The family of PDEs contain-
ing GAF domains is composed of PDE2 (cGMP-
stimulated), PDE5 (cGMP-binding), PDE6 (photo-
receptor), PDE10 and PDE11. This group of PDEs
contains allosteric cGMP-binding sites, which are
distinct from the catalytic site and hold-speci®c
functions. In PDE2, the binding of cGMP regulates
the catalytic activity of the enzyme by increasing
its af®nity for cAMP.33 In PDE5, the binding of
cGMP increases the phosphorylation of the
enzyme,34 whereas cGMP binding to PDE6
strengthens the interaction between the PDE6-
speci®c g subunit and the catalytic subunits.13,35

The catalytic subunits of these enzymes can be
organised into different oligomeric states. PDE2,
PDE5 and cone PDE6 are believed to be functional
as homodimers, whereas rod PDE6 forms a hetero-
dimer of two distinct but highly homologous ab
subunits. To date, only the PDE6 has been shown
unequivocally to be associated with low molecular
mass subunits that regulate the catalytic activity or
the anchoring to the membrane.



Figure 5. Immunolabelling of the N terminus of the
PDE6-a subunit. (a) A gallery of PDE6 molecules
labelled with an antibody speci®c for the N terminus of
the a-subunit. (b) Panel 1 shows the class average of
unlabelled molecules, whereas panel 2 represents the
class average of labelled molecules. Panel 3 represents
the difference map between the labelled and the
unlabelled views. (c) The antibody-binding site is high-
lighted by an arrow on the surface representation of the
3D model of the PDE6 molecule. The scale bar rep-
resents 23 nm in (a), 10 nm in (b) and 5 nm in (c).
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Direct electron microscopy observation of single
molecules shows that the quaternary structure of
two members of the cGMP-binding PDE family is
highly similar. Puri®ed human platelet PDE5 and
bovine rod PDE6 are organized into a 2-fold sym-
metric arrangement, where each asymmetric unit
has a modular organisation that can be subdivided
into three individualised domains. This obser-
vation con®rms previous biochemical evidence
suggesting that PDE5 is organised into a homodi-
meric structure composed of two identical catalytic
subunits.32 Since PDE5 does not associate with
regulatory subunits, the modular three-domain
architecture of the asymmetric unit must corre-
spond to the molecular organisation of the catalytic
subunits. The presently attained resolution of
2.8 nm is not suf®cient to detect subtle differences
between the catalytic a and b subunits of bovine
rod PDE6. The dimer interface is traversed by
solvent-accessible channels and the modular organ-
isation into subdomains separated by solvent
accessible channels provides a unique opportunity
for the various effectors such as cGMP or the regu-
latory g subunit to interact with their functional
sites. The interactions between the catalytic sub-
units occur between homologous domains, and the
speci®city of these interfaces will determine the
possible existence of aa or bb homodimers in the
case of rod PDE6.36 The major inter-subunits inter-
action are found to occur between the two
domains 3 (Figure 3(c)), which we demonstrated
by immunolabelling to correspond to the N termi-
nus of the polypeptide. This observation is consist-
ent with limited chymotryptic proteolysis, which
localised the domain responsible for dimerisation
to a 35 kDa N-terminal part of the PDE2 and PDE5
catalytic subunits.37,38

The three-domain organisation observed for the
human platelet PDE5 a subunit and the bovine rod
PDE6 a and b subunits is likely to re¯ect the
sequence conservation among the cGMP-binding
PDEs. The two cGMP-binding domains (GAF
domains) present in the N-terminal part of the
sequence (repeats a and b) and the catalytic
domain in the C-terminal end are likely to fold
into independent units and to generate the
observed modules. The GAF domains are pre-
dicted to fold into a globular structure similar to
the crystal structure of the homologous yeast
YKG9 protein,21 whereas the catalytic domain
folds into a distinct domain that was shown to be
functional independently of the GAF domains.20,32

