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Abstract

Mutations in PDEG6 genes encoding the effector enzymes in rods and cones underlie severe retinal
diseases including retinitis pigmentosa (RP), autosomal dominant congenital stationary night
blindness (adCSNB), and achromatopsia (ACHM). Here we examined a spectrum of pathogenic
missense mutations in PDE6 using the system based on co-expression of cone PDE6C with its
specialized chaperone AIPL1 and the regulatory P-y subunit as a potent co-chaperone. We
uncovered two mechanisms of PDE6C mutations underlying ACHM: (a) folding defects leading to
expression of catalytically inactive proteins and (b) markedly diminished ability of P-y to co-
chaperone mutant PDEGC proteins thereby dramatically reducing the levels of functional enzyme.
The mechanism of the Rambusch adCSNB associated with the H258N substitution in PDE6B was
probed through the analysis of the model mutant PDE6C-H262N. We identified two interrelated
deficits of PDE6C-H262N: disruption of the inhibitory interaction of Py with mutant PDE6C that
markedly reduced the ability of Py to augment the enzyme folding. Thus, we conclude that the
Rambusch adCSNB is triggered by low levels of the constitutively active PDEG. Finally, we
examined PDE6C-L858V, which models PDE6B-L854V, an RP-linked mutation that alters the
protein isoprenyl modification. This analysis suggests that the type of prenyl modifications does
not impact the folding of PDES, but it modulates the enzyme affinity for its trafficking partner
PDEG6D. Hence, the pathogenicity of PDE6B-L854V likely arises from its trafficking deficiency.
Taken together, our results demonstrate the effectiveness of the PDE6C expression system to
evaluate pathogenicity and elucidate the mechanisms of PDE6 mutations in retinal diseases.
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1. Introduction

Cyclic-nucleotide phosphodiesterases of the sixth family (PDEG) are the effectors in the
phototransduction cascade in rods and cones [1-3]. The rod PDEG catalytic core is a
heterodimer of PDE6A and PDEG6B subunits, whereas cone PDE6C subunits form a catalytic
homodimer. Each catalytic PDE6 subunit in a holoenzyme is associated with a small
inhibitory Py subunit [4]. Light-induced activation of PDEG6 involves a G-protein mediated
displacement of P-y leading to a spike in cGMP hydrolysis and generation of an electrical
signal by a cGMP-gated channel in the plasma membrane [1, 3]. Mutations in the PDE6A
and PDE6B genes account for a sizable fraction of cases of autosomal recessive retinitis
pigmentosa (RP), a progressive degeneration of rods leading to blindness [5, 6]. The H258H
mutation in PDE6B was identified in patients with autosomal dominant congenital stationary
night blindness (adCSNB) [7]. Mutations in PDE6C lead to a loss of cone function and
cause autosomal recessive achromatopsia (ACHM) [8-10]. Certain PDE6 mutations, such as
nonsense mutations, splice defects, and frame shifts, are predicted to cause loss-of-function,
thus leading to elevation of intracellular cGMP levels. Increased cGMP causes photoreceptor
cell death primarily via excessive opening of the cGMP- gated channels in photoreceptor
plasma membrane and unrestrained influx of Ca2* [11-13]. Activation of PKG may also
contribute to cGMP-induced death of photoreceptors [14, 15]. However, the initial
mechanisms by which many missense PDE6 mutations presumably lead to elevation of
cGMP are largely unknown. Furthermore, pathogenicity of PDE6 mutations it is not always
known, thereby blocking development of potential patient-specific therapies.

