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ABSTRACT: Photoreceptor cGMP phosphodiesterase (PDE6) is the effector enzyme in the vertebrate visual
transduction cascade. The activity of rod PDE6 catalyticR- andâ-subunits is blocked in the dark by two
inhibitory Pγ-subunits. The inhibition is released upon light-stimulation of photoreceptor cells. Mutation
H258N in PDE6â has been linked to congenital stationary night blindness (CSNB) in a large Danish
family (Rambusch pedigree) (Gal, A., Orth, U., Baehr, W., Schwinger, E., and Rosenberg, T. (1994)Nat.
Genet. 7, 64-67.) We have analyzed the consequences of this mutation for PDE6 function using a Pγ-
sensitive PDE6R′/PDE5 chimera, Chi16. Biochemical analysis of the H257N mutant, an equivalent of
PDE6âH258N, demonstrates that this substitution does not alter the ability of chimeric PDE to dimerize
or the enzyme’s catalytic properties. The sensitivity of H257N to a competitive inhibitor zaprinast was
also unaffected. However, the mutant displayed a significant impairment in the inhibitory interaction
with Pγ, which was apparent from a∼20-fold increase in theKi value (46 nM) and incomplete maximal
inhibition. The inhibitory defect of H257N is not due to perturbation of noncatalytic cGMP binding to
the PDE6R′ GAF domains. The noncatalytic cGMP-binding characteristics of the H257N mutant were
similar to those of the parent PDE6R′/PDE5 chimera. Since rod PDE6 in the Rambusch CSNB is a catalytic
heterodimer of the wild-type PDE6R and mutant PDE6â, Chi16 and H257N were coexpressed, and a
heterodimeric PDE, Chi16/H257N, was isolated. It displayed two Pγ inhibitory sites with theKi values
of 5 and 57 nM. Our results support the hypothesis that mutation H258N in PDE6â causes CSNB through
incomplete inhibition of PDE6 activity by Pγ, which leads to desensitization of rod photoreceptors.

Photoreceptor cGMP phosphodiesterases (PDE6)1 are
activated in response to light stimulation of rod and cone
cells. Activated PDE6 hydrolyzes intracellular cGMP result-
ing in a closure of cGMP-gated channels and hyperpolar-
ization of the photoreceptor plasma membrane (1-2). Rod
PDE6 is a catalytic heterodimer composed of the homologous
PDE6 R and â subunits associated with two copies of the
inhibitory γ-subunit (Pγ) (3-6). Mutations in the PDE6R
and PDE6â genes are responsible for 3-4% of cases of
recessive retinitis pigmentosa (RP), a progressive retinal
degeneration (7, 8). These mutations are often nonsense or
missense leading to substitutions of conserved residues within
the noncatalytic cGMP-binding sites (GAF domains) or the
catalytic domain. Missense mutations in PDE6R or PDE6â
in RP are likely to produce folding defects of the protein.
The requirement of heterodimerization for expression of rod
PDE6 leads to a complete loss of the functional enzyme in
homozygotes despite only one of the genes being affected.
The absence of PDE6 activity accompanied by elevation of
cGMP levels had been described in animal models of retinal

