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Phosphodiesterase-6 (PDE6) is the key effector enzyme of
the phototransduction cascade in rods and cones. The catalytic
core of rod PDE6 is a unique heterodimer of PDE6A and
PDE6B catalytic subunits. The functional significance of
rod PDE6 heterodimerization and conserved differences be-
tween PDE6AB and cone PDE6C and the individual properties
of PDE6A and PDE6B are unknown. To address these out-
standing questions, we expressed chimeric homodimeric en-
zymes, enhanced GFP (EGFP)-PDE6C-A and EGFP-PDE6C-B,
containing the PDE6A and PDE6B catalytic domains, respec-
tively, in transgenic Xenopus laevis. Similar to EGFP-PDE6C,
EGFP-PDE6C-A and EGFP-PDE6C-B were targeted to the rod
outer segments and concentrated at the disc rims. PDE6C,
PDE6C-A, and PDE6C-B were isolated following selective im-
munoprecipitation of the EGFP fusion proteins. All three en-
zymes, PDE6C, PDE6C-A, and PDE6C-B, hydrolyzed cGMP
with similar Km (20–23 �M) and kcat (4200–5100 s�1) values.
Likewise, the Ki values for PDE6C, PDE6C-A, and PDE6C-B
inhibition by the cone- and rod-specific PDE6 �-subunits (P�)
were comparable. Recombinant cone transducin-� (G�t2) and
native rod G�t1 fully and potently activated PDE6C, PDE6C-A,
and PDE6C-B. In contrast, the half-maximal activation of bo-
vine rod PDE6 required markedly higher concentrations of
G�t2 or G�t1. Our results suggest that PDE6A and PDE6B are
enzymatically equivalent. Furthermore, PDE6A and PDE6B
are similar to PDE6C with respect to catalytic properties and
the interaction with P� but differ in the interaction with trans-
ducin. This study significantly limits the range of mechanisms
by which conserved differences between PDE6A, PDE6B, and
PDE6C may contribute to remarkable differences in rod and
cone physiology.

Vertebrates rely on two types of photoreceptor cells,
rods and cones, for vision. The phototransduction cascades
in rods and cones are principally similar. The central com-
ponents of the rod and cone signaling pathways, visual pig-
ments, transducins (Gt), and retinal cGMP-phosphodies-
terases (PDE6)2 are distinct but highly homologous

proteins (1–3). In contrast, the physiology of rods and
cones is strikingly different. Rods are exceptionally sensi-
tive to light and provide for nighttime (scotopic) vision,
whereas cones are markedly less sensitive and signal during
daytime (photopic receptors). Cone electrical responses to
light are smaller in amplitude and much faster than rod
responses. Furthermore, cones adapt to a much broader
range of illumination conditions than rods and can func-
tion in intensely bright light (1–3). The molecular origin(s)
of the differences in physiology of rods and cones is one of
the key unresolved questions of vertebrate phototransduc-
tion (3). The physiological differences may be due to se-
quence and concentration differences between signaling
proteins in rods and cones, as well as to characteristic pho-
toreceptor morphologies of rods and cones (3, 4).
Sequence differences in rod and cone transduction compo-