Our immunolabelling experiment combined with
the relative stain-exclusion volumes of each
domain allows us to tentatively assign each
domain relative to the primary sequence of
the polypeptide. Domain 3 of PDE6 contains the N
terminus, as indicated by our immunolabelling
experiment, and its volume corresponds to
approximately 27 kDa. This domain is likely to
contain the cGMP-binding site referenced as repeat
a.39 Based on sequence alignment of several GAF
domains,21 the length of repeat a was predicted to
be of 184 residues (40-224) which, including the N
terminus of the sequence, corresponds to a molecu-
lar mass of 25.5 kDa. The value is only slightly
smaller than the relative volume of domain 3.
Domain 2 is likely to hold the second cGMP-bind-
ing site (repeat b, from residues 225-433 of the
PDE6 a subunit) and its calculated mass of
24.1 kDa is slightly larger but consistent with the
relative volume of domain 2, which corresponds to
15 kDa. The sequence alignment predicts that
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repeats a and b are almost identical in size,
whereas the relative volumes in our model appear
different. Interestingly, these alignments also show
a small overlap between the two repeats, since the
putative helix a5 of repeat a (residues 201-224) cor-
responds also to the predicted helices a1 and a2 of
repeat b (residues 204-231). The different sizes of
domains 2 and 3 thus suggests that the GAF
domains have distinct folds, which may give a hint
to the presence of two classes of cGMP-binding
af®nities.9,10,40 Finally, the size of domain 1 (rela-
tive volume of 56 kDa) is only slightly larger but
consistent with the size of the catalytic domain
(residues 434-858), which has a calculated mass of
49.7 kDa. Altogether these results suggest that the
catalytic subunits of PDE5 and PDE6 are formed
by three structural modules, organised linearly
from the C terminus to the N terminus into a large
catalytic domain and two smaller GAF domains.

Isoprenylation of the PDE6 catalytic subunits at
their C terminus are responsible for anchoring the
PDE molecule to the membrane.41,42 The linear
organisation of the PDE6 molecule thus creates an
oriented interaction with the membrane, where the
catalytic domain is closest to the membrane and
the regulatory cGMP-binding domains point
towards the luminal side of the membrane. The d
subunit interacts with the prenylated C terminus of
the catalytic domain and modulates the membrane
anchoring of the PDE6 catalytic molecules.43 The
catalytic ab dimer is inhibited by the binding of
the g subunit to the catalytic pocket, and PDE6
activation during visual excitation results from the
binding of the transducin Ta subunit (itself teth-
ered to the membrane by N-terminal myristylation)
to the catalytic domain and the consequent dis-
placement of PDE g. The catalytic domain thus
mediates interactions with various components of
the visual signal transduction pathway.

It would have been of great interest to place the
atomic structures of the catalytic domain deter-
mined from human recombinant PDE4B2B and of
the consensus GAF domains into our 3D model.
Unfortunately, the lack of structural details within
our 3D model currently precludes a reasonable
docking of our structures with the atomic coordi-
nates. Additional experimental data, such as a
mapping of the active site using a gold cluster,
and/or labelling of the g and d subunit, will be
need to provide a more detailed structure of the
PDE6 catalytic subunits and their interactions with
regulatory molecules.

Materials and Methods

Purification of bovine rod PDE6

Rod outer segments (ROS) were prepared essentially
as described.44 Brie¯y, retinas were dissected in dim red
light from fresh bovine eyes, collected shortly after sacri-
®ce and kept for two hours on solid CO2. Retinas were
suspended in buffer A (66 mM sodium phosphate
(pH 7.0), 37 % (w/v) sucrose), homogenized (potter), and
centrifuged (3000 g, 15 minutes). After diluting the
supernatant with half a volume of buffer A without
sucrose and centrifugation (25,000 g, 20 minutes), the
pellet was submitted twice to a sucrose ¯otation by hom-
ogenisation in buffer A and horizontal centrifugation
(45,000 g, 20 minutes). The red materials at the interface
were washed three times with buffer A without sucrose
(25,000 g, 20 minutes). The puri®ed ROS were then sus-
pended in buffer B (10 mM Tris-HCl (pH 7.4), 1 mM
EDTA, 1 mM DTT) and centrifuged (100,000 g, 60 min-
utes).22 The resulting hypotonic extract contained a mix-
ture of soluble PDE6, solubilized membrane-associated
PDE6 and other components of the visual transduction
signal. Highly puri®ed PDE6 complexes were obtained
by loading this hypotonic extract onto a Sephadex
HR-200 gel-®ltration column (Pharmacia) previously
equilibrated with a buffer-containing 20 mM TrisHCl
(pH 7.4), 150 mM NaCl, 1 mM DTT and eluted with the
same buffer.