degeneration (9-12), and it might be responsible for
recessive RP in humans. An increased intracellular cGMP
level is thought to be a general cause of photoreceptor
degeneration (13). A different type of mutation in the PDE6â
gene has been found in the Rambusch form of autosomal
dominant congenital stationary night blindness (adCSNB)
(14). The PDE6âH258N substitution appears to alter, rather
than abolish, the rod PDE6 function. This mutation is not
associated with retinal degeneration and results in nonpro-
gressive night blindness because of loss of rod photoreceptor
sensitivity. Such mutations are particularly interesting be-
cause a molecular mechanism of a disease-causing functional
mutation can be examined experimentally. It has been
hypothesized that the H258N mutation prevents full inactiva-
tion of rod PDE6, triggering CSNB in the Rambusch family
(14). Constitutive activity of rod PDE6 leading to desensi-
tization of dark-adapted photoreceptors would be consistent
with the dominant nature of the disease. Experimental
verification of this hypothesis or analysis of the consequences
of the H258N mutation for PDE6 function has been lacking,
owing to the absence of an expression system for PDE6
suitable for mutational analysis (15-17). To study the
structure and function of PDE6, we have earlier developed
a robust expression system of chimeras between cone
PDE6R′ and cGMP-binding cGMP-specific PDE (PDE5
family) (17, 18). In this study, we utilized Chi16, a PDE6R′/
PDE5 chimera, to introduce the H257N substitution, a
PDE6R′ equivalent of H258N (18). Chi16 contains 440
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N-terminal residues of PDE6R′ as well as the Pγ-binding
site PDE6R′-737-784 within the catalytic domain. PDE6R′-
737-784 confers upon Chi16 the sensitivity to Pγ (18).
Therefore, Chi16 represented the best currently available
template to address the mechanism of the Rambusch CSNB.

EXPERIMENTAL PROCEDURES

Materials. cGMP was obtained from Boehringer Manheim.
[3H]cGMP was a product of Amersham Pharmacia Biotech.
All restriction enzymes were purchased from NEB. Ampli-
Taq DNA polymerase was a product of Perkin-Elmer, and
Pfu DNA polymerase was a product of Stratagene. Rabbit
polyclonal anti-Pγ antibodies were from Affinity Bioreagents,
Inc. Monoclonal anti-polyhistidine antibody, M2 monoclonal
anti-flag antibody, zaprinast, and all other reagents were
purchased from Sigma.

Mutagenesis of Chi16.DNA sequence coding for the
residues 246-800 of Chi16 was PCR-amplified using the
pFastBacHTbChi16 vector (18) as template. The 5′ PCR
primer carried the SacI site (aa Glu248-Leu249) and the
His257Asn substitution, and the 3′ PCR primer contained
the XhoI site. The PCR product was ligated into pFast-
BacHTbChi16 using the SacI and XhoI sites. To construct
flag-tagged Chi16, the flag-tag DNA sequence was first
inserted into the pFastBacHTb vector replacing the His6
sequence. A DNA fragment was PCR-amplified using
pFastBacHTb as a template, a 5′ primer containing an RsrII
site and the flag tag sequence, and a 3′ primer containing a
BamHI site. This DNA fragment was then ligated with the
large RsrII/BamHI fragment of pFastBacHTb to produce
pFastBacflag. DNA coding Chi16 was inserted into pFast-
Bacflag using NarI and XhoI restriction sites. The sequences
of the constructs were verified by automated DNA sequenc-
ing at the University of Iowa DNA Core Facility.

Expression and Purification of Chi16 and the H257N
Mutant.Generation of the recombinant bacmids, transfection
of Sf9 cells, and viral amplifications were carried out
according to the manufacturer’s recommendations (Life
Technologies, Inc.). For Chi16 and H257N protein expres-
sion, Sf9 cell cultures (2× 106 cells/mL) were infected with
baculoviruses at MOI of 3-10. Cells were harvested by
centrifugation at 55 h after infection; washed with 20 mM
Tris-HCl buffer (pH 8.0) containing 150 mM NaCl, 4 mM
MgSO4, and 5mM 2-mercaptoethanol; and processed im-
mediately or stored at-80 °C until use. Sf9 cell pellets from
100 mL cell cultures were resuspended in 15 mL of 20 mM
Tris-HCl buffer (pH 8.0) containing 2 mM MgSO4, and one
tablet of Complete Mini protease inhibitor cocktail (Roche
Molecular Biochemicals). Cell lysates were obtained by
sonication with four 20-s pulses using a flat tip attached to
a 550 Sonic Dismembrator (Fisher Scientific) and cleared
by centrifugation (100 000g, 90 min, 4 °C). Chi16 and
H257N were partially purified using affinity chromatography
on a His-bind resin (Novagen) as described earlier (18). To
obtain heterodimeric PDE, Chi16/H257N, a flag-tagged
Chi16 was coexpressed with a His-tagged H257N in Sf9
cells. Following purification of the cell extracts on a His-
bind resin, Chi16/H257N was isolated using an anti-flag M2-
agarose affinity gel (Sigma). The affinity chromatography
was performed according to the manufacturer’s recom-
mendations using Flag peptide (Sigma) to elute Chi16/

H257N. Purified proteins were dialyzed against 40% glycerol
and stored at-20 °C.