Progress in investigating the mechanisms of PDE6 mutations has been slow due to a lack of
a heterologous expression system [16—20]. Chimeras between cone PDE6C and the related
cGMP-specific PDE5 (PDE5/6) or chimeric PDES/6C catalytic domains have been
employed to overcome this limitation [17, 19, 21]. In particular, several missense mutations
linked to ACHM were previously introduced into chimeric PDE5/PDEG6C proteins that were
expressed in sf9 cells [10]. These mutants indicated either a loss or reduction of the catalytic
activity [10]. However, the use of PDE5/PDEG6C chimeras to study effects of PDE6
mutations has severe limitations. PDE5/PDEGC chimeras contained the catalytic domain of
PDES5 and thus, they are essentially PDE5-like enzymes. Another approach has been ectopic
expression of EGFP-PDEGC in the rods of transgenic X. /aevis [22—24]. However,
comprehensive biochemical studies of PDE6 mutants using this system have been
impractical due to the need to produce large numbers of transgenic tadpoles. Recently we
developed a simple and robust system for PDEG expression in HEK293T cells [25]. We
found that co-expression of PDE6C with its specialized chaperone AIPL1 in cultured
HEK?293T cells yields low levels of functional enzyme, which are greatly elevated in the
presence of Py [25]. Here we applied this system to investigate the mechanisms of PDE6C
mutations that were identified in patients with ACHM or model PDE6B mutations causing
adCSNB and RP (Fig. 1A). Our analysis identified a novel mechanism whereby mutations in
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PDES attenuate its folding by abrogating the ability Py to co-chaperone the mutant proteins.
Overall, our study establishes the heterologous expression system of PDE6GC as a sensitive
and versatile tool to investigate the mechanisms of PDE6 mutations underlying retinal
diseases.

2. Materials and Methods

2.1. Plasmids/cloning

DNA sequence encoding the full-length mouse AIPL1 was PCR amplified from pET15b
vector harboring mouse AIPL1 gene [26] using 5° primer with BamHI site and 3" primer
that encodes an HA-tag and an Xbal site. The PCR product was then cloned into
pcDNAZ3.1(+) (Invitrogen). Subsequently, IRES-EGFP-Py sequence was amplified by PCR
from pFIV3.2CAGmMcswtIRESeGFP- Py and cloned into the Xbal site of the pcDNA3.1-
AIPL1-HA plasmid. DNA coding the Flag-tagged human PDE6C was PCR amplified from
the PDEGC transgene [27] and cloned into pcDNA3.1(+) using BamHI/Eco RV sites.
Mutations were introduced into PDE6C gene using standard QuikChange site-directed
mutagenesis protocol. The sequences of all constructs were verified by automated DNA
sequencing at the Ul DNA Core Facility.

2.2. Cell culture and fractionation of cell lysates

HEK?293T cells were cultured and maintained in DMEM containing 10% FBS (Gibco).
Cells were cotransfected with either mouse AIPL1 and human PDEGC (2 ug) or with mouse
AIPL1, human PDEG6C and mouse Py (2 pg) plasmids using FuGene6 (Promega) according
to manufacturer’s instructions. Transfected cells were collected 48h post- transfection. Cell
lysates, prepared in 20 mM Tris-HCI buffer (pH 7.5) containing 120 mM KCl and 1 mM
MgCl, were analyzed by Western blotting for protein expression and assayed for PDE
activity. For immunofluorescence, 48h post-transfection, cells were seeded onto poly-D-
lysine coated (0.1 mg/mL) 4-well chambered glass slide and allowed to grow for additional
24h before fixation with 4% formaldehyde.

For the PDE6C activity assay, PDE6C, AIPL1, or AIPL1 and Py co-transfected HEK293T
cell lysates were prepared in hypotonic buffer (5 mM Tris-HCI, pH 7.5, 1 mM MgCl,, buffer
A) and centrifuged at 125,000 x g for 30 min at 4°C in Beckman Optima TLX
Ultracentrifuge. Supernatants thus obtained were used for all PDE6C activity measurements.

2.3. Pull-down assay

Hisg-PDE6D was cloned, expressed and purified as described previously [28]. 80ug of
purified Hisg-PDEBD was incubated with 80 pl of Ni-NTA resin for 30 min at 4°C. PDE6D-
bound resin was washed three times with buffer A to remove unbound protein. For pull-
down assay, 20 ul of PDE6D -bound Ni-NTA resin was incubated with 80 pl each of
untreated or trypsin-treated (see 2.6) hypotonic extracts (3—4 pug protein/ul) of HEK293T cell
lysates expressing wild type FLAG-PDEGC or L858V mutant at 25°C for 30 min. Resin was
washed three times with 250 pl of buffer A to remove unbound proteins and then 30ul of
SDS-PAGE sample buffer was added to the resin. The samples were separated on 4-12%
gradient Bis-tris NuPage gels (Invitrogen) and analyzed by Western blotting.
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2.4. Western Blotting

Proteins separated by 4-12% SDS-PAGE were transferred to a nitrocellulose membrane
using iBlot Western blot kit (Invitrogen) and analyzed using mouse monoclonal anti-FLAG
antibody (Sigma), (1:2000 dilution), mouse anti-HA (BioLegend) (1:1000 dilution), mouse
anti-EGFP (Sigma) (1:2000) and His-probe (H-15, Santa Cruz Biotechnology, 1:2000)
primary antibodies. The antibody-antigen complexes were detected using horseradish
peroxidase-conjugated goat anti-mouse (1:10000 dilution) secondary antibody and enhanced
chemiluminescence (ECL) reagents obtained from GE Healthcare.