nents are limited, but well conserved, among vertebrate spe-
cies. Thus, they may lead to differences in protein structure
and biochemical properties that underlie the distinct physiol-
ogy of the two types of photoreceptors. Supporting this no-
tion, a much lower efficiency of transducin activation by vis-
ual pigment was reported in carp cones in vitro compared
with transducin activation in rods (5). The resulting low signal
amplification may explain low sensitivity of cone photorecep-
tors. Current evidence suggests that the signaling properties
of rod and cone visual pigments are nearly identical. Human
rhodopsin and red cone pigment expressed in Xenopus cones
and rods, respectively, produced responses identical to native
responses of Xenopus photoreceptors (6). The input of differ-
ent transducin-� subunits (G�t) into characteristic responses
of rods and cones is controversial. Rod and cone G�t subunits
were able to functionally substitute for each other when ex-
pressed exogenously in the opposite photoreceptor cell type
in mutant mice lacking one or both G�t subunits (7). How-
ever, a more recent analysis of transgenic mice with rods ex-
pressing cone G�t2 instead of rod G�t1 showed the hallmarks
of cone phototransduction such as decreased rod sensitivity,
reduced rate of activation, and more rapid recovery (8). PDE6
is the key remaining molecule whose contribution (or lack
thereof) to the rod/cone differences is unknown. An original
characterization of bovine cone PDE6 unexpectedly revealed
that the cone enzyme is remarkably more sensitive to activa-
tion by G�t1 than the rod enzyme (9). In contrast to this find-
ing, PDE6 activation by transducin in carp cones appears to
be less effective than in rods (5).
The most obvious distinction between the rod and cone

effector enzymes is the heterodimerization of rod PDE6 cata-
lytic subunits. Rod PDE6 is unique among all 11 families of
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cyclic nucleotide phosphodiesterases that are typically repre-
sented by homodimeric enzymes (10). In various species, ex-
cept chicken, rod holo-PDE6 is composed of two large homol-
ogous catalytic �- and �-subunits (PDE6A and PDE6B,
respectively) and two copies of an inhibitory �-subunit (P�)
(11). No PDE6A subunit is found in chicken (12). Cone PDE6
is composed of two identical ��-subunits (PDE6C), each asso-
ciated with a cone-specific inhibitory P� subunit (11, 13). The
obligatory heterodimerization of PDE6A and PDE6B raises a
number of outstanding questions. Because the PDE6AB dimer
is functionally inseparable, and heterologous expression of the
PDE6 catalytic subunits has not been achieved, the catalytic
properties of PDE6A and PDE6B and their individual interac-
tions with P� are still uncharacterized. The possibility exists
that one subunit, perhaps PDE6A, is catalytically deficient.
Consistent with this possibility, two binding sites for P� on
rod PDE6 had been reported, with only one of the two sites
mediating PDE6 inhibition (14). In addition, several studies
have shown that just one G�t molecule can maximally acti-
vate rod PDE6 (15, 16). This finding may indicate that
PDE6A-P� and PDE6B-P� have significantly different affini-
ties for G�t-GTP and that the binding of G�t to the lower
affinity site does not lead to PDE6 activation. Other studies
have demonstrated that one G�t molecule effectively relieves
P� inhibition at one PDE6 site and that this leads to one-half
of the maximal PDE6 activity (17, 18). The heterogeneity of
transducin-binding sites on rod PDE6 could originate from
potential differences in PDE6A-P� and PDE6B-P� interac-
tions, resulting in different mechanisms of PDE6 activation in
rods and cones. Here, we utilized transgenic Xenopus laevis
for expression of chimeric homodimeric PDE6 enzymes con-
taining the PDE6A or PDE6B catalytic domain. This approach
allowed direct analysis of essential properties of PDE6A and
PDE6B.

EXPERIMENTAL PROCEDURES

Generation of Transgenic X. laevis—The constructs for
PDE6 chimeras containing the N-terminal regulatory GAF
domains of human cone PDE6C and the C-terminal catalytic
domain of PDE6A or PDE6B were generated using the previ-
ously described pXOP(�508/�41)-EGFP-PDE6C vector (19).
First, a thrombin cleavage site was created in the linker be-
tween enhanced GFP (EGFP) and PDE6C sequences by PCR-
directed mutagenesis. Subsequently, a silent EcoRV site was
introduced into the PDE6C cDNA sequence at Asp450-Ile451

with PCR-based mutagenesis. The C-terminal sequences of
human PDE6A (amino acids 449–860) and PDE6B (amino
acids 447–853) were PCR-amplified from a human retinal
cDNA library and inserted into the pXOP(�508/�41)-EGFP-
PDE6C vector using the EcoRV and XmaI restriction sites. All
sequences were verified by automated DNA sequencing.
Transgenic X. laevis frogs expressing EGFP-PDE6C-A and
EGFP-PDE6C-B in rods were produced using the method of
restriction enzyme-mediated integration (20) as described
previously (19). Adult transgenic frogs were mated to produce
transgenic tadpoles for biochemical characterization of
PDE6C, PDE6C-A, and PDE6C-B.

