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Mutations in the gene coding for AIPL1 cause Leber congen-
ital amaurosis (LCA), a severe form of childhood blindness. The
severity in disease is reflected in the complete loss of vision and
rapid photoreceptor degeneration in the retinas of mice defi-
cient in AIPL1. Our previous observations suggest that rod pho-
toreceptor degeneration in retinas lacking AIPL1 is due to the
massive reduction in levels of rod cGMP phosphodiesterase
(PDE6) subunits (�, �, and �). To date, the crucial link between
AIPL1 and the stability of PDE6 subunits is not known. In this
study using ex vivo pulse label analysis, we demonstrate that
AIPL1 is not involved in the synthesis of PDE6 subunits. How-
ever, ex vivo pulse-chase analysis clearly shows that in the
absence of AIPL1, rod PDE6 subunits are rapidly degraded by
proteasomes. We further demonstrate that this rapid degrada-
tion of PDE6 is due to the essential role of AIPL1 in the proper
assembly of synthesized individual PDE6 subunits. In addition,
using a novelmonoclonal antibody generated against AIPL1, we
show that the catalytic subunit (�) of PDE6 associates with
AIPL1 in retinal extracts. Our studies establish that AIPL1
interactswith the catalytic subunit (�) of PDE6 and is needed for
the proper assembly of functional rod PDE6 subunits.

Leber congenital amaurosis (LCA)2 is an early childhood
blinding disease that affects the retina. At a very young age,
children affected with LCA lack both scotopic and photopic
visual response implying both rod and cone photoreceptors
dysfunction (1). To date, mutations in 14 genes, including the
Aipl1 gene have been linked to this disease (1, 2). A recent study
showed that an adult LCA patient with a mutation in Aipl1 has

no visual response (3). In addition, immunohistochemistry
using rod markers showed that the patient had no rod photo-
receptors. Although some remnants of cone photoreceptors
remained, the outer segments were completely missing, sug-
gesting a degeneration of both rod and cone photoreceptors in
this LCA patient.
AIPL1 is specifically expressed in retina and in the pineal

gland. In retina, AIPL1 is expressed in young and adult rod
photoreceptors (4, 5). However, AIPL1 is expressed in cones
transiently and is thought to be absent from adult cones (3).
Two independent studies demonstrated that mice lacking
AIPL1 undergo a rapid and severe retinal degeneration with
both rod and cone photoreceptor loss (6, 7). Although AIPL1
was not essential for the initial formation of photoreceptor
cells, the photoreceptor cells were not functional, as they could
not evoke any light-dependent electrical response (6). These
results are consistent with the disease characteristics of LCA
(8). Our previous studies show that before degeneration, rod
PDE6 activity and the levels of PDE6 protein are drastically
reduced in the absence of AIPL1 (6). In addition to the knock-
out mouse, an AIPL1 knockdown mouse was created in which
AIPL1 expression was reduced to 20–25% of wild-type levels
(9). The knockdown mouse showed normal development and
retinal morphology up to 3months of age. At 3months, the rod
photoreceptor outer segments become disorganized, and by 8
months,more than half of the photoreceptors are lost. A reduc-
tion in rod PDE6 was also observed in the AIPL1 knockdown
mouse. In contrast to Aipl1�/� mice, cones are not affected in
the AIPL1 knockdown mouse up to 11 months (6, 9). These
results demonstrate that AIPL1 plays a vital role in the mainte-
nance and functioning of rod photoreceptor cells by affecting
the rod PDE6 levels. However, the role of AIPL1 in cones is still
not clear.
PDE6 is a critical enzyme expressed in retina and is needed to

convert visual light stimuli into electrical signals in photorecep-
tor cells (10). Light stimulates phototransduction by activating
PDE6 to hydrolyze cyclic GMP. Rod and cone photoreceptors
contain separate but related PDE6 subunits. Rod PDE6 is com-
posed of two homologous catalytic subunits (� and �) and two
copies of an inhibitory (�) subunit (11–16). The biosynthesis of
functional PDE6 heterotetramer involves complex post-tran-
scriptional processing that includes prenylation of PDE6 cata-
lytic subunits, assembly of the three subunits of PDE6, and fur-
ther transport of these subunits from inner to outer segments of
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photoreceptors. It is not clear if prenylation precedes the
assembly of PDE6 subunits and if assembly of PDE6 subunits is
required for their transport to outer segments. Mutations or
alteration in any one of the subunits (�, �, and �) cause rapid
photoreceptor degeneration and retinitis pigmentosa (17–19).
Both PDE6 � and PDE6 � are required for activity but not for
the stability of the remaining subunits in the retina before the
onset of retinal degeneration (19). Retinas lacking AIPL1 show
the same type of rapid degeneration observed in photorecep-
tors lacking in PDE6 � or PDE6 �. In contrast to other mouse
models, all three subunits of rod PDE6 are drastically destabi-
lized (reduced by 90%) before the onset of retinal degeneration
in retinas lacking AIPL1 (6). The mRNA levels of PDE6 sub-
units are not altered inAipl1�/� retinas (6). These observations
suggest that AIPL1 affects post-transcriptional processing of
PDE6 subunits and is crucial for early steps of biosynthesis of
PDE6 subunits.
The connection between AIPL1 and rod PDE6 stability has