2.5. Immunofluorescence

HEK?293T cells on chambered glass slide were washed once with PBS and fixed for 15 min
in 4% formaldehyde in PBS at 25°C. Cells were then washed once in PBS and
permeabilized in 0.1% Triton X-100 in PBS for 3-5 min at 25°C. Permeabilized cells were
washed three times for 5 min each in PBS, blocked for 60 minutes in blocking solution (1%
BSA in 1x PBS) and then incubated at 4°C overnight with either rabbit anti-PDE6C [27] and
mouse anti-HA antibodies (BioLegend), or mouse anti-FLAG (Sigma) diluted (1:2000) in
the blocking solution. After washing in PBS three times for 5 min each, where indicated,
cells were incubated in the dark for 1 hour in either Alexa Fluor 568-conjugated goat anti-
rabbit or Alexa Fluor 488-conjugated goat anti-mouse (Life Technologies) or Alexa Fluor
647-conjugated F(ab”)2-Goat anti-mouse 1gG (H+L) secondary antibody (Thermo
Scientific) (1:2000) diluted in the blocking solution. Cells were washed three times for 5
min each in PBS, and the nuclei were counter stained with To-Pro-3 (1:1000)
(ThermoFisher) for 30 min in the dark at 25°C. Cells were mounted using Vectashield
mounting medium (Vector Laboratories, Inc) and imaged using Plan-Neofluar 40x/1.3 oil
lens and a LSM 510 confocal microscope (Zeiss).

2.6. PDES6 activity assay

cGMP hydrolysis was measured in cell extracts obtained from HEK293T cells 48 hr post-
transfection. Where indicated, samples were treated with 0.1 mg/mL TPCK-Trypsin (Sigma)
on ice for 10 min to selectively degrade Py, after which trypsin was inhibited with the
addition of 10-fold excess of soybean trypsin inhibitor (Sigma) and incubation for 5 min at
25°C. Cell extracts (protein concentration 3—6 mg/ml) were diluted 600 fold into 40 pl (final
volume) of 20 mM Tris—HCI (pH 7.5) buffer containing 120 mM NaCl, 2 mM MgSQy, 1
mM 2-mercaptoethanol, 0.1 U bacterial alkaline phosphatase, 10 pM [3H]cGMP (100,000
cpm) (PerkinElmer) for 10-15 min at 37°C. For Py-inhibition assays, bovine rod Py was
expressed and purified as described previously [23]. The reaction was stopped by the
addition of AG1-X2 cation exchange resin (0.5 mL of 20% bed volume suspension).
Samples were incubated for 6 min at 25°C with occasional mixing, and spun at 10,0009 for
3 min. 0.25 ml of the supernatant was removed for counting in a scintillation counter.
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3.1. Expression and subcellular distribution of PDE6C mutants in HEK293T cells

