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Abstract

Human photoreceptor cGMP-phosphodiesterases (PDE6s) are important reagents in PDE inhibitor discovery. However, recombinant

human PDE6s have not been expressed, and isolation of native human PDE6s is highly difficult. In this study, the catalytic subunit(s) of

human rod and cone PDE6s (PDE6ab and PDE6a0, respectively) were co-expressed or expressed separately as catalytically active

enzymes. Sildenafil inhibited both the recombinant PDE6s in a dose-dependent manner with Ki values of 94 and 98 nM, respectively.

These Ki values were four-fold higher than that (25 nM) of a human native PDE6 preparation. Similarly, 3-isobutyl-1-methylxanthine

(IBMX)’s Ki values for the recombinant PDE6s were five- to eight-fold higher than that of the native enzyme. However, E4021 and

zaprinast exhibited much (30–80-fold) lower potencies for the recombinant PDE6s than for the native enzyme. Additional PDE5 inhibitors

representing other structural classes and possessing different selectivity against native PDE6 also showed different potencies against the

recombinant and native PDE6s. In particular, one class of xanthine analogues exhibited significantly (5–15-fold) higher potencies for the

recombinant PDE6s than for the native enzyme. Our data demonstrates that the recombinant and native PDE6s exhibit differential

sensitivity to inhibitors, and cautions the use of recombinant catalytic subunits of PDE6 in drug discovery or in structural/functional

studies.

# 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Photoreceptor cGMP-phosphodiesterases (PDE6s) are

key enzymes in the vertebrate visual transduction mediated

by the rhodopsin-couple G protein, transducin [1–3]. The

vertebrate retina is composed of rod and cone photore-

ceptor cells containing rod and cone PDE6s, respectively.

Rod photoreceptors are much more sensitive to light

stimulation than cones, but cones have a faster response/

recovery time, being responsible mainly for adapting to a

greater range of light intensities than rods [4–6]. The

population of PDEs in the photoreceptors is almost exclu-

sively restricted to the PDE6 family. The hydrolysis of

cGMP by the PDE6s is the final step of signal amplification

in the retinal phototransduction cascades.

Rod and cone PDE6s are biochemically highly related

but distinct enzymes. The catalytic portion of rod PDE6

consists of an a subunit and a b subunit (PDE6a and

PDE6b, respectively, both with a molecular mass of

99 kDa), that are tightly associated with two small iden-

tical g subunits (11 kDa) acting as an internal enzyme

inhibitor [7–9]. Cone PDE6 is composed of catalytic

homodimeric a0 subunits (PDE6a0, also with a molecular

mass of 99 kDa), and two or three small inhibitory subunits

(13–15 kDa) [10,11]. The key role of these smaller sub-

units in both rod and cone is to inhibit cGMP hydrolysis by

the catalytic subunits in the dark. Upon light stimulation of

photoreceptors, PDE6s are stimulated through removal of

these small inhibitory subunits by activated GTP-bound

transducin [12].

PDE6a, PDE6b and PDE6a0 are encoded by different

genes, and their cDNAs have been cloned in human and

many other species [13–18]. Comparison of the deduced

amino acid sequences reveals that the homology among

PDE6a, PDE6b and PDE6a0 is as high as about 62–72%,

and that the PDE6 sequences and subunit structure are

well-conserved among different species [1,19]. The PDE6

family is most closely related to PDE5 family, as judged by
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several criteria: (1) a high homology (45–48%) between

their catalytic domains; (2) cGMP specificity; and (3)

inhibitor sensitivity [20–23].

Several PDEs are important drug targets for the treat-

ment of many diseases, such as PDE5 for erectile dysfunc-

tion [24] and PDE4 for inflammation [25]. PDE selectivity

has been an issue in the development of PDE inhibitors as

therapeutic agents. In particular, the PDE5 inhibitor silde-

nafil (VIAGRATM) also inhibits PDE6, resulting in the

visual side effects [24,26]. Thus, for PDE selectivity

evaluation in drug discovery, human PDE6 is an important

reagent. However, large scale purification of native human

PDE6 is highly difficult due to the limited availability of

the retina. Moreover, in-depth structural/functional studies

on PDE6 in any species requires the development of an

effective system for expression of the recombinant pro-

teins. There have been several studies on expression of

catalytically active mouse or bovine recombinant PDE6

[27–29]. However, the comparative inhibitor sensitivity

between the recombinant and native PDE6s has not been

known, and there has been no report on functional expres-

sion of human PDE6.