not yet been identified. This study explores the link between
AIPL1 and stability of PDE6 subunits. Our study also demon-
strates an interaction between AIPL1 and the �-subunit of
PDE6.

EXPERIMENTAL PROCEDURES

Materials—Cell culture reagents and secondary antibodies
were purchased from Invitrogen. FuGENE 6 transfection rea-
gent and protease inhibitor mixture tablets were purchased
from Roche Diagnostics. The phosphatase inhibitor mixture
set, MG132, leucinal, and lactacystin are from Calbiochem
(Gibbstown, NJ). [35S]Methionine was purchased from GE
Healthcare. Supplies for immunoblotting were from Millipore
(Billerica, MA). Leupeptin, pepstatin, soybean trypsin inhibi-
tors, aprotinin, and all other chemicals were obtained from
Sigma or Fisher.
Antibodies—Polyclonal antiserum to the AIPL1 protein was

affinity purified on a glutathione S-transferase-AIPL1 column
(FL antibody) as described earlier (22). Commercial antibodies
to other proteins included rod PDE6 � and � antibodies (Affin-
ity BioReagents, Golden, CO), andMOE rabbit polyclonal anti-
body against PDE6 �, �, and � subunits (Cytosignal Inc., Irvine,
CA). Antibodies to PDE6 subunits (ROS-1) and PDE6 � inhib-
itory subunits (R4842) were generously provided by Drs. Ted
Wensel (Baylor College) and Joe Beavo (University ofWashing-
ton). Rod arrestin antibody was a gift from Dr. Cheryl Craft,
University of California, Los Angeles.
cDNA Cloning—The cDNA containing the coding region

of mouse rod PDE6 � and rod PDE6 � were generated by PCR
using forward primers 5�-AGTCTTCACCATGGGTGAG-
GTG-3� (mouse rod PDE �) and 5�-ATGAGCAGTGGGGAA-
CAGGTAC-3� (mouse PDE �), and reverse primers 5�-GTCA-
GCTACTGGATGCAACAGGACT-3� (mouse rod PDE �) and
5�-ACACGGCTTATAGGATACAGCAGGT-3� (mouse PDE
�). These primers were designed based on the cDNA sequences
of mouse PDE � (BC044892) and mouse PDE � (BC129923).
For these PCR, we used retinal cDNA as template. Briefly,
mouse retinal cDNAs were prepared from total RNA of adult
C57bl/6 mouse retinal tissue using TRIzol (Invitrogen) reagent
followed by reverse transcription using the SuperScript III one-

step RT-PCR system (Invitrogen). Oligo(dT) primer was used
to generate cDNA. PCR was performed with Pfu-ultra fusion
DNA polymerase (Stratagene, La Jolla, CA) at a denaturing
temperature of 95 °C for 30 s, followed by annealing at 58 °C for
30 s, and extension at 72 °C for 2 min (35 cycles). The resultant
PCR products were digested with restriction enzymes and sub-
cloned into eukaryotic expression vector pTriEx-4 (Novagen,
Madison, WI). To make sure that there are no errors, all con-
structs were sequenced in both directions.
SDS-PAGE and Immunoblotting—Two dissected retinas

were homogenized in 100 �l of ROS buffer (20 mM Hepes, pH
7.4, 60mMKCl, 2mMMgCl2, 30mMNaCl, 100�Mphenylmeth-
ylsulfonyl fluoride, 1 mM dithiothreitol, 5 mM 2-mercaptoetha-
nol) and protease inhibitors (Roche Diagnostics) using a pellet
pestle (VWR,West Chester, PA) in a 1.5-ml Eppendorf tube on
ice. Homogenization was repeated for three pulses (15 s � 3).
Homogenized extracts were solubilized by adding an equal vol-
ume of 2� SDS loading buffer (Bio-Rad) followed by heating
the samples at 100 °C for 5 min. Equal amounts (50 �g) of sam-
ple were separated by SDS-PAGE, transferred to Immo-
bilon-FL membrane (Millipore), and probed with antibodies.
Total protein concentrationwas estimated by BCAassay before
addition of SDS loading buffer (Bio-Rad).
Pulse Labeling and Immunoprecipitation—Mice were sacri-