Analysis of Dimerization of Chi16 and H257N by Gel
Filtration. Chi16, H257N, and Chi16/H257N samples (100
µL) were injected into a Superose 12 10/30 column (Am-
ersham Pharmacia Biotech) equilibrated with 30 mM Tris-
HCl buffer (pH 8.0) containing 100 mM NaCl and 2 mM
MgSO4. Proteins were eluted at 0.4 mL/min, and 0.4 mL
fractions were collected. Each fraction was assayed for PDE
activity and the presence of Chi16 and H257N by Western
blotting. Western blot analysis of the gel filtration fractions
was performed following SDS-PAGE in 10% gels (19).
Monoclonal anti-polyhistidine antibodies and M2 monoclonal
anti-flag were used with dilutions 1:1500 and 1:5000,
respectively. The antibody-antigen complexes were detected
using anti-mouse antibodies conjugated to horseradish per-
oxidase (Sigma) and ECL reagent (Amersham Pharmacia
Biotech.).

Immunoprecipitation.Pγ (15 nM) was mixed on ice with
Chi16 or H257N (1 nM) in 200µL of 10 mM Tris-HCl
buffer (pH 7.4) containing 150 mM NaCl (TBS). Following
incubation for 20 min, rabbit polyclonal anti-Pγ antibodies
(2.5 µg) were added, and the mixture was incubated for
another 60 min. Afterward, 10µL of a 50% slurry of protein
G-coupled agarose beads (Sigma) was added, and the mixture
was incubated at+4 °C for 60 min. The agarose beads were
washed with TBS (4× 1 mL), and the bound proteins were
eluted with an SDS-PAGE sample buffer for separation on
10% gels and Western blot analysis with monoclonal anti-
polyhistidine antibodies.

cGMP-Binding Assay.The cGMP-binding assay was
performed in a total volume of 100µL of 10 mM HEPES-
Na buffer (pH 7.0), containing 1.5 pmol of Chi16 or H257N,
1 mM EDTA, 10 mM 2-mercaptoethanol, 100µM zaprinast,
[H3]cGMP (60 000 cpm), and varying concentrations of
unlabeled cGMP. The binding reactions were incubated for
30 min at 4°C and then applied onto wet 0.45µm cellulose
nitrate membrane filters (Whatman, England). The filters
were washed three times with ice-cold PBS buffer containing
1 mM EDTA (6 mL total volume), dried, and counted in a
liquid scintillation counter after dissolution in a counting
cocktail. No cGMP hydrolysis was detected under the
conditions of the cGMP-binding assay.

Other Methods. PDE activity was measured using [3H]-
cGMP as described (20, 21). Less than 15% of cGMP was
hydrolyzed during these reactions. TheKi values for inhibi-
tion of PDE activity by Pγ and zaprinast were measured
using 50 pM Chi16 (or H257N) and 0.5µM cGMP (i.e.,
<35% ofKm value for chimeric and mutant PDEs). TheKi

(IC50) values were calculated by fitting the data to eqs 1
(Figures 2B and 3) and 2 (Figure 5B)

where B (bottom) is PDE activity at infinite concentration
of Pγ (or zaprinast), T (top) is PDE activity in the absence
of Pγ (or zaprinast), andX is the logarithm of total Pγ (or
zaprinast) concentration. Concentrations of Chi16, H257N,

Y ) B + T - B

1 + 10(X-logKi)
(1)

Y ) B +
0.5(T- B)

1 + 10(X-logKi1)
+

0.5(T- B)