Seven missense mutations in PDE6C have been identified in ACHM patients, resulting in the
following substitutions: R29W, R104W, Y323N, P391L, M455V, H602L, and E790K (Fig.
1A) [8-10]. We examined these mutations as well as H262N and L858V (L858Q) that
mimic the Rambusch adCSNB [7] and RP [6], respectively, using heterologous expression of
functional PDE6C in HEK293T cells [25]. We used two experimental paradigms, (a) where
PDESGC is co-expressed with AIPL1 alone, and (b) PDE6C is-co-expressed with both AIPL1
and Py. AIPL1 alone provides for low-level expression of active PDEGC in cultured cells,
whereas the AIPL1-directed production of the folded enzyme is markedly elevated in the
presence of Py [25]. For consistent co-expression of PDE6C mutants with AIPL1 and Py in
the same population of HEK293T cells, we generated a pcDNA3.1(+) expression vector
coding C-terminally HA-tagged AIPL1 and EGFP-tagged Py separated by wild-type IRES.
HEK?293T cells were transfected with the Flag-tagged PDE6C, alone or in combination with
AIPL1, or both AIPL1 and Py. 48 hrs post-transfection, the cells were examined by
immunofluorescence microscopy. As previously reported [25], PDE6C expressed in
HEK?293T in the absence or the presence of AIPL1 is distributed throughout the cell
excluding the nucleus (Fig. 1B). The intracellular localization of PDE6C was similar on co-
expression with AIPL1 alone or with both AIPL1 and Py (Fig. 1B,C). The signal for AIPL1
was observed mainly in cytoplasm but also to a lesser degree in the nucleus (Fig. 1B,C).
EGFP-P+y was distributed diffusely throughout the cells (Fig. 1B,C). Interestingly, the
pattens of subcellular distribution of every tested PDE6C mutant were similar to that of the
wild-type protein (Fig. 2A). These patterns did not reveal any gross abnormalities such as
formation of inclusion bodies or strongly reduced immunofluorescence signals. The
immunoblot analysis of cell extracts of transfected HEK293T cells revealed robust
expression of both EGFP- Py and AIPL1 proteins from the single plasmid (Fig. 2B). PDE6C
mutants appeared to be proteolytically stable with a single 100 kDa band detected in
immunoblots (Fig. 2B). The levels of expression for all PDE6C mutant proteins were
comparable to that of the WT PDEG6C.

3.2 Mechanisms of ACHM-linked PDE6C mutations

In accordance with previous observations, cGMP-hydrolysis in extracts from HEK293T
cells co-transfected with PDE6C and AIPL1 exceeded the background activity in extracts
from untransfected cells or cells transfected with PDE6C alone by about 25-fold (Fig. 3A).
The PDEGC activity measured in the presence of AIPL1 alone was further elevated by ~ 335
fold when HEK293T cells were co-transfected with PDE6C, AIPL1 and Py (Fig. 3C). Note
that since Py is the inhibitory subunit of PDEGC, the activity assays were performed after
removing Py from the PDE6C-AIPL1-Py cell extracts with limited tryptic proteolysis.
cGMP hydrolysis in extracts from HEK293T cells transfected with the ACHM mutants
R104W, P391L, H602L, and E790K did not exceed the very low background level
regardless of whether these mutants were co-transfected with AIPL1 alone or with AIPL1
and Py (not shown). Thus, these four mutations rendered PDE6C catalytically inactive.
However, AIPL1 was capable of chaperoning the ACMH-linked R29W, Y323N, and M455V
mutant PDE6C proteins. cGMP hydrolysis in extracts from cells transfected with AIPL1 and
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R29W, Y323N, or M455V was noticeably lower compared to PDE6C-AIPL1 extract, but
significantly higher than the background activity in untransfected cells (Fig. 3A). Folding
deficiencies of R29W and Y 323N became more evident upon co-transfection of these
mutants with AIPL1 and P-y. The yields of functional R29W and Y 323N were enhanced in
the presence of Py by only ~5 and ~3 fold, respectively (Fig. 3B). Consistent with this
observation, the inhibition of activity of Y323N by Py was impaired (Fig. 4B). In contrast,
P+ potentiated folding of functional M455V by ~230 fold. As a result, the rate of cGMP
hydrolysis in the AIPL1-Py extract of M455V was only ~5-fold lower than that for WT
PDEG6C (Fig. 3C). Furthermore, the key properties for M455V such as the Ky, for cGMP
(42+11 pM) and the K; for the inhibition by Py (98+4 nM) were comparable to those of WT
PDEGC (Fig. 4B).