In this study, we expressed catalytically active human

rod PDE6ab and cone PDE6a0 using the baculovirus/insect

cell expression system. Unexpectedly, these recombinant

enzymes exhibited inhibitor sensitivity that was signifi-

cantly different from that of native human PDE6. Our data

cautions the use of recombinant catalytic subunits of PDE6

in structural/functional studies or in drug discovery.

2. Materials and methods

2.1. Cloning of human rod PDE6 a and b subunits and

cone PDE6a0

Both human rod PDE6 a and b cDNAs were amplified

by PCR using human retina QUICK-Clone cDNA (Clon-

tech) as template, based on the published a [17] and b [13]

cDNA sequences. The forward and reverse primers for

PDE6a were as follows: 50-AGC AGA TAT CCA ATG

GGC GAG GTG ACA GCA-30 and 50-GGA TCT AGA

CTC TTA CTG GAT GCA GCA GGA CTT GGA-30,
respectively. The forward primer contained an EcoRV

restriction enzyme site, while the reverse primer contained

an XbaI site. For PDE6b, the forward primer containing a

BamHI site and the Kozak consensus sequence was 50-TGC

AGA TAT CCA ATG AGC CTC AGT-30, and the reverse

primer containing an XbaI site was 50-GGATCTAGA CTC

TCA CAG GAT ACA GCA GGT TGA AGA CT-30. The

PCRs were carried out by the touchdown technique as

described [30]. The PCR products were cloned into

pcDNA3.1(þ) vector (Invitrogen), followed by double-

strand sequencing for confirmation. PCR-derived muta-

tions were corrected using the QuickChange XL site-

directed mutagenesis kit (Stratagene), and the correct

sequence was further confirmed by double-strand sequen-

cing.

Two parts of human cone PDE6a0 were amplified sepa-

rately from human retina Marathon Ready cDNA (Clon-

tech) by PCR based upon the published cDNA sequence

[16], and then assembled together as a whole cDNA by

DNA ligation. The first part, an 1154-bp fragment, between

the nucleotide positions 131 and 1285 was amplified using

a pair of primers (forward primer: 50-GCC ACA CCATGG

GTG AGATCA ACC-30; and reverse primer: 50-CCC AAC

CAG TTT CGT CTA CAG-30). The second part, an 1631-

bp fragment, between the nucleotide positions 1248 and

2879 was amplified using another pair of primers (forward

primer: 50-CAC ATT TCC GAA AGG ACC TG-30; and

reverse primer: 50-TTG CCC CTC GAG TTT TTG GGC

TAG C-30 containing an XhoI site). PCR conditions used

were as follows: 94 8C for 1 min; 35 cycles of 94 8C for

30 s, 58 8C for 1 min, and 68 8C for 3 min; and finally

68 8C for 10 min, using Advantage cDNA PCR kit (Clon-

tech). The PCR fragments were cloned into a pCR-Script

SK vector using a PCR cloning kit (both from Stratagene),

followed by double-strand sequencing for confirmation.

PCR-derived mutations were corrected as above, and the

correct sequence was further confirmed by double-strand

sequencing. The two cDNA fragments were assembled

together during subsequent construction of the recombi-

nant baculovirus expression vector of cone PDE6a0.

2.2. Construction of recombinant pFASTBAC donor

vectors and generation of recombinant baculoviruses

pFASTBAC1 vector (Invitrogen) was used to generate

the human rod PDE6a and PDE6b as well as cone

PDE6a0 recombinant donor vectors. The 2.6 kb cDNA

encoding full-length rod PDE6a was released from the

pcDNA3.1(þ) vector by digestion with the restriction

enzymes (BamHI and XbaI), and then inserted into the

multiple cloning site region of BamHI/XbaI-digested

pFASTBAC. This donor vector was used to generate the

corresponding recombinant baculovirus. The 2.6 kb cDNA

encoding full-length rod PDE6b was also cloned into a

pFASTBAC vector as described above. To clone cone

PDE6a0 cDNA into a pFASTBAC vector, the 1.1 kb cDNA

fragment encoding the N-terminal portion of cone PDE6a0

was released from the pCR-Script SK vector by digestion

with BamHI and AccI, while the 1.6 kb cDNA encoding the

C-terminal portion of cone PDE6a0 was released from the

vector by digestion with AccI and NotI. These two cone

PDE6a0 cDNA fragments were ligated together and

inserted into BamHI/NotI-digested pFASTBAC, thereby

generating a baculovirus donor vector.