1 + 10(X-logKi2)
(2)
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and a heterodimeric Chi16-H257N used in the inhibition
experiments were much lower than the observedKi values,
and the maximal corrections of theKi values using free Pγ
concentrations would not exceed 3%. Protein concentrations
were determined by the method of Bradford (22) using IgG
as a standard. The molar concentrations of Chi16 and H257N
were calculated based on the fraction of PDE protein in
preparations, and the MW of 186.0 kDa for the catalytic
dimers. The fractional concentrations of PDE were deter-
mined from analysis of the Coomassie Blue stained SDS gels
using a HP ScanJet II CX/T scanner and Scion Image Beta
4.02 software. A typical fraction of Chi16 and H257N in
partially purified preparations was 10-15%. Thekcat values
for cGMP hydrolysis were calculated asVmax/[PDE]. Fitting
the experimental data to equations was performed with
nonlinear least squares criteria using GraphPad Prizm
Software. TheKi, Km, and IC50 values are expressed as mean
( SE for three independent measurements.

RESULTS

Dimerization and Catalytic Characteristics of the H257N
Mutant. Substitution PDE6R′H257N corresponding to the
CSNB-related mutation of PDE6â, H258N, was introduced
into the Pγ-sensitive PDE6R′/PDE5 chimera, Chi16 (18). The
mutant was expressed in Sf9 insect cells as His-tagged
protein and purified using affinity chromatography on His-
bind resin. The level of expression of H257N in Sf9 cells

was 1.5-2-fold higher to that of Chi16 with a typical yield
of the soluble protein of 100-150µg/L of culture. We first
assessed if the substitution of the His residue causes any
detectable folding defect in mutant PDE. Folding deficiencies
in PDE subunits are likely to interfere with correct dimer-
ization of the enzyme, which would impact its stability and
function. The ability of H257N to dimerize was examined
using FPLC gel filtration on a Superose 12 HR 10/30 column
calibrated using native PDE6, recombinant wild-type PDE5,
and molecular weight standards. The profile of elution of
mutant PDE as well as the profile of cGMP-hydrolytic
activity in gel filtration fractions indicates that the mutation
H257N does not affect the ability of Chi16 to form dimeric
PDE species (Figure 1).

Next, the catalytic characteristics of H257N have been
examined in comparison with Chi16. Thekcat (9.4 mol mol
PDE-1 s-1) andKm (4.3 µM) values for cGMP hydrolysis
by H257N were comparable to those of Chi16 (Figure 2A).

Zaprinast, a specific competitive inhibitor of PDE5 and
PDE6, has been utilized to further probe the properties of
the catalytic pocket the Chi16 mutant. The IC50 value for
inhibition of H257N by zaprinast (0.24µM) was similar to
that of Chi16 (0.22µM) (Figure 2B).

Inhibition of the H257N Mutant by Pγ. The analysis of
the inhibition of cGMP-hydrolytic activity of H257N by Pγ
was carried out in relation to Chi16. The H257N substitution
considerably reduced the ability of Pγ to inhibit the enzyme
activity. The defects in the inhibitory interaction of H257N
with Pγ were of two kinds. TheKi value for H257N was
∼20-fold higher than that for Chi16, and the maximal
inhibition was incomplete (Figure 3A). The fitting curves
to a sigmoidal dose-response with Hill slopeH ) 1 (eq 1)
for Chi16 (R2 ) 0.985) and for H257N (R2 ) 0.98) yielded
PDE activities at infinite [Pγ] of 15 and 26%, respectively.
The effect of H257N mutation on the maximal inhibition is
moderate and might be secondary to a more profound Pγ-
binding defect. Fitting the data to the equation with variable
Hill slope producedH ) 0.9 for Chi16 andH ) 0.95 for
H257N and did not meaningfully improve the goodness of
fit (R2 value) for both sets of data (not shown). This suggests
a lack of cooperativity between the two equivalent Pγ-
binding sites in the catalytic dimers. The Pγ-binding impair-
ment of H257N inferred from the increase in theKi value
was confirmed by immunoprecipitation of the Pγ-Chi16 and
Pγ-H257N complexes using anti-Pγ antibodies. The reduc-
tion in immunoprecipitation of the Pγ-H257N complex
indicates a lower affinity of Pγ for the mutant PDE (Figure
3, inset).