3.3. Molecular dysfunctions of PDE6 underlying the Rambusch form of adCSNB

The H262N mutation in PDEGC was utilized as a surrogate for the H258N mutation in
PDEG6B that causes the Rambusch form of adCSNB (Fig. 1A) [7]. Our rationale for using
PDEGC as a template to model this PDE6B mutation was several-fold. The mutated His
residue is strictly conserved in cone and rod PDEG6. Also, because of heterodimerization of
mutant PDE6B with the WT PDEGA in the rod enzyme, the effects of mutation may have
not been as apparent as they would have been using homomeric PDE6C. Finally, the use of
PDEGC streamlines the expression system by minimizing variability due to transfections
with fewer plasmids. The activity of PDE6C-H262N on its co-expression with AIPL1 was
robust and comparable to the activity of WT PDEGC expressed under similar conditions
(Fig. 3A). Remarkably, Py was found to be a very poor co-chaperone in the AIPL1-assisted
folding of H262N, as cGMP-hydrolysis in the H262N-AIPL1-P-y extract was only ~4-fold
higher compared to that in the H262N-AIPL1 extract. PDE6C-H262N hydrolyzed cGMP
with the Ky, value of 30+2 uM, which is similar to that for WT PDE6C (24+2 uM) (Fig.
4A). However, the analysis of PDE6C-H262N inhibition by Py revealed two significant
defects. First, the K; for the inhibition by Py was increased by ~2.5-fold compared to WT
PDEG6C (220+49pM vs 88+21 pM, *p=0.026). More importantly, the Py-inhibition of
PDE6C-H262N was incomplete (maximal inhibition of 51+1%, Fig. 4B). Thus, the
diminished ability of Py to serve as AIPL1 co-chaperone in the folding of PDE6C-H262N
was apparently due to disruption of Py interaction with the mutant enzyme.

3.4. The identity of prenyl modification of PDE6 does not influence its AIPL1/Py-mediated
folding, but alters its affinity for PDE6D

The L854V mutation in PDEGB is particularly interesting, because unlike most of RP
mutations that affect the regulatory GAF domains or the catalytic domain, this mutation
alters the isoprenylation site at the C-terminus (Fig. 1A) [6]. PDE6B-Leu854 is the X
residue in the C-terminal CAAX-box that specifies the geranylgeranyl modification of the
Cys residue in the box, whereas the C-terminal Val directs farnesylation [29, 30]. To probe
the mechanism of PDE6B L854V mutation, we generated an analogous mutation in PDE6GC,
L858V. This mutation is predicted to be a functional equivalent of the rod PDE6 mutant,
because both mutations lead to the PDEG catalytic dimers in which each subunit is
farnesylated [30]. Analyses of the L858V mutant demonstrated that the levels of correctly
folded enzyme in the presence of AIPL1 alone or in combination of AIPL1 and P~y were
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comparable to the respective levels of the WT PDE6C (Fig. 3A,C). Moreover, the Ky value
(cGMP) of 323 uM and the Kj (P-y) value of 114+37 pM were similar to those of WT
PDEGC. To strengthen our findings, we produced another PDE6C variant L858Q with the C-
terminal Q residue as in the farnesylated PDEGA subunit [30]. Similarly to PDE6C-L858V,
functional expression of PDE6C-L858Q was similar to that of WT PDEG6C (Fig. 3A,C). We
next examined the possibility that the L858V mutation alters the interaction of PDE6C with
PDEG6D, a prenyl-binding protein essential for trafficking of PDEG6 in photoreceptor cells.
Pulldowns of WT PDE6C and PDE6C-L858V were performed with His-tagged PDE6D
from untreated or trypsin-treated extracts obtained from HEK293T cells transfected with the
PDE6C and AIPL1-Pvy constructs (Fig. 5). The trypsin-treated extracts served as the controls
for the prenyl-dependent binding of PDEED because such treatment is known to rapidly
remove the C-terminal lipid modifications from PDEG catalytic subunits [31]. The Western
blot analysis with anti-FLAG antibody indicated that the L858V mutation significantly
reduced the amounts of PDE6C protein co-precipitated with PDE6D in the prenyl-dependent
manner (Fig. 5). Thus, the affinity of PDE6D for farnesylated PDE6C-L858V is apparently
lower than for the geranylgeranylated WT PDE6C enzyme.