The recombinant rod PDE6a and PDE6b as well as cone

PDE6a0 baculoviruses were generated using the BAC-TO-

BAC baculovirus expression system (Invitrogen). The

three recombinant baculoviruses were all confirmed by

PCR using conditions described below.
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2.3. Expression of recombinant human rod and cone

PDE6 enzymes

The procedures for optimal expression of catalytically

active rod PDE6ab were as follows. 5 � 106 Sf9 cells in

10 ml of Sf-900 II serum-free medium (Invitrogen) were

seeded in a 100-mm plate, and the cells were allowed to

adhere to the plate for 1 h. After removing the medium, rod

PDE6 a and b baculoviruses at 18 and 23 multiplicity of

infection (MOI), respectively, were incubated with the

adhered cells for 1 h at room temperature. The cells were

incubated for 4 days following the addition of 17 ml of Sf-

900 II medium. After removing the medium, the cells were

harvested in 10 mM Tris–HCl buffer (pH 7.5) containing

Protease Inhibitor Cocktail (Boehringer Mannheim) by

scraping, followed by centrifugation at 350 � g for

5 min. The cell pellet was resuspended in 0.5 ml of lysis

buffer (10 mM Tris–HCl, pH7.5, containing Protease Inhi-

bitor Cocktail), and then disrupted by sonicating twice

(10 s each) on ice. The cell lysate was used directly for

PDE6 assay.

For optimal expression of catalytically active cone

PDE6a0, the conditions were essentially the same as

described above except that the MOI used was 5.

Protein concentrations were determined using the Bio-

Rad protein assay kit with BSA as the standard.

2.4. RNA isolation and RT-PCR analysis

Total RNA isolation and cDNA synthesis were per-

formed as described [31]. For analysis of the expression

of rod PDE6 a and b mRNAs, the following primer sets

were used: PDE6a, forward primer: 50-CCC AAC ACA

GAG GAG GAT GA-30, and reverse primer: 50-GCA

ACA TAA GCG GGG AGA C-30 (covering a region in

PDE6a between the nucleotide positions 460 and 1034,

[17]); and PDE6b, forward primer: 50-ATG AGC CTC

AGT GAG GAG CAG-30, and reverse primer 50-TCC

TGT TCG TCA AAG GGC TTC-30 (covering a region in

PDE6b between the nucleotide positions 1 and 1221,

[13]). For analysis of the expression of cone PDE6a0

mRNA, the primer set used was that for cloning the first

part of the PDE6a0 cDNA (described above). PCR con-

ditions were as follows: 94 8C for 1 min; 35 cycles of

94 8C for 30 s, 58 8C for 1 min then 68 8C for 3 min; and

finally 68 8C for 3 min.

2.5. SDS–PAGE and immunoblotting

SDS–PAGE was performed in 12% mini-gels. For

immunoblotting, proteins were transferred to nitrocellu-

lose membrane and analyzed using a rabbit anti-bovine

PDE6 polyclonal antibody (CytoSignal). The antibody-

antigen complexes were detected using horseradish per-

oxidase-conjugated anti-rabbit IgG and ELC reagent (both

from Amersham Pharmacia Biotech).

2.6. Isolation of native human PDE5 and

PDE6 proteins

Human native PDE5 from corpus cavernosum [32] and

PDE6 from retina [33] were isolated by ion-exchange

chromatography as described.

2.7. Assays for PDE5 and PDE6

The PDE5 assay was performed in duplicate using

Amersham Pharmacia Biotech’s [3H]cGMP PDE SPA

assay kit at a final concentration of unlabeled cGMP of

0.5 mM. The PDE6 assay was performed under the same

conditions as those for PDE5, except that 0.2 mg/ml of

histone was also present. Immediately before assay, the

PDE sample was diluted appropriately with an enzyme

diluent (10 mM Tris–HCl, pH 7.4, 1% BSA) so that less

than 10% of the substrate was hydrolyzed. The assays were

performed at 30 8C for 30 min. Inhibitors were dissolved in

100% DMSO at 1 or 10 mM, then diluted with water. The

final concentration of DMSO in the assay mixture was 1%.

Sildenafil was extracted from VIAGRATM tablets as

described previously [32]. E4021 was synthesized in this

Institute, while zaprinast and 3-isobutyl-1-methylxanthine

(IBMX) were obtained from BIOMOL.