PDE6C, PDE6C-A, and PDE6C-B were extracted and im-
munoprecipitated with sheep anti-GFP antibodies according
to a published protocol (19). Immunoprecipitated PDE6C,
PDE6C-A, and PDE6C-B were eluted by incubating beads (15
�l) with 20 �l of 20 mM Tris-HCl buffer (pH 7.5) containing
500 mM NaCl, 1 mM MgSO4, 1 mM �-mercaptoethanol, and 5
�g of trypsin (15 min, �4 °C) or 2 units of thrombin (restric-
tion-grade; Novagen) for 2 h at 25 °C. All samples were ana-
lyzed immediately or stored at �20 °C in the presence of 40%
glycerol.
Cloning, Expression, and Purification of Human Cone G�t2—

The G�t2 cDNA was amplified from a human retinal cDNA
library and subcloned into the pET15b vector using the XhoI
and SpeI sites. Overnight expression of G�t2 in BL21-Codon-
Plus Escherichia coli cells at 13 °C was induced with the addi-
tion of 15 �M isopropyl �-D-thiogalactopyranoside. His-
tagged G�t2 was purified on nickel-nitrilotriacetic acid resin
(Novagen) as described previously (21). G�t2 was incubated
with 200 �M GTP�S in 20 mM Tris-HCl buffer (pH 8.0) con-
taining 4 mM MgSO4 and 2 mM �-mercaptoethanol (buffer A)
for 12 h at 4 °C and purified using a Mono Q HR 5/5 column
or a UNO Q1 column with a 0–500 mM gradient of NaCl in
buffer A. Bovine G�t1-GTP�S was isolated as described previ-
ously (22).
Immunoblotting—Samples were subjected to SDS-PAGE on

7.5% gels, electrotransferred to nitrocellulose membranes, and
probed with anti-GFP monoclonal antibody B-2 (1:2000 dilu-
tion; Santa Cruz Biotechnology), anti-bovine rod holo-PDE6
antibody MOE (1:2000; Cytosignal), and anti-bovine PDE6B-
(397–417) antibody 63F (1:6000; gift of Dr. R. Cote, Univer-
sity of New Hampshire). Sequence alignment of bovine
PDE6B-(397–417) with the corresponding sequences of hu-
man PDE6C and frog PDE6A and PDE6B indicated that anti-
body 63F recognizes PDE6C, PDE6C-A, and PDE6C-B and
frog PDE6A and PDE6B equally well (supplemental Fig. 1).
For detection of P�, electrophoresis was performed on 10%
gels using the Tris/Tricine buffer system (23), and the blots
were probed with anti-P�-(63–87) antibody (1:3000; gift of
Dr. R. Cote). The antibody-antigen complexes were detected
using anti-rabbit or anti-mouse antibodies conjugated to
horseradish peroxidase (Santa Cruz Biotechnology) and ECL
reagent (Amersham Biosciences.).
PDE Activity Assay and Data Analysis—PDE activity was