Noncatalytic cGMP Binding to H257N.The residue
His257 is localized within the N-terminal regulatory domain
of PDE6R′, which is involved in noncatalytic cGMP binding
to PDE6. Noncatalytic cGMP binding has been shown to
modulate the affinity of interaction of PDE6 catalytic
subunits with Pγ (23, 24). The binding of cGMP to the
noncatalytic sites of H257N was investigated to test the
possibility that impairment in noncatalytic cGMP binding
may have caused deficient inhibition of H257N by Pγ. The
binding experiments, however, demonstrated that the affinity
(Kd ) 44 nM) and stoichiometry (0.43 mol cGMP/mol PDE
subunit) of binding of cGMP to noncatalytic sites were
essentially unchanged in the mutant PDE as opposed to
Chi16 (Kd ) 55 nM, 0.40 mol/mol) (Figure 4).

FIGURE 1: Dimerization of Chi16 and the H257N mutant. Chi16
and H257N were expressed individually in Sf9 cells. Chi16 and
H257N partially purified on a His-bind resin were subjected to a
FPLC gel filtration on a calibrated Superose 12 10/30 column
(Amersham Pharmacia Biotech). Fractions of 0.4 mL were collected
and analyzed for PDE activity (9) and by Western blotting with
monoclonal anti-polyhistidine antibody (insets).
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Inhibition of Chi16/H257N Heterodimer by Pγ. In the
Rambusch form of adCSNB, the PDE6â258N mutant subunit
forms a heterodimer with the normal PDE6R subunit.
Therefore, a heterodimer between Chi16 and H257N repre-
sents a more appropriate model than a homodimer of H257N
to address the biochemical mechanism of the disease. To
investigate dimerization between Chi16 and H257N and the
Pγ inhibition of the heterodimer, a flag-tagged Chi16 was
coexpressed with a His-tagged H257N in Sf9 cells. Het-
erodimeric PDE, Chi16/H257N, was purified from Sf9 cell
lysates by sequential affinity chromatography on His-bind
resin and anti-flag antibody-coupled agarose and analyzed
by gel filtration on a Superose 12 HR 10/30 column (Figure
5A). A PDE activity peak corresponding to the dimeric PDE
species contained both anti-His and anti-flag signals confirm-
ing formation of a heterodimer between Chi16 and H257N
(not shown). Analysis of inhibition of Chi16/H257N revealed
that the Pγ-inhibitory defect is retained in the heterodimer.
Fitting the Chi16/H257N inhibition data to eq 1 produced

an apparentKi value of 16 nM (not shown), but the quality
of fit was relatively poor (R2 ) 0.96). A significantly better
fit (R2 ) 0.975) was obtained when eq 2 for a two-site
inhibition with equal concentrations (fractions) of inhibitory
sites was used (Figure 5B). TheKi values of 5.0 and 57 nM
were calculated from the inhibition curve.

DISCUSSION

Three major components (rhodopsin, transducin, and
PDE6) transduce and amplify the signal in the vertebrate
visual transduction cascade. Mutations in the three genes
coding the key photoexcitation proteins, rhodopsin, the rod
transducinR-subunit (GtR), and the rod PDE6â-subunit have
been linked to stationary night blindness (25). Major at-
tributes of the adCSNB caused by defects in these genes are
similar. They include a severe reduction in rod sensitivity
(∼100-1000-fold), which does not recover under dark-
adapted conditions. The cone function remains normal or
modestly impaired (25). This results in nearly normal cone-
mediated daytime vision but poor rod-mediated nighttime
vision. The molecular mechanism for CSNB caused by
mutations in the rhodopsin gene had been revealed when in
vitro studies demonstrated constitutive activity of the opsin