4. Discussion

In this study, we analyzed for the first time the consequences of the disease-causing
mutations in PDES in the context of the enzyme heterologously expressed in HEK293T
cells. This analysis became possible due to a recently established expression system that is
based on co-expression of PDE6C with its chaperone AIPL1 and co-chaperone Py [25]. Our
analyses revealed that the ACHM-linked mutations, R104W, P391L, H602L, and E790K,
abolish PDEGC catalytic activity. The H602L substitution directly alters the metal-
coordination site that is indispensable for cGMP hydrolysis [32]. Substitutions R104W,
P391L, and E790K apparently prevented folding of the catalytically competent enzyme. The
finding that E790K mutant lacks catalytic activity highlights the efficacy of the WT PDE6C
template as opposed to the PDE5/PDEG6 chimera to screen PDE6 mutations for
pathogenicity. Previously, the E790K mutant of the PDE5/PDE6 chimera had been shown to
retain a significant fraction of the catalytic activity [10]. Thus, identical mutations within the
PDEG6 and PDES5-like catalytic domains had a different impact on the catalytic activity. The
second key advantage of the PDE6GC expression system is the ability to probe the effects of
mutations on the co-chaperone function of Py [25]. In the presence of AIPL1, ACHM
mutants R29W, Y 323N, and M455V hydrolyzed cGMP with the rates that were significantly
higher than the background hydrolysis in untransfected cells. However, co-transfection with
AIPL1 and Py demonstrated that the major deficit of the R29W and Y 323N proteins
originates from the markedly reduced ability of P~y to co-chaperone these mutants. As
consequence, the yields of functional R29W and Y323N in the presence of AIPL1 and Py
are two-three orders of magnitude lower compared to the yields of WT PDE6C. We
hypothesize that Py fails to effectively co-chaperone R29W and Y323N because these
mutations disrupt the PDE6C-Py interface. In support of our hypothesis, the inhibitory
interaction of Py with PDE6C-Y 323N was impaired. Furthermore, Y323 is located in
proximity to K328, a counterpart of the PDE6A K326 and PDE6B K324 that were found to
crosslink to Py [33] (Fig. 6). Thus, our analysis suggests a novel mechanism of pathogenic
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PDE6 mutations whereby defective co-chaperone function of Py is caused by disrupted
interaction of the nascent PDES catalytic subunits with Py. In contrast to R29W and Y323N,
the AIPL1-mediated folding of M455V was potentiated by Py comparably to the effect of
Py on WT PDEC, resulting in the overall robust functional expression of this mutant.
Therefore, our results predict that M455V s either a benign variant of PDE6C or the
phenotype of this mutation is milder compared to other ACHM mutations.

Further, our study demonstrates the utility of the cone PDEGC expression system to study
mutations in rod PDE6 implicated in RP and/or adCSNB. Certain findings with the ACHM-
linked PDE6C mutants should be directly applicable to mutations in rod PDEG6. Substitutions
R102H and R102S in PDEGBA cause RP [6]. The lack of discernable catalytic activity of the
counterpart mutant R104W of PDEGC predicts a similar deficiency for the RP mutants.
More important, however, is the ability to model rod PDE6 mutations using PDE6C. Our
analysis with PDE6C-H262N (H258N in PDE6B) not only provides novel clues to the
mechanism of the Rambusch form of adCSNB, but it also has intriguing implications for the
mechanism of PDEG6 folding. Functional expression of H262N in the presence of AIPL1
alone was comparable to that of WT PDEGC, but the ability of Py to co-chaperone H262N
was dramatically reduced, resulting in ~100-fold decrease in the yield of functional enzyme
in the presence of AIPL1 and P-y. Such a drastic impairment of the Py co-chaperone
function was not likely caused by the lower affinity of Py for H262N: the K; value was
increased by only ~2.5-fold compared to that for WT PDEG6C. Rather, the impairment
reflects the inability of P+ to fully inhibit the catalytic activity of PDE6C-H262N. Partial
maximal inhibition of H262N implies that the catalytic pocket of the mutant is not fully
occluded by the C-terminus of Py [34, 35] (Fig. 6). Based on current models of PDE6 [33,
35, 36], binding of AIPL1 to the prenyl moieties of nascent PDE6 during the enzyme
assembly brings AIPL1 close to the catalytic site where it apparently interacts with Py to
cooperatively chaperone PDEG6 (Fig. 6). Thus, the disruption of the interaction between the
catalytic domain of PDE6C-H262N and the C-terminus of Py is entirely consistent with the
abrogation of the P-y function as a co-chaperone of PDE6. PDE6C His262 (PDE6B His258)
is located in the GAFb domain of PDE6 which is thought to bind to the central region of Py
[33, 37] (Fig. 6). It remains to be determined how the structural change caused by mutation
of this His is transmitted to the interface between the Py C-terminus and the PDEG catalytic
domain (Fig. 6). An important ramification of our findings is that the level of functional
mutant rod PDE6 in Rambusch adCSNB is predicted to be significantly downregulated.
Because of its constitutive activity, the mutant PDEG that is present may still be sufficient to
desensitize rods. Yet, downregulation of the protein may explain a puzzling phenotype often
observed in Rambusch patients, i. e. preservation ERG a-waves [38]. If rod ERG a-waves are
indeed preserved and the b-waves are disproportionally affected, alternative mechanisms of
the mutant PDE6 must be considered, such as inappropriate PDES activity in the inner
compartments of rod photoreceptors.