Purification of human platelet PDE5

Fresh human platelets were isolated from platelet-rich
plasma kindly provided by the Centre de Transfusion
Sanguine (CTS, Strasbourg, France). Blood plasma was
centrifuged for ten minutes at 1200 g at room tempera-
ture in phosphate buffer A (187 mM NaCl, 2.7 mM KCl,
10 mM NaHPO4-2H2O, 1.8 mM KH2PO4, 5 mM glucose,
pH 7.30). The resulting pellet was washed twice with
buffer A and stored at ÿ80 �C. The sample was hom-
ogenised in ten volumes of platelet buffer B (20 mM
Tris-HCl (pH 7.5), 2 mM magnesium acetate, 1 mM
DTT, 1 mM EGTA) in the presence of a cocktail of pro-
teases inhibitors. The homogenate was centrifuged for
one hour at 105,000 g and the supernatant was precipi-
tated overnight in 50 % saturated (NH4)2SO4. The pre-
cipitate was resuspended in platelet buffer B, dialysed
overnight against buffer C (20 mM Tris-HCl (pH 7.4),
2 mM magnesium acetate, 1 mM EGTA). This fraction
was loaded onto an anion-exchange chromatography col-
umn (2.4 cm � 15 cm, DEAE-Sepharose, Pharmacia) pre-
viously equilibrated with buffer B. The elution was
performed with an NaCl gradient (0-0.5 M in buffer B)
and 3 ml fractions were collected. PDE activity was
assayed for 1 mM cAMP or cGMP in the presence and in
the absence of calcium/calmodulin (CaM).28

Fractions with cGMP hydrolytic activities insensitive
to calcium/calmodulin and inhibitable by zaprinast,
were pooled and applied onto an af®nity chromatog-
raphy column composed of resin coupled with NH2-
zaprinast. After loading, the column was washed with
buffer D (10 mM Tris-HCl, 500 mM NaCl) and the PDE5
was eluted with buffer D containing 25 mM cGMP and
2 % (v/v) DMSO. The elution volume was dialysed over-
night against buffer C and loaded onto an ion-exchange
HPLC (Mono Q1 HR5/5). The fractions containing the
PDE5 activity were concentrated by centrifugation using
Millipore ®lters (UFC4LTK25), and a ®nal concentration
of 25 % (w/v) glycerol was added for storage at ÿ20 C�.

PDE activity assays

PDE activity was measured by a two-step radioenzy-
matic assay according to Keravis et al.45 at a substrate
concentration of 1 mM cGMP in the presence of 14,000
cpm [3H]cGMP as a tracer. The total assay volume was
250 ml containing 40 mM Tris-HCl (pH 7.5), 1 mM mag-
nesium acetate, 1 mg/ml bovine serum albumin, 1 mM



Bovine Rod cGMP Phosphodiesterase 789
EGTA. The enzyme was diluted so that <15 % of the
cGMP was hydrolysed. The product, which was isolated
by anion-exchange chromatography (QAE Sephadex),
was measured in a liquid scintillation counter. All drugs
were dissolved in DMSO at a ®nal concentration of 1 %.
The IC50 (concentration of the drug that inhibited 50 % of
the enzymatic activity) values were calculated by non-
linear regression (Graphpad prism) and represented the
mean of three determinations. Km and Vmax values were
determined on a Lineweaver-Burk plot using cGMP
ranging from 0.3 to 40 mM.

PDs analysis by SDS-PAGE and immunodetection

Puri®ed and concentrated PDE5 from human platelet
and bovine rod PDE6 proteins were analysed by SDS-
PAGE (8 % polyacrylamide). Gels were Coomassie-
stained or transferred to PVDF membranes for Western
blot analysis. The antibody-antigen complexes
were detected using goat anti-rabbit IgG conjugated to
horseradish peroxidase (Bio Rad) and ECL reagent
(Amersham Corp.). The immunoblots were then exposed
using Kodak X-ray ®lm.