ficed on postnatal day 8 (PN day 8), eyes were enucleated, and
the retinas were collected. Four retinas were incubated in 400
�l of Dulbecco’s modified Eagle’s medium (DMEM) lacking
dl-methionine (Invitrogen) for 30 min at 37 °C in a 95% O2, 5%
CO2 incubator in a 24-well tissue culture plate. To reduce the
variability among various samples we combined 4 retinas from
2 different mice. After methionine depletion, retinas were
transferred in 400 �l of DMEM containing L-[35S]methionine
(1 mCi/mmol, GE Healthcare) for the indicated times. For the
pulse-chase, radioactive dl-methionine incorporation was per-
formed for 11⁄2 h followed by twowashes (500�l) inDMEMand
further incubated in fresh DMEM supplemented with 500 �M

cold L-methionine. At appropriate times for pulse label (0.5, 1,
1.5, and 2 h) and pulse-chase (0, 1, and 3 h), retinas were
removed and immediately frozen at �80 °C on dry ice to pre-
vent further incorporation of label and protein degradation.
Frozen retinas (4) were homogenized in 400 �l of 1� phos-

phate-buffered saline containing protease inhibitors and 1 mM

iodoacetamide using a pellet pestle (VWR) in a 1.5-ml Eppen-
dorf tube on ice (15 s� 3). After homogenization, TritonX-100
was added to a final concentration of 0.5% Triton X-100 (total
volume: 800 �l). The homogenized retinal extracts were pre-
cleared by addition of 20 �l of immunopure immobilized pro-
tein A plus beads (Fisher) by incubating at 4 °C for 1 h. Super-
natantswere collected by centrifuging at 10,000� g (Eppendorf
5424) for 5 min at 4 °C. Immunoprecipitation was carried out
with supernatants (400 �l) using the indicated antibodies (20).

For immunoprecipitations (IP), we used 2.5 �l of MOE anti-
serum (0.072 mg) or 1.5 �g of ROS-1 monoclonal antibody for
each pulldown experiment. Proteins were either separated by
4–20% SDS-polyacrylamide gel (Bio-Rad) or by a special gel
(containing 0.15% bisacrylamide) to separate the rod PDE6 �
and PDE6 � subunits. For detection of radioactive samples, the
gels were impregnated with a fluorography enhancer as
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described by manufacturer (Amplify, GE Healthcare), dried,
and exposed to autoradiography on Biomax MR film (Kodak)
for 3–7 days at �80 °C.
For experiments analyzing stability of PDE6 in the presence

of proteasomal inhibitors, after 2 h of pulse labeling of retina, 10
�M each of lactacystin, leucinal, and MG132 was added and
then pulse-chase was performed for 3 h. As a control, we ana-
lyzed the stability of PDE6 in the presence of DMSO, a solvent
used to solubilize the inhibitors.
Overexpression of Recombinant Rod PDE6 � and PDE6 �

Subunits Using COS-7 Cells—COS-7 cells were grown at 37 °C
to 70% confluence in a 100-mm dish containing DMEM with
10% fetal bovine serum in a humidified 5% CO2 and 95% air
incubator. After 24 h of plating, the cells were then transfected
with 2 �g of plasmids using FuGENE transfection reagent
(Roche). After 48 h of growth, the cells were harvested by add-
ing 750 �l of Hanks balanced salt solution with 1 mM EDTA at
room temperature for 3 min. The cells were pelleted down by
centrifuging at 8000� g for 2min (Eppendorf 5424) and re-sus-
pended in 200 �l of 1� phosphate-buffered saline containing
protease inhibitors and benzonase (Novagen). The re-sus-
pended cells were sonicated for 5 pulses for 3 s each on ice
(Microson XL2000 Ultrasonic cell disruptor; VWR). The
homogenates were solubilized with 2� SDS loading buffer
(Bio-Rad) and boiled before loading on SDS-PAGE gel.
For labeling experiments, after 48 h of transfection,