measured using 5 �M [3H]cGMP and 1 pM PDE6 in P� inhibi-
tion assays or 50 �M [3H]cGMP and 100 pM PDE6 in G�t-
GTP�S activation assays (24, 25). To determine Km values for
cGMP, PDE activity was measured using 5–500 �M cGMP,
and the data were fit to the following equation: Y � Vmax*X/
(Km � X). The kcat values for cGMP hydrolysis were calcu-
lated as Vmax/[PDE]. [PDE] were determined by densitometric
analysis of immunoblots of PDE6C, PDE6C-A, and PDE6C-B
samples with anti-PDE6 antibody 63F using ImageJ and puri-
fied recombinant PDE6C-His6 as the standard. The human
cone and bovine rod P� subunits were subcloned into the
pET15b vector, expressed in E. coli, and purified using
His�Bind resin and reverse-phase HPLC as described previ-
ously (19, 26). The Ki values for PDE6 inhibition by P� were
calculated by fitting data to the following equation: Y (%) �
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100/(1 � 10ˆ(X � log Ki)), where X is the logarithm of the
total P� concentration. The K1⁄2 values for PDE6 activation by
G�t-GTP�S were calculated by fitting data to the following
equation: Y (%) � B � (T � B)/(1 � 10ˆ(log Ki � X)), where B
is PDE6 activity in the absence of G�t, T is the maximal G�t-
stimulated PDE6 activity expressed as a percent of the tryp-
sin-activated PDE6 activity, and X is the logarithm of the total
concentration G�t-GTP�S. Fitting the experimental data to
equations was performed with nonlinear least-squares criteria
using GraphPad Prism 4 software. Experimental results are
shown as the mean � S.E.

RESULTS

Expression and Compartmentalization of Chimeric EGFP-
PDE6 in Transgenic Rods—The N-terminal regulatory GAF
domains of PDE6 contain major structural determinants for
the selectivity of dimerization of PDE6 catalytic subunits (27).
Thus, the PDE6C-A and PDE6C-B chimeras containing the
GAF domains of PDE6C and the C-terminal catalytic domains
of PDE6A or PDE6B were designed to produce homodimeric
PDE6 enzymes in the rods of transgenic X. laevis (Fig. 1A).
Previously described transgenic X. laevis tadpoles expressing
EGFP-PDE6C in rods were used to obtain PDE6C (19). In
transgenic PDE6C-A and PDE6C-B tadpoles, EGFP fluores-
cence was confined to the rod outer segment in the frog ret-
ina, indicating correct targeting of the chimeric proteins (Fig.
1B). The striated peripheral pattern of EGFP fluorescence in
transgenic EGFP-PDE6C-A and EGFP-PDE6C-B rods was
indistinguishable from the distribution of EGFP-PDE6C ob-
served previously (Fig. 1B and supplemental Fig. 2) (19). This
pattern suggests that similar to PDE6C, PDE6C-A and
PDE6C-B concentrate at the rim region and incisures of
membrane discs. Bands of the predicted size (�125 kDa) for
EGFP fusion proteins of PDE6C, PDE6C-A, and PDE6C-B

were recognized in immunoblots by anti-GFP antibodies (Fig.
2A). Although expression of the EGFP fusion proteins varied
between transgenic tadpoles, the average levels of PDE6C,
PDE6C-A, and PDE6C-B were comparable and below the
level of endogenous Xenopus PDE6 (Fig. 2B).
Properties of PDE6C-A and PDE6C-B—PDE6C, PDE6C-A,

and PDE6C-B were immunoprecipitated from retinal extracts
with anti-GFP antibodies (Fig. 2, A and B). Anti-PDE6 anti-
body MOE readily recognized endogenous Xenopus PDE6 in
the retinal extracts, but only minute amounts of frog PDE6 in
comparison with the EGFP-fused PDE6 proteins were detect-
able in the immunoprecipitated samples (IPs) (Fig. 2B). No
frog PDE6AB was seen in control IPs using retinal extracts
from non-transgenic tadpoles. Thus, the presence of trace
amounts of frog PDE6AB in the IPs from transgenic animals
was due to very weak heterodimerization of PDE6A or PDE6B
with PDE6C, PDE6C-A, and PDE6C-B. Anti-PDE6 antibody
MOE was raised against bovine rod holo-PDE6 and recog-
nizes rod PDE6 better than cone PDE6. Consequently, con-
taminations of the PDE6C, PDE6C-A, and PDE6C-B proteins
by frog PDE6AB are even smaller than appears from the im-
munoblotting with the MOE antibody. To quantify the pres-

FIGURE 1. Expression of EGFP-PDE6C-A and EGFP-PDE6C-B in trans-
genic rods. A, map of the transgene. The XhoI site was used to linearize the
pXOP(508/�41)-EGFP-PDE6C plasmid for production of transgenic X. laevis
embryos. T, thrombin cleavage site. B, EGFP fluorescence in living photo-
receptor cells expressing EGFP-PDE6C-A and EGFP-PDE6C-B. Scale
bars � 20 �m.

FIGURE 2. Immunoprecipitation of EGFP-PDE6C, EGFP-PDE6C-A, and
EGFP-PDE6C-B. Extracts (EX) and immunoprecipitates with sheep anti-GFP
antibodies (IP) from retinas of non-transgenic (NT) and transgenic X. laevis
were immunoblotted with anti-GFP monoclonal antibody B-2 (A), stripped,
and reprobed with anti-PDE6 antibody (ab) MOE (B). C, immunoprecipitates
of PDE6C (lane 1), PDE6C-A (lane 2), and PDE6C-B (lane 3) with sheep anti-
GFP antibodies were immunoblotted with anti-PDE6 antibody 63F. The
level of coprecipitation (co-dimerization) with frog PDE6AB (indicated by
the arrow) was �3%. WB, Western blot.

Properties of PDE6A and PDE6B

39830 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 51 • DECEMBER 17, 2010

http://www.jbc.org/cgi/content/full/M110.170068/DC1


ence of frog PDE6AB, we utilized anti-PDE6 antibody 63F,
which recognizes PDE6C, PDE6C-A, PDE6C-B, and frog
PDE6A and PDE6B equally well (supplemental Fig. 1). IPs
from PDE6C, PDE6C-A, and PDE6C-B retinal extracts were
analyzed by Western blotting with antibody 63F (Fig. 2C),
which quantitatively showed a level of coprecipitation of frog
PDE6AB of �3% (data not shown).

Beads with IPs were treated with trypsin or thrombin to
remove the GFP tag and to release the enzymes into solution.
The trypsin treatment of PDE6C, PDE6C-A, and PDE6C-B
IPs released soluble PDE6 enzymes of the same size (�88
kDa) (Fig. 3A) as the treatment of PDE6C-A and PDE6C-B
with thrombin (data not shown), indicating the proximity of
the cleavage sites. The trypsin treatment of PDE6C,
PDE6C-A, and PDE6C-B IPs was also accompanied by robust
PDE6 activation similar to that described previously (19).
Thus, PDE6C, PDE6C-A, and PDE6C-B immunoprecipitated
in complex with the endogenous frog P� subunit, which was
cleaved by trypsin during solubilization (supplemental Fig. 3).
Soluble PDE6C, PDE6C-A, and PDE6C-B proteins released

with trypsin were quantified by immunoblotting with anti-
body 63F and purified bacterially expressed PDE6C-His6 as
the standard (Fig. 3). Such PDE6 samples were used in the
comparative analysis of the catalytic properties of PDE6C,
PDE6C-A, and PDE6C-B. PDE6C, PDE6C-A, and PDE6C-B
hydrolyzed cGMP with similar Km values of 23 � 1, 20 � 2,
and 22 � 2 �M, respectively (Fig. 4). For comparison, a Km
value of 21 � 3 cGMP �M was determined for purified tryp-
sin-activated bovine rod PDE6 under the same experimental
conditions. The kcat values for PDE6C, PDE6C-A, and
PDE6C-B were 5100 � 100, 4200 � 150, and 4300 � 150 s�1,
respectively (Fig. 4). The catalytic constant for trypsin-acti-
vated bovine rod PDE was comparable at 4500 � 200 s�1

(data not shown).
The full catalytic competence of PDE6C-A and PDE6C-B

allowed examination of the inhibition of the chimeric en-
zymes by rod and cone P� subunits. Both PDE6C-A and
PDE6C-B were potently and similarly inhibited by both P�
subunits, with Ki values ranging from 33 to 46 pM (Fig. 5). The
inhibition analysis revealed no significant differences between
PDE6C-A and PDE6C-B or between the chimeras and PDE6C
(Fig. 5). Trypsin-activated native bovine rod PDE6 was inhib-

ited by rod and cone P� subunits, with Ki values of �80 and
90 pM, respectively (data not shown).
Activation of PDE6C, PDE6C-A, and PDE6C-B by Cone and

Rod Transducins—To examine the interactions of PDE6C,
PDE6C-A, and PDE6C-B with G�t, soluble PDE6 enzymes
were released from beads with IPs using thrombin. Although
the PDE6C construct did not contain the signature thrombin
cleavage site LVPRGS (Fig. 1A) (19), thrombin cleaved off
EGFP and produced soluble PDE6C. The molecular masses of

FIGURE 3. Solubilization and quantification of PDE6C, PDE6C-A, and
PDE6C-B. A, the beads with bound EGFP-PDE6C (lane 1), EGFP-PDE6C-A
(lane 2), and EGFP-PDE6C-B (lane 3) were treated with trypsin, and proteins
released into the soluble fraction were analyzed by immunoblotting with
anti-PDE6 antibody (Ab) 63F. Purified recombinant PDE6C-His6 was used as
the standard. WB, Western blot. B, PDE6C, PDE6C-A, and PDE6C-B were
quantified by measuring the integrated densities of the corresponding
bands and PDE6C-His6 bands corrected for the background using ImageJ.

FIGURE 4. Catalytic properties of PDE6C, PDE6C-A, and PDE6C-B. The
rates of cGMP hydrolysis by PDE6C, PDE6C-A, and PDE6C-B are plotted as a
function of cGMP concentration. The Km and kcat values are as follows, re-
spectively: PDE6C, 23 � 1 �M and 5100 � 100 s�1; PDE6C-A, 20 � 2 �M and
4200 � 150 s�1; and PDE6C-B, 22 � 2 �M and 4300 � 150 s�1. Results from
one of three similar experiments are shown.

FIGURE 5. Inhibition of PDE6C, PDE6C-A, and PDE6C-B by the cone and
rod P� subunits. Various concentrations of rod P� (A) and cone P� (B) were
added to trypsin-released PDE6C, PDE6C-A, and PDE6C-B (1 pM each). The Ki
values for inhibition with rod P� are as follows: PDE6C, 35 � 5 pM; PDE6C-A,
38 � 4 pM; and PDE6C-B, 46 � 6 pM. The Ki values for inhibition with cone
P� are as follows: PDE6C, 33 � 4 pM; PDE6C-A, 40 � 5 pM; and PDE6C-B,
45 � 4 pM. Results from one of three similar experiments are shown.
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thrombin- and trypsin-released PDE6C, PDE6C-A, and
PDE6C-B were practically indistinguishable by Western blot-
ting, indicating that the trypsin cleavage site(s) were in close
proximity to the PDE6C N terminus and the thrombin site
(data not shown). Thrombin-released PDE6C, PDE6C-A, and
PDE6C-B were partially activated (�20–25% of the trypsin-
activated level), apparently due to fractional loss of P� during
the prolonged thrombin treatment procedure (supplemental
Fig. 3).
To activate PDE6, we utilized purified bovine rod G�t1 and

recombinant human cone G�t2. Although expression of active
rod G�t1 in bacteria had not been reported, a functional chi-
meric G�t1-G�i protein containing only 16 G�i residues can
be produced in E. coli (21, 28). We screened for conditions
slowing protein synthesis and aggregation and determined
that expression of His-tagged human G�t1 and cone G�t2 at
13 °C dramatically increased the solubility of the recombinant
proteins. After isolation of recombinant proteins using nickel-
nitrilotriacetic acid resin, G�t1 was inactive, whereas a signifi-
cant fraction of G�t2 (�20%) was functional on the basis of
GTP�S binding assay (data not shown). Active G�t2 was sepa-
rated from the nonfunctional protein by chromatography on a
Mono Q HR 5/5 column. The resulting preparation of G�t2
was �70% pure (supplemental Fig. 4A). The trypsin protec-
tion test demonstrated the ability of purified G�t2 to adopt an
active conformation and confirmed proper folding of the pro-
tein (supplemental Fig. 4B).
Recombinant G�t2 and native G�t1 at low nanomolar con-

centrations activated PDE6C, PDE6C-A, and PDE6C-B in
solution to the maximal level obtained with trypsin treatment
(Fig. 6). The activation potencies of G�t2 and G�t1 were com-
parable. The K1⁄2 values for activation of PDE6C and PDE6C-A
were similar and 2–4 fold lower than that for PDE6C-B (Fig.
6). In comparison with PDE6C, bovine rod PDE6 was acti-
vated by G�t2 and native G�t1 much less effectively. The K1⁄2
values for rod PDE6 activation by G�t2 and G�t1 were �170–
200-fold greater than the respective K1⁄2 values for PDE6C
(Fig. 6). The maximal G�t2- or G�t1-stimulated activity of rod
PDE6 did not exceed 60% of the trypsin-activated PDE6 activ-
ity. To test whether the difference in transducin activation of
PDE6C and rod PDE6 resulted from the thrombin treatment
of PDE6C, a similar treatment was applied to rod PDE6. This
treatment elevated the basal activity of rod PDE6 (�10% of
the trypsin-activated level) but did not significantly alter the
dose dependence or the maximal activation of the enzyme
(supplemental Fig. 5).

DISCUSSION

PDE6 may contribute to the differences in signaling in rods
and cones by various means. The differences may arise from
distinct catalytic efficiencies of the PDE6A, PDE6B, and
PDE6C active sites. PDE6A and PDE6B may bind P� with
different affinities, which in turn may differ from the avidity
of the PDE6C-P� interaction (24). Variations in the PDE6-P�
subunit interactions may lead to distinct efficiencies of rod
and cone PDE6 activation by transducins and thereby under-
lie the observed heterogeneity of transducin-dependent acti-
vation of rod PDE6 (18). In this study, we have demonstrated

that the catalytic PDE6A and PDE6B subunits are enzymati-
cally equivalent. Chimeric PDE6C-A and PDE6C-B catalyze
hydrolysis of cGMP with equivalent Km and kcat values. Fur-
thermore, the enzymatic properties of PDE6C-A and
PDE6C-B are similar to those of PDE6C and native rod and
cone PDE6 (9). Thus, the catalytic efficiencies (kcat/Km) of the
rod and cone enzymes are essentially analogous. Also,
PDE6C-A, PDE6C-B, and PDE6C are similarly inhibited by
rod and cone P� subunits. Because the three recombinant
PDE6 proteins share the same PDE6C GAFa and GAFb do-
mains, we infer that the catalytic domains of PDE6A, PDE6B,
and PDE6C bind P� similarly. The P� inhibition of PDE6C is
somewhat more potent than the inhibition of native cone
PDE6 reported previously (25), possibly due to differences in
the isolation procedures for PDE6 and the P� subunits.

The catalytic domains of PDE6 bind the C terminus of P�,
allowing P� to block PDE6 active sites (29–31). The second
main binding site between PDE6 and P� involves the GAFa
domains and the central Pro-rich polycationic region of P�
(32–34). The finding that PDE6C, PDE6C-A, and PDE6C-B
are inhibited by the P� subunits comparably to the inhibition
of native rod PDE6 therefore also suggests that the GAF do-
mains of rod and cone PDE6 bind P� similarly as well. The
possibility that the PDE6C regulatory region differentially