3. Results

3.1. Expression of recombinant human rod PDE6ab
and cone PDE6a0

In order to express human rod PDE6 a and b proteins,

Sf9 cells were infected separately or co-infected with

appropriate recombinant baculovirus(es). To demonstrate

the expression of these proteins in the infected cells, rod

PDE6 a and b mRNAs were first analyzed by RT-PCR

using respective gene-specific primers. The 574-bp cDNA

fragment of rod PDE6a was detected from cells infected

with rod PDE6a baculovirus or co-infected with rod PDE6

a and b baculoviruses, but not with wild type baculovirus

or rod PDE6b baculovirus (Fig. 1A). Similarly, the rod

PDE6b cDNA fragment (1220-bp) was identified from

cells infected with PDE6b baculovirus or co-infected with

the two different viruses, but not with the PDE6a virus

alone (Fig. 1A).

To demonstrate the expression of these rod PDE6 sub-

units at the protein level, the infected Sf9 cells were

analyzed by immunoblotting using an anti-PDE6 polyclo-

nal antibody. Proteins with the expected molecular mass of

rod PDE6 a and b subunits were detected from cells

infected with appropriate recombinant bacoluvirus(es),

but not from wild type virus (Fig. 2A).

Similar experiments were performed to demonstrate

the expression of cone PDE6a0. The cDNA fragment

(1154-bp) as well as the protein with the expected
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molecular mass of cone PDE6a0 were observed from cells

infected with cone PDE6a0 baculovirus, but not with wild

type virus (Figs. 1B and 2B).

3.2. Enzyme activity of recombinant human rod PDE6ab
and cone PDE6a0

PDE activity of the expressed proteins was assayed

using cellular lysates of the infected Sf9 cells. A basal

level of cGMP-hydrolyzing activity (about 25 pmol/min/

mg protein) was observed from cells infected with wild

type baculovirus (Fig. 3A). Only a minimal increase in

cGMP-hydrolyzing activity over the basal level was

detected from cells infected with either the rod PDE6 a
or b recombinant baculovirus (data not shown). Co-infec-

tion with both the recombinant baculoviruses resulted in a

four-fold increase in the enzyme activity (Fig. 3A). The

cGMP-hydrolyzing activity of the recombinant cone

PDE6a0 was evaluated similarly. As shown in Fig. 3B,

the expression of cone PDE6a0 resulted in an about eight-

fold increase in cGMP-hydrolyzing activity over the wild

type control cells.

3.3. Inhibitor sensitivity of recombinant human rod

PDE6ab and cone PDE6a0 in comparison with that of

native human PDE6

To compare the recombinant human rod PDE6ab and

cone PDE6a0 with native human PDE6, we first evaluated

the sensitivity of these three different enzyme preparations

to sildenafil. Our native PDE6 preparation presumably

contained both rod and cone PDE6s [33], since we did

Fig. 1. RT-PCR analysis of human rod PDE6ab (A) and cone PDE6a0 (B) expression in Sf9 cells. DNA marker: 1 kb DNA ladder obtained from Invitrogen.

Blank was a reaction containing no cDNA template. WT, a, b, ab, and a0 indicate analyzed cDNA samples from Sf9 cells infected with wild type,

recombinant rod PDE6 a, b, both ab, and cone PDE6a0 baculoviruses, respectively.

Fig. 2. Immunoblotting analysis of recombinant human rod PDE6ab (A) and cone PDE6a0 (B) proteins expressed in Sf9 cells. WT, a, b, ab, and a0 indicate

analyzed cellular samples from Sf9 cells infected with wild type, recombinant rod PDE6 a, b, both ab, and cone PDE6a0 baculoviruses, respectively.
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not have sufficient amount of human retina for further

separation between the rod and cone enzymes. Neverthe-

less, structurally distinct inhibitors have exhibited similar

sensitivities between human native rod and cone PDE6s

[26]. As shown in Fig. 4, sildenafil inhibited all the three

enzyme preparations in a dose-dependent manner. The two

recombinant enzymes exhibited similar Ki values for sil-

denafil. However, the Ki values of the recombinant

enzymes were four-fold higher than that of the native

PDE6 (Table 1). More surprisingly, E4021 (another

PDE5 inhibitor known to have a potent inhibitory activity

on native PDE6, [21]) inhibited the recombinant enzymes

with Ki values that were 30 up to 50-fold higher than that

for the native PDE6.

Two other benchmark PDE inhibitors, IBMX (a non-

selective PDE inhibitor) and zaprinast (a dual PDE5/6

inhibitor) [34], were also used to compare inhibitor profiles

of the human recombinant and native PDE6s. Like silde-

nafil, IBMX’s Ki values for the recombinant PDE6s were
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Fig. 3. cGMP-hydrolyzing activity of recombinant human rod PDE6ab (A) and cone PDE6a0 (B). The results were from three typical experiments (mean �
S.E.M.). WT, ab, and a0 indicate analyzed cellular samples from Sf9 cells infected with wild type, recombinant rod PDE6ab (co-infection), and cone PDE6a0

baculoviruses, respectively.
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Fig. 4. Inhibition of human recombinant rod PDE6ab and cone PDE6a0

and native PDE6 by sildenfil. The data were from three typical

experiments (mean � S.E.M.). The calculated Ki values are summarized

in Table 1.

Table 1

Inhibitory effects of various PDE5/6 inhibitors on human native PDE6 and recombinant rod PDE6ab and cone PDE6a0

Inhibitor Ki � S.D. (nM)

PDE5 Native PDE6 Recombinant rod PDE6ab Recombinant cone PDE6a0

Sildenafil 2.2 � 0.1 24.5 � 1.5 93.6 � 11.7 98.4 � 2.9

E4021 13.2 � 0.2 3.5 � 0.5 101.4 � 20.5 173.5 � 7.8

Zaprinast 204.3 � 12.3 177.8 � 15.8 14376.2 � 1228.1 11452.2 � 1023.4

IBMX 3547.7 � 91.1 12118.5 � 1066.7 60838.2 � 1257.3 94853.8 � 1247.6

Compound A 4.3 � 0.3 176.3 � 23.2 361.6 � 7.8 660.8 � 81.9

Compound B 5.4 � 1.8 17.3 � 0.5 1205.7 � 131.6 1605.3 � 206.6

Compound C 10.2 � 2.4 18.3 � 0.5 2.6 � 0.3 3.6 � 0.6

Compound D 8.9 � 1.1 721.5 � 166.4 48.7 � 2.9 54.6 � 3.4

The data were from at least two experiments. Ki values were calculated using the Cheng–Prusoff equation [41]. Chemical names of compounds A–D: A, 2-

bromo-5-ethyl-7,8-dihydro-1-[(4-hydroxyphenyl)methyl]-7(R)-(phenylmethyl)-1H-imidazo[2,1-b]purin-4(5H)-one; B, 5-ethyl-7,8-dihydro-2,7(R)-bis(phe-

nylmethyl)-1H-imidazo[2,1-b]purin-4(5H)-one; C, 8-bromo-1-ethyl-3,7-dihydro-7-[(4-methoxyphenyl)methyl]-3-(2-methylpropyl)-1H-purine-2,6-dione;

and D, 3,7-dihydro-8-[(1-hydroxymethyl)-3-cyclopenten-1-yl]amino-7-[(4-methoxyphenyl)methyl]-1,3-dimethyl-1H-purine-2,6-dione.
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five- to eight-fold higher than that of the native enzyme. On

the other hand, zaprinast was similar to E4021 in that it

exhibited much (30–80-fold) lower potencies for the

recombinant enzymes than for the native PDE6 (Table 1).

To further confirm the differential sensitivity of inhibi-

tors to the recombinant and native PDE6s, the sensitivity to

four additional PDE5 inhibitors (compounds A–D in

Table 1) with different structures and selectivity against

native human PDE6 was also evaluated. Compounds A and

B belong to the structural class of cyclic guanine [35],

while compounds C and D are from a particular xanthine-

containing structural class [36]. All these compounds

distinguished between the recombinant and native

enzymes to various degrees, from 2- or 4-fold (compound

A) up to about 90-fold (compound B) differences. Inter-

estingly, the different structural classes exhibited differ-

ential sensitivities between the recombinant and native

enzymes. Thus, the cyclic guanine compounds were more

potent against the native PDE6 than against the recombi-

nant enzymes, whereas the xanthine-containing inhibitors

were relatively more potent against the recombinant

PDE6s.

4. Discussion

Expression of recombinant mouse rod PDE6ab [29],

mouse/bovine rod PDE6ab [27] and bovine cone PDE6a0

[28] has been reported. Although the recombinant PDE6

proteins were catalytically active, they were not char-

acterized. For instance, it is not known whether recom-

binant and native PDE6s have similar enzymatic

properties including inhibitor sensitivity. In this study,

catalytically active recombinant human rod PDE6ab and

cone PDE6a0 were expressed for the first time. Efficient

expression of recombinant human PDE6 may be parti-

cularly important, since large scale isolation of native

human PDE6 is highly difficult due to the limited avail-

ability of the retina. However, our study reveals that the

inhibitor sensitivity of the recombinant human rod

PDE6ab and cone PDE6a0 is significantly different from

that of native human PDE6. Our data, hence, questions

the appropriateness of using recombinant rod PDE6ab or

cone PDE6a0 for in-depth structural/functional studies or

for drug discovery.

The inhibitors tested, sildenafil [24], E4021 [35], IBMX,

zaprinast [20], compounds A and B (cyclic guanine com-

pounds [35]), and compounds C and D (from a particular

xanthine-containing class [36]) represent six different

structural classes. The differential sensitivities of recom-

binant and native enzymes to structurally distinct inhibitors

suggest that the recombinant and native proteins may

assume different conformations. The change of the recom-

binant PDE6s in inhibitor sensitivity might be due to that

the small PDE6 subunit (g or g0 for rod or cone PDE6,

respectively) was not co-expressed. Qin and Baehr [29]

reported that co-expression of murine PDE6abg in the

insect cells gave rise to a higher enzyme activity than that

of PDE6ab, despite the expression of the g subunit being

very low compared to a and b subunits. Their study

suggests that the presence of the g subunit may affect

the conformation and/or processing of the PDE6ab, and

that in the insect cells there may not be a mammalian

PDE6g-like endogenous protein. It would be interesting to

see, in future studies, whether recombinant PDE6abg and

PDE6a0b0 have similar enzymatic properties to those of the

respective native PDE6s.

Another possible reason for the changed inhibitor sen-

sitivity was expression of the enzymes in the insect cells.

PDE6s are known to undergo multiple biologically impor-

tant post-translational modifications [29]. It is conceivable

that PDE6s expressed in insect and human cells may

undergo differential post-translational modifications.

Although bovine PDE6a/murine PDE6b [27] and bovine

PDE6a0 [28] were expressed in human cells (HEK293), no

evaluation of their inhibitor profile has been reported.

Whether human recombinant PDE6s expressed in human

cells have inhibitor profiles similar to that of native PDE6

remains to be determined.

Inhibition of PDE6 results in the troublesome visual side

effects exhibited by VIAGRATM [24,26]. Moreover, it has

been reported that PDE6 inhibition results in rod and cone

death [37], and that certain PDE6 mutations lead to

blindness in the rd mouse [38] or night blindness in humans

[39]. The use of PDE5 inhibitors for other indications such

as pulmonary hypertension [40] and the development of

PDE5 inhibitors with long plasma half-lives such as tada-

lafil (CIALISTM, [26]) further necessitate clinical use of

PDE5 inhibitors with high selectivity against human

PDE6. For selectivity evaluation in PDE5 inhibitor dis-

covery, the present study strongly supports the use of native

human PDE6.

References

[1] Beavo JA. Cyclic nucleotide phosphodiesterases: functional implica-

tions of multiple isoforms. Physiol Rev 1995;75:725–48.

[2] Chabre M, Deterre P. Molecular mechanism of visual transduction.

Eur J Biochem 1989;179:255–66.

[3] Yarfitz S, Hurley JB. Transduction mechanisms of vertebrate and

invertebrate photoreceptors. J Biol Chem 1994;269:14329–32.

[4] Baylor DA, Lamb TD, Yau KW. Responses of retinal rods to single

photons. J Physiol 1979;288:613–34.

[5] Baylor DA. Photoreceptor signals and vision. Invest Ophthalmol Vis

Sci 1987;28:34–49.

[6] Normann RA, Werblin FS. Control of retinal sensitivity. I. Light and

dark adaptation of vertebrate rods and cones. J Gen Physiol

1974;63:37–61.

[7] Baehr W, Devlin MJ, Applebury ML. Isolation and characterization of

cGMP phosphodiesteraese from bovine rod outer segments. J Biol

Chem 1979;254:11669–77.

[8] Deterre B, Bigay J, Forquet F, Robert M, Chabre M. cGMP phos-

phodiesterase of retinal rod is regulated by two inhibitory subunits.

Proc Natl Acad Sci USA 1988;85:2424–8.

872 J. Zhang et al. / Biochemical Pharmacology 68 (2004) 867–873



[9] Florio SK, Prusti RK, Beavo JA. Solubilization of membrane-bound

rod phosphodiesterase by the rod phosphodiesterase recombinant delta

subunit. J Biol Chem 1996;271:24036–47.

[10] Gillespie PG, Beavo JA. Characterization of a bovine cone photo-

receptor phosphodiesterase purified by cyclic GMP-Sepharose chro-

matography. J Biol Chem 1988;263:8133–41.

[11] Shimizu-Matsumoto A, Itoh K, Inazawa J, Nishida K, Matsumoto Y,

Kinoshita S, et al. Isolation and chromosomal localization of the

human cone cGMP phosphodiesterase gamma cDNA (PDE6H).

Genomics 1996;32:121–4.

[12] Hamilton SE, Prusti RK, Bentley JK, Beavo JA, Hurley JB. Affinities

of bovine photoreceptor cGMP phosphodiesterasees for rod and cone

inhibitory subunits. FEBS Lett 1993;318:157–61.

[13] Khramtsov NY, Feshchenko EA, Suslova VA, Shmukler BE, Terpugov

BE, Rakitina TV, et al. The human rod photoreceptor cGMP phos-

phodiesterase bete-subunit: structural studies of its cDNA and gene.

FEBS Lett 1993;327:275–8.

[14] Li T, Volppk K, Applebury ML. Bovine cone photoreceptor cGMP

phosphodiesterase structure deduced from a cDNA clone. Proc Natl

Acad Sci USA 1990;87:293–7.

[15] Ovchinnikov YA, Gubanov NV, Khramtsov KA, Ischenko VE, Za-

granichny VE, Muradoe KG, et al. Cyclic GMP phosphodiesterase

from bovine retina: amino acid sequence of the a-subunit and nucleo-

tide sequence of the corresponding cDNA. FEBS Lett 1987;223:169–

73.

[16] Piriev NI, Viczian AS, Ye J, Kerner B, Korenberg JR, Farber DB. Gene

structure and amino acid sequence of the human cone photoreceptor

cGMP-phosphodiesterase alpha’ subunit (PDEA2) and its chromoso-

mal localization to 10q24. Genomics 1995;28:429–35.

[17] Pittler SJ, Baehr W, Wasmuth JJ, McConnell DG, Champagne MS,

van Tuinen P, et al. Molecular characterization of human and bovine

rod photoreceptor cGMP phosphodiesterases alpha-subunit and chro-

mosomal localization of the human gene. Genomics 1990;6:272–83.

[18] Viczian AS, Piriev NI, Farber DE. Isolation and characterization of a

CDNA encoding the alpha’ subunit of human cone cGMP-phospho-

diesterase. Gene 1995;166:205–11.

[19] Conti M, Jin SLC. The molecular biology of cyclic nucleotide

phosphodiesterase. Prog Nucleic Acid Res Mol Biol 2000;63:1–38.

[20] Ballard SA, Gingell CJ, Tang K, Turner LA, Price ME, Naylor AM.

Effects of sildenafil on the relaxation of human corpus cavernosum

tissue in vitro and on the activities of cyclic nucleotide phosphodies-

terase isozymes. J Urol 1998;159:2164–71.

[21] D’Amours MA, Granovsky AE, Artemyev NO, Cote RH. Potency and

mechanism of action of E4021, a type 5 phosphodiesterase isozyme-

selective inhibitor, on the photoreceptor phosphodiesterase depend on

the state of activation of the enzyme. Mol Pharmacol 1999;3:508–14.

[22] Estrade M, Grondin P, Cluzel J, Bonhomme B, Doly M. Effect of a

cGMP-specific phosphodiesterase inhibitor on retinal function. Eur J

Pharmacol 1998;352:157–63.

[23] Saenz de Tejada I, Angulo J, Cuevas P, Fernandez A, Moncada I,

Allona A, et al. The phosphodiesterase inhibitory selectivity and the in

vitro and in vivo potency of the new PDE5 inhibitor vardenafil. Int J

Impot Res 2001;13:282–90.

[24] Corbin JD, Francis SH, Webb DJ. Phosphodiesterase type 5 as a

pharmacologic target in erectile dysfunction. Urol 2002;60(Suppl

2B):4–11.

[25] Burnouf C, Pruniaux MP. Recent advances in PDE4 inhibitors as

immunoregulatory and anti-inflammatory drugs. Curr Pharm Des

2002;8:1255–96.

[26] Corbin JD, Francis SH. Pharmacology of phosphodiesterase-5 inhi-

bitors. Int J Clin Pract 2002;56:453–9.

[27] Piriev NI, Yamashita C, Samuel G, Farber DB. Rod photoreceptor

cGMP-phosphodiesterase: analysis of a and b subunits expressed in

human kidney cells. Proc Natl Acad Sci USA 1993;90:9340–4.

[28] Piriev NI, Yamashita CK, Shih J, Farber DB. Expression of cone

photoreceptor cGMP-phosphodiesterase a0 subunit in Chinese hamster

ovary 293 human embryonic kidney and Y79 retinoblastoma cells.

Mol Vis 2003;9:80–6.

[29] Qin N, Baehr W. Expression and mutagenesis of mouse rod

photoreceptor cGMP phosphodiesterase. J Biol Chem 1994;269:

3265–71.

[30] Wang P, Wu P, Egan RW, Billah MM. Cloning, characterization, and

tissue distribution of mouse phosphodiesterase 7A1. Biochem Bio-

phys Res Commun 2000;276:1271–7.

[31] Wang P, Wu P, Egan RW, Billah MM. Human phosphodiesterase 8A

splice variants: cloning, gene organization, and tissue distribution.

Gene 2001;280:183–94.

[32] Wang P, Wu P, Myers JG, Stamford A, Egan RW, Billah MM.

Characterization of human, dog and rabbit corpus cavernosum type

5 phosphodiesterases. Life Sci 2001;68:1977–87.

[33] Hurwitz RL, Bunt-Milam AH, Chang ML, Beavo JA. cGMP phos-

phodiesterase in rod and cone outer segments of the retina. J Biol

Chem 1985;260:568–73.

[34] Gillespie PG, Beavo JA. Inhibition and stimulation of photoreceptor

phosphodiesterases by dipyridamole and M&B 22,948. Mol Pharma-

col 1989;36:773–81.

[35] Vemulapalli S, Watkins RW, Chintala M, Davis H, Ahn HS, Fawzi A,

et al. Antiplatelet and antiproliferative effects of SCH 51866, a novel

type 1 and type 5 hosphodiesterase inhibitor. J Cardiovasc Pharmacol

1996;170:887–91.

[36] Wang Y, Chackalamannil S, Hu Z, Boyle CD, Lankin CM, Xia Y, et al.

Design and synthesis of xanthine analogues as potent and selective

PDE5 inhibitors. Bioorg Med Chem Lett 2002;12:3149–52.

[37] Fox DA, He L, Poblenz AT, Medrano CJ, Blocker YS, Devesh S. Lead-

induced alterations in retinal cGMP phosphodiesterase trigger calcium

overload, mitochondria dysfunction and rod photoreceptor apoptosis.

Toxicol Lett 1998;102–123:359–61.

[38] Qiao X, Pennesi M, Seong E, Gao H, Burmeister M, Wu SM.

Photoreceptor degeneration and rd1 mutation in the grizzled/mocha

mouse strain. Vision Res 2003;43:859–65.

[39] Muradov KG, Granovsky AE, Artemyev NO. Mutation in rod

PDE6 linked to congenital stationary night blindness impairs the

enzyme inhibition by its gamma-subunit. Biochemistry 2003;42:

3305–10.

[40] Michelakis ED, Tymchak W, Noga M, Webster L, Wu XC, Lien D,

et al. Long-term treatment with oral sildenafil is safe and improves

functional capacity and hemodynamics in patients with pulmonary

arterial hypertension. Circulation 2003;108:2066–9.

[41] Cheng YC, Prusoff WH. Relationship between the inhibition constant

(Ki) and the concentration of inhibitor which causes 50 percent

inhibition (I50) of an enzymatic reaction. Biochem Pharmacol

1973;22:3099–108.

J. Zhang et al. / Biochemical Pharmacology 68 (2004) 867–873 873


	Differential inhibitor sensitivity between human recombinant and native photoreceptor cGMP-phosphodiesterases (PDE6s)
	Introduction
	Materials and methods
	Cloning of human rod PDE6 alpha and beta subunits and cone PDE6alpha´
	Construction of recombinant pFASTBAC donor vectors and generation of recombinant baculoviruses
	Expression of recombinant human rod and cone PDE6 enzymes
	RNA isolation and RT-PCR analysis
	SDS-PAGE and immunoblotting
	Isolation of native human PDE5 and PDE6 proteins
	Assays for PDE5 and PDE6

	Results
	Expression of recombinant human rod PDE6alphabeta and cone PDE6alpha´
	Enzyme activity of recombinant human rod PDE6alphabeta and cone PDE6alpha´
	Inhibitor sensitivity of recombinant human rod PDE6alphabeta and cone PDE6alpha´ in comparison with that of native human PDE6

	Discussion
	References