FIGURE 2: Catalytic properties of Chi16 and the H257N mutant. (A) PDE activities of Chi16 (9) and H257N (2) were determined using
0.1 µCi of [3H]cGMP and increasing concentrations of unlabeled cGMP. The rates of cGMP hydrolysis are expressed as a percentage of
maximal activity of Chi16 (9.0 mol of cGMP mol PDE-1 s-1). H257N hydrolyzed cGMP with the maximal activity of 9.4 mol of cGMP
mol PDE-1 s-1. The Km values of 2.8( 0.3 µM for Chi16 and 4.3( 0.3 µM for H257N are calculated from the fitting curves. (B)
Inhibition of PDE activities of Chi16 (9) and H257N (2) by zaprinast. The rates of cGMP hydrolysis of Chi16 and H257N (50 pM) were
determined in the presence of 0.5µM cGMP, and increasing concentrations of zaprinast and are expressed as a percentage of the respective
PDE activity in the absence of zaprinast. The calculated IC50 values for Chi16 and H257N are 0.22( 0.01 and 0.24( 0.02µM, respectively.

FIGURE 3: Interaction of Pγ with Chi16 and H257N. The activities
of Chi16 (9) and H257N (1) (50 pM) were determined in the
presence of 0.5µM cGMP and increasing concentrations of Pγ
and are expressed as a percentage of the respective PDE activity
in the absence of Pγ. The Pγ-inhibition data were fit to eq 1. The
calculatedKi values for Chi16 and H257N are 2.2( 0.1 and 46(
7 nM, respectively. IP: The Pγ-Chi16 and Pγ-H257N complexes
were formed, immunoprecipitated using anti-Pγ antibodies and
protein G-agarose beads, and analyzed by Western blotting with
anti-polyhistidine antibodies as described under Experimental
Procedures.

FIGURE 4: Noncatalytic cGMP binding to Chi16 and H257N.
Binding of cGMP to Chi16 (9) and H257N (2) was carried out
for 30 min at 4°C using [H3]cGMP (60 000 cpm) and varying
concentrations of unlabeled cGMP. The bound cGMP was deter-
mined by the filter-binding assay and is expressed as a percentage
of maximal noncatalytic cGMP binding to Chi16 (0.4 mol cGMP/
mol PDE subunit). The calculatedKd values for Chi16 and H257N
are 55( 4 and 44( 3 nM, respectively.
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mutants, A292E and G90D (26, 27). The continuous activa-
tion of the visual cascade by the mutant opsins apparently
produces desensitization of rod photoreceptors. The clinical
parallels between the forms of CSNB related to rhodopsin,
GtR, and PDE6â indicate that constitutive activation of the
cascade might be a common mechanism for the visual
disorders. Continuous activity of PDE6 has been hypoth-
esized as a molecular mechanism for the Rambusch form of
CSNB, when a perfect co-segregation of the PDE6âH258N
mutation with the disease phenotype had been discovered
(14). Likewise, a constitutive activation of transducin has
been proposed as a leading cause for the Nougaret form of
CSNB linked to the G38D mutation in GtR (28). Bolstering
this hypothesis, Gly38 of transducin is a counterpart of Gly12
in p21ras. Mutations of Gly12 render p21ras oncogenic
because of its constitutive activity caused by the defect in
GTPase activity (29-31). However, our previous biochemi-
cal analysis of GtRG38D in vitro has produced an unexpected
resultsGtRG38D fails to interact with and activate PDE6
(32). Therefore, in contrast to constitutive activation of the
visual cascade in the rhodopsin-related forms of CSNB, the
Nougaret form may have its molecular origin in the loss of
the transducin effector function. It should be noted that this
mechanism does not provide an obvious explanation for the
dominant phenotype of the G38D mutation. GtRG38D may
act as a dominant-negative mutant in the visual tansduction
cascade, but experimental evidence supporting this notion
has not yet been developed. To investigate the mechanism
of the Rambusch form of CSNB, we generated the PDE6R′
H257N mutant using a Pγ-sensitive PDE6R′/PDE5 chimera,
Chi16 (18). The biochemical analysis of this mutant PDE
revealed generally intact dimerization, noncatalytic cGMP
binding, and catalytic properties of the enzyme. The only
clearly affected function of H257N was its impaired interac-
tion with Pγ. The inhibitory defect of H257N manifested
itself in a significant∼20-fold increase in theKi value
coupled with the incomplete PDE activity block at high
concentrations of Pγ. Rod PDE6 in the Rambusch CSNB is
a catalytic heterodimer of the wild-type PDE6R and mutant
PDE6â. Our model of the mutant heterodimeric PDE6,
Chi16/H257N, exhibited a two-site inhibitory interaction with
Pγ. One of the sites had a significantly lower affinity for
Pγ, likely reflecting the presence of the mutant subunit. This
finding suggests that, as it was hypothesized earlier (14), an

incomplete inactivation of PDE6 by Pγ in the dark leading
to desensitization of rod photoreceptors is responsible for
the disease phenotype. The structural basis for the defective
interaction of H257N (PDE6âH258N) with Pγ is not clear.
According to the primary structure, PDE6 catalytic subunits
contain two N-terminally located GAF regions (GAFa:
∼PDE6â-52-218 and GAFb:∼PDE6â-253-441) and the
C-terminal catalytic region (6, 33, 34). These regions also
appear as three distinct three-dimensional domains in images
of rod PDE6 obtained by electron microscopy (35). The His
residue is located within the GAFb domain. Pγ has been
shown to interact with the GAFa and catalytic domains of
PDE6 (36-38). Using synthetic peptides, a potential Pγ-
interaction site was found in PDE6â residues 211-230 (39),
corresponding to a region linking the GAF domains. How-
ever, a direct interaction of Pγ with the GAFb domain has
not been demonstrated. It appears likely that the effect of
the His substitution is indirect. A positive cooperativity
between the Pγ and the noncatalytic cGMP-binding sites in
PDE6 (23, 24, 40, 41) suggests that the inhibitory defect in
the mutant PDE6 could have been mediated by perturbation
of cGMP binding to the enzyme GAF domains. But the intact
cGMP-binding characteristics of H257N do not support the
involvement of noncatalytic cGMP. An alternative mecha-
nism for the indirect effect is a mutation-induced confor-
mational change in PDE6 leading to the reduced affinity for
Pγ. A potential for significant structural flexibility of GAF-
containing PDEs has been highlighted by demonstration of
ligand-induced conformational changes in PDE5 (42). In the
presence of cGMP and a broad PDE inhibitor, 3-isobutyl-
1-methylxantine, PDE5 assumed a less compact conforma-
tion as determined by gel filtration and native gel electro-
phoresis (42). Using similar approaches, gel filtration (Figure
1) and native gel electrophoresis (not shown), we have not
detected notable conformational differences between Chi16
and H257N in the absence or presence of cGMP, zaprinast,
and/or Pγ. However, the yield of H257N expression in Sf9
cells was consistently higher than that of Chi16. Furthermore,
a sample of H257N always produced a stronger Western blot
signal following an overnight electrophoresis run in a native
gel than an equivalent sample of Chi16 (not shown). These
are likely indications of increased solubility (hydrophilicity)
of H257N in comparison to Chi16, which may reflect
conformational differences between the proteins.

FIGURE 5: Dimerization of Chi16 with H257N and effect of Pγ on the heterodimeric PDE. (A) Chi16 and H257N were coexpressed in Sf9
cells. Heterodimeric PDE, Chi16/H257N, was purified from Sf9 cell lysates by sequential affinity chromatography on His-bind resin and
anti-flag antibody-coupled agarose and analyzed by FPLC gel filtration on a calibrated Superose 12 10/30 column (Amersham Pharmacia
Biotech). Fractions of 0.4 mL were collected and analyzed for PDE activity (9). (B) The activity of Chi16/H257N (50 pM) was determined
in the presence of 0.5µM cGMP and increasing concentrations of Pγ and is expressed as a percentage of the PDE activity in the absence
of Pγ. The Pγ-inhibition data were fit to eq 2.Ki1 of 5.0 ( 1.1 nM andKi2 of 57 ( 15 nM are calculated from the fitting curve.
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