Finally, we examined the expression and properties of the PDE6C L858V and L858Q
mutants in which the lipid modification is switched from geranylgeranyl to farnesyl. Since
the mechanism of AIPL1 chaperone activity involves the binding of its FKBP domain to the
prenyl moieties of PDE6 [25, 26, 39], the prenylation switch may have impacted the protein
folding. Contrary to this assumption, the AIPL1/P-y-assisted folding of L858V and L858Q in
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HEK?293T cells was equivalent to that of the WT PDE6C. Thus, the type of isoprenylation of
the PDESG catalytic subunits does not influence the folding and assembly of the enzyme.
Consequently, unless the L854V substitution in PDE6B is a benign variation, this mutant
PDES® fails to traffic to the outer segment of rod photoreceptors. Trafficking of PDE6
involves its interaction with the prenyl-binding protein PDE6D [40-43]. PDE6D binds
geranylgeranyl moiety deeper in its hydrophobic pocket compared to the farnesyl moiety,
and additional hydrophaobic contacts are likely to increase the binding affinity [44]. Indeed,
we demonstrated that the L858V mutation reduced PDE6C binding to PDE6D. High affinity
of PDEGD for the geranylgeranylated PDEG catalytic subunit might be essential for the
ARL3-dependent cargo sorting into the photoreceptor cilium [45].

5. Conclusion

Our study reveals two general mechanisms of missense PDE6 mutations underlying retinal
diseases: (a) inability of AIPL1 to fold mutant PDEG6 proteins leading to complete catalytic
inactivity and (b) failure of P-y to serve as co-chaperone with AIPL1 in folding of mutant
PDESG, which markedly reduces the levels of functional enzyme. A third potential
mechanism is indicated by the analysis of PDE6C-L858V that involves abnormal trafficking
of PDE6 mutants.
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PDE6 photoreceptor phosphodiesterase-6

AIPL1 aryl hydrocarbon receptor-interacting protein-like 1
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Highlights

Robust system to probe pathogenicity and mechanisms of PDE6 mutations is
established

A Novel mechanism of PDE6 mutations involves diminished co-chaperone ability
of Pg.

Rambuch night blindness is triggered by low levels of the constitutively active
PDE6

The folding of PDES is not dependent on the type of its prenylation.
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Fig. 1. Heterologous expression system to study disease-linked mutations in PDE6 genes
A. Diagram of selected mutations in genes encoding the catalytic subunits of PDES.

Mutations in PDE6C linked to ACHM are indicated by black arrows. The H258N and
L854V substitutions in PDE6B underlying the Rambusch adCSNB and RP, respectively, and
the corresponding model substitutions in PDE6C are indicated by red arrows. (B, C)
Confocal immunofluorescence images of HEK293T cells (B) co-transfected with PDE6C
(red, anti-PDE6C) and AIPL1 (green, anti-HA) (blue, TO-PRO3 nuclear stain), or (C), co-
transfected with PDE6C (red, anti-PDE6C) and the AIPL1-P-y vector (AIPLL: blue, anti-
HA; P~y: green, EGFP fluorescence).
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Fig. 2. Expression and subcellular distribution of mutant PDE6C proteins in HEK293T cells
A. Confocal immunofluorescence images of HEK293T cells co-transfected with mutant