FIGURE 6. Activation of PDE6C, PDE6C-A, PDE6C-B, and rod PDE6 by
G�t2 and G�t1. Various concentrations of GTP�S-bound recombinant G�t2
(A) and native bovine G�t1 (B) were added to thrombin-released PDE6C,
PDE6C-A, PDE6C-B, or rod PDE6 isolated from bovine rod outer segments.
PDE activities are expressed as a percent of the maximal level obtained with
trypsin treatment. The K1⁄2 values for activation with cone G�t2 are as fol-
lows: PDE6C, 6.5 � 0.8 nM; PDE6C-A, 5.5 � 1.1 nM; PDE6C-B, 22 � 2 nM; and
rod PDE6, 1100 � 150 nM. The K1⁄2 values for activation with rod G�t1 are as
follows: PDE6C, 4.0 � 0.4 nM; PDE6C-A, 5.2 � 1.0 nM; PDE6C-B, 10.5 � 1.5
nM; and rod PDE6, 780 � 90 nM. Results from one of three similar experi-
ments are shown.
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alters the enzymatic and inhibitory properties of the PDE6A
and PDE6B catalytic domains and that the properties of na-
tive PDE6A and PDE6B are significantly different seems to be
very unlikely.
PDE6C, PDE6C-A, and PDE6C-B complexed with endoge-

nous frog P� were potently and fully activated (100% of the
trypsin-activated level) by G�t1 or G�t2 in solution. In com-
parison, activation of bovine rod holo-PDE6 by G�t1 or G�t2

was 50–200 fold less potent and only to �60% of the trypsin-
activated level. It is unlikely that the observed difference was
due to the recombinant nature or the isolation procedure of
PDE6C because our results parallel well the previous findings
with native bovine cone PDE6 (9). The transducin activation
analysis indicates that the N-terminal GAF domains of cone
PDE6 increase the enzyme sensitivity to transducin activation
in solution. This effect might be linked to non-catalytic cGMP
binding by the PDE6 GAFa domains. Rod PDE6 binds non-
catalytic cGMP tighter than cone PDE6 (9, 35). Dissociation
of non-catalytic cGMP upon holo-PDE6C interaction with
G�t may decrease PDE6C affinity for P� and facilitate the en-
zyme activation (32). The relative ease of PDE6C activation by
transducin in solution is puzzling and seemingly inconsistent
with the low sensitivity of cones. Efficient activation of rod
PDE6 by transducin requires membranes (36), and the rela-
tive potencies of transducin activation of rod and cone PDE6
in vivo remain unknown. The apparent enzymatic equivalence
of the PDE6A and PDE6B catalytic subunits supports the idea
that two G�t molecules are necessary to elicit maximal activa-
tion of PDE6 regardless of whether it is actually achieved in
vivo (18, 37). PDE6C-A was activated by transducin somewhat
more potently than PDE6C-B. Thus, the two G�t-GTP-bind-
ing sites on rod holoenzyme are possibly not equivalent due
to the two distinct catalytic subunits leading to a biphasic ac-
tivation of rod PDE6 (18). PDE6C activation by transducin in
solution does not appear to be biphasic.
What is the functional significance of conserved sequence

differences between PDE6AB and PDE6C besides noticeable
dissimilarities in the non-catalytic cGMP binding and interac-
tions with transducin? These conserved differences appar-
ently include determinants for homodimerization of PDE6C
and heterodimerization of PDE6AB. Heterodimerization of
rod PDE6 is a potential mechanism to control enzyme expres-
sion, folding, and assembly via a rate-limiting translation of
one of the catalytic subunits (38). In addition, rod and cone
PDE6 may be specialized for selective interactions with regu-
latory proteins. GARP2 (glutamic acid-rich protein-2), a
splice variant of the rod cGMP-gated channel �-subunit, is
expressed exclusively in rods, where it is a major binding part-
ner of PDE6 (39–43). GARP2 suppresses basal PDE6 activity
and thereby may regulate rod sensitivity (43). This study con-
siderably narrows the potential pathways for PDE6 contribu-
tion to the physiological differences of rods and cones.

Acknowledgment—We thank Dr. R. Cote for the gift of anti-PDE6
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