medium was switched to DMEM lacking methionine for 6 h
followed by DMEM containing L-[35S]methionine (1 mCi/
mmol, GE Healthcare) for 24 h. Cells were collected, homoge-
nized by sonication, and immunoprecipitation was performed
as described earlier.
Creation of Monoclonal Antibody against AIPL1—Full-

length cDNA encoding AIPL1 was amplified from mouse
retinal cDNA, and cloned in fusion with C-terminal His6 tags
in pTriEX-4 (Novagen, Madison, WI) plasmid. His-tagged
mAIPL1 was purified from a soluble fraction ofEscherichia coli
extracts using the His tag purification kit (Novagen). Purified
recombinant mAIPL1 protein was used to immunize BALB/c
mice. Hybridomas were generated by fusion of BALB/c paren-
tal myeloma cells with splenocytes from the immunized mice
according to the procedure described by Campbell (38). Super-
natants from the hybridomas were screened by enzyme-linked
immunosorbent assay. The positive clones were further
screened by immunocytochemistry and immunoprecipitation
subsequent to cloning by limiting dilution. Eight positive clones
were selected from subclones and clone mAb-AIPL1 was used
for further ascites production. Large scale ascites productions
were done commercially (Maine Biotechnology Service, Inc.,
Portland, ME). Further purification of antibody was performed
using the melon gel purification kit (Pierce) according to the
instructions from the manufacturer.
Bovine Retinal Extracts Preparation—Two frozen bovine ret-

inas (InVision BioResources, Seattle, WA) were homogenized
with 6 ml of buffer A containing 10 mM Tris-HCl (pH 7.5), 100
mMKCl, 20mMNaCl, 1mMEDTA, 1mMMgCl2, 10mM iodoac-
etamide, with protease and phosphatase inhibitors (1 protease
inhibitormini-tablet for 6ml of buffer, 2�g/ml of leupeptin and
pepstatin, 6 �l of phosphatase inhibitor mixture, and 25 �g/ml

of soybean trypsin inhibitor). Retinal tissue were homogenized
using a glass/Teflon homogenizer (10–12 strokes), and centri-
fuged at 10,000 � g for 5 min (Eppendorf centrifuge 5424).
Supernatants were further centrifuged at high speed at
50,000 � g for 30 min at 4 °C (Beckman Optima TLX ultracen-
trifuge TLA-55R). This high speed supernatant was then used
for IP, similar to the method described above.
GelFiltration—Twenty retinas fromwild-type andmice lacking

AIPL1 were homogenized, as described for the bovine retinal
extractpreparation,withbufferB(50mMTris-HCl,pH7.5,0.2mM

MgCl2, and 1 mM dithiothreitol with protease and phosphatase
inhibitors) to extract PDE6 complex. Extraction with hypotonic
buffer was repeated twice and the supernatants containing PDE6
were combined together.Westernblot analysis using aPDE6anti-
body confirmed that themajority of PDE6was extracted by buffer
B. A Superdex-200 10/300 GL gel filtration column (Amersham
Biosciences), equilibratedwithbufferBwasused for separating the
protein complex. The sample (0.5 ml) was applied to an equili-
brated column at a constant flow rate of 0.5 ml/min. Eluted frac-
tions were further analyzed byWestern blotting to determine the
migrationofPDE6 (�,�, and�) subunits.Thegel filtrationcolumn
was calibrated with the following standards: thyroglobulin (670
kDa), �-globulin (158 kDa), ovalbumin (44 kDa), myoglobin (17
kDa), and vitamin B12 (1.355 kDa).

RESULTS

AIPL1 Does Not Affect the Synthesis (Translation) of PDE6
Message—Mousemodels with deficiency in AIPL1 suggest that
it plays a crucial role in the post-transcriptional processing of

FIGURE 1. MOE antibody recognizes individual unassembled PDE6 sub-
units. A, MOE antibody immunoprecipitates individually expressed and radioac-
tively labeled PDE6�and PDE6�subunits in COS cells (lanes 1 and 2). As a control,
nonspecific rabbit IgGs do not recognize PDE6 subunits (lanes 3 and 4). UB,
unbound fraction. B, MOE antibody immunoprecipitates all three subunits (�, �,
and �) in PN day 8 wild-type (�/�) retinal extracts (lanes 1 and 3). It also recog-
nizes unassembled PDE6 � and � in retinas from PN day 8 rd retinal extracts (lanes
2 and 4). A 0.15% bisacrylamide gel that results in better separation of PDE6 � and
�subunits clearly shows that the PDE6�subunit is missing in retinas from rd mice
(lane 4). IRBP serves as a control protein and co-immunoprecipitates with