PDEGC (red, anti-Flag) and the AIPL1-P+y vector (Pvy: green, EGFP fluorescence; blue, TO-
PRO3 nuclear stain). B. Western blot analysis of extracts of HEK293T cells co-transfected
with mutant PDEGC and the AIPL1-Py vector using anti-Flag (PDE6C), anti-EGFP (Pvy),
and anti-HA (AIPL1) antibodies. Lanes contain equal amounts of protein.
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Fig. 3. Catalytic activities of mutant PDE6C proteins expressed in HEK293T cells
cGMP hydrolysis in extracts of HEK293T cells co-transfected with mutant PDE6C and

AIPL1 alone (A) or the AIPL1-Py vector (B, C) (UN, untransfected control; (tr), limited
treatment with trypsin to remove Py) (mean * S.E., n 23). Statistical significance of the
differences in (A) due to AIPL1 compared to PDEGC alone was initially assessed by t-tests,
which showed *p=0.006 for PDE6C+AIPL1, and p values of < 0.02 for all of the tested
PDE6C mutants. Statistical significance of the differences in (A) between the samples with
AIPL1 present and the samples in (C) was assessed by ANOVA with Tukey’s post-hoc test.
The AIPL1-mediated activities (A) of PDE6C, H262N, L858V and L858Q (group 1) were
not significantly different (p>0.05), as were the activities of R29W, Y232N, and M455V)
(group 11). However, each group | activity was significantly higher than each group II
activity (p<0.05). The activities of PDE6C, L858V and L858Q in (C) were not significantly
different from each other (p>0.05), but these were significantly higher than the activity of
M455V (****P<(.0001). The differences in activities in (B) compared to those in (A) were
analyzed with t-tests for the selected pairs (R29W, p=0.08, n.s.; Y323N, *p=0.04; H262N,
****n<0.0001).
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Fig. 4. Characterization of mutant PDE6C proteins
A. The rates of cGMP hydrolysis were measured in the presence of increasing

concentrations of cGMP in hypotonic extracts obtained from HEK293T cells co-transfected
with the AIPL1-P+y vector and the WT or mutant PDE6C. PDEGC activity is expressed as a
percentage of maximal activity. PDE6C, Ky=24%2 uM; PDE6C-M455V, 42+11 uM;
PDE6C-H262N, Ky=30£2 uM; PDE6C-L858V, K),=32+3 M. Results are shown as Mean
+SE. B. Py-inhibition of PDEGC activity in hypotonic extracts of HEK293T cells co-
transfected with AIPL1 and the WT or mutant PDE6C. PDE6C, K;=88+21 pM; PDE6C-
Y323N, Ki=176+28 pM (maximal inhibition 72+6%); PDE6C-M455V, K;=98+4 pM;
PDEG6C-H262N, Kj=222+49 pM (maximal inhibition 51+1%); PDE6C-L858V, Kj=114+37
pM. Results are shown as MeanzSE.
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Fig. 5. The L858V mutation reduces binding of PDE6C to the prenyl-binding protein PDE6D
A. Inputs of the untreated or trypsin-treated (tr) PDE6C and L858V extracts (25% of total

input) and the proteins co-precipitated with the Hisg-PDEGD resin were analyzed by
Western blotting using anti-Flag antibody. B. The pulldowns in (A) analyzed for Hisg-

PDE6D by Western blotting using anti-His antibody.
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Fig. 6. Map of disease-causing PDE6 mutations and the Py-interaction sites
Residues corresponding to pathogenic substitutions in human PDES6 catalytic subunits are

mapped on the cluster 1 model of bovine rod PDEBAB derived from a high-density
crosslinking study, which also identified residues cross-linked with Py (shown as grey
spheres) [33]. The backbones of PDE6GA and PDE6B are shown in green and blue,
respectively. PDE6GA and PDEG6B residues corresponding to the ACMH-linked residues in
human PDEGC are shown as yellow spheres, but labeled only for the PDE6GA subunit for
clarity. Bovine PDEG6B residues corresponding to those mutated in Rambusch adCSNB and
RP are shown as red spheres. The farnesyl and geranylgeranyl lipid modifications of the C-
terminal CAAX box are shown as grey sticks. The C-terminal inhibitory fragment of Py
superimposed from the structure of the PDE5/6 catalytic domain (PDB ID 3JWR) [35] is
shown as an orange cartoon. Arrows indicate probable AIPL1-PDES interface based on
known interactions of AIPL1 with the prenyl moieties and Py [26, 39, 46].
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