Electron microscopy and image processing

Puri®ed rod PDE6 and platelet PDE5 were diluted to
a concentration of 20 mg/ml in a buffer containing
20 mM Tris-HCl (pH 7.4), 150 mM NaCl, 2 mM DTT:
10 ml of this preparation was placed on a 10 nm thick
carbon ®lm previously treated by a glow-discharge in
air. After two minutes of adsorption, the grid was nega-
tively stained with a 2 % (w/v) uranyl acetate solution.
The images were formed on a Philips CM120 trans-
mission electron microscope operating at 100 kV with a
LaB6 ®lament. Areas covered with individual molecules
were recorded under low-dose condition (less than 20
electrons/AÊ 2) at a nominal magni®cation of 45,000�
either on SO163 ®lms (Kodak) or on a Slow Scan CCD
camera (Gatan).

The micrographs were digitized at 18 mm raster size
resulting in a pixel spacing of 0.4 nm on the object. The
image processing was performed using the IMAGIC soft-
ware package (Image Science Software, Berlin,
Germany).46 For the 3D reconstruction from the conical
tilt series, a total of 2336 pairs of 50 � tilted and untilted
molecular images, 128 � 128 pixels in size, were
extracted from the original micrographs by interactive
selection based on size and non-connectivity criteria. The
images of the untilted PDE6 molecules were iteratively
aligned in translation and rotation, factorial correspon-
dence analysis was used to represent the images in a 64-
dimensional factor space, and hierarchic ascendant
classi®cation schemes were used to cluster the images
into classes of images with maximal resemblance.47 In
order to identify the ®rst alignment references without
bias, a reference-free method was used that consists of
clustering the original data set once brought to a com-
mon origin.27 Several alignment and classi®cation cycles
identi®ed a major orientation of the particles and the cor-
responding tilted images, which constitute a conical tilt
series, were combined to calculate a 3D model by
weighted back-projection.48 The resulting model was re-
projected along the input directions in order to correct
each original image for in-plane transitional misalign-
ments and slight variations in euler angle assignment.
This preliminary model was then re-projected along 105
equally spaced viewing directions to generate references
to align the untilted images. The aligned images were
clustered into 100 classes and the angular assignment of
each class average was performed using sinogram corre-
lation functions against re-projections of the preliminary
model. The 3D model was stable after two additional
alignment/clustering cycles. The absolute hand of the
structure is determined by the conical tilt approach and
the different steps of the 3D reconstruction protocol were
validated by comparing an electron microscopy-deter-
mined structure of RNA polymerase I with that of the
atomic structure of the related RNA polymerase II deter-
mined by X-ray crystallography.

The resolution of the ®nal reconstruction was esti-
mated by the Fourier shell correlation function obtained
by comparing two independent reconstructions gener-
ated by splitting the data set in half randomly. The two
data sets were aligned and clustered independently and
the resolution criterion was the 0.5 Fourier shell corre-
lation cut-off.

The untilted PDE5 data set was analysed indepen-
dently as described for the PDE6 data set in order to
obtain representative class averages. The ®rst angular
assignment of these class averages was performed using
sinogram correlation functions against re-projections of
the PDE6 model. A ®rst PDE5 model was calculated and
was re-projected along uniformly distributed projection
directions to generate new alignment references for the
PDE5 data set. The aligned data set was clustered and
the class averages were used to generate a new model.
This alignment/clustering/reconstruction cycle was iter-
ated twice up to the point were the 3D model was
stable.

Immuno-electron microscopy

The antibody a-NT59 is directed against the N-
terminal region of bovine rod PDE6 a subunit and was
produced by injecting the peptide GEVTAEEVEKC
(corresponding to amino acid residues 1-10 of bovine a
subunit with an added Cys residue) into rabbits. The
antibody was af®nity-puri®ed on a peptide-coupled col-
umn and showed an IC50 of 2 � 104 with 25 ng of PDE6
in ELISA tests. For immuno-electron microscopy, a
three- to ®vefold molar excess of antibodies was incu-
bated for one hour at 20 �C with puri®ed PDE6 at a ®nal
protein concentration of 20 mg/ml. The relative amounts
of PDE6 and of antibodies were adjusted by electron
microscopy inspection of the incubation mixture. The
putatively labelled PDE6 molecules were identi®ed by a
stain-excluding domain protruding out of the molecule,
whose size and shape were consistent with those of an
IgG molecule. Images of such complexes were aligned
and analysed as described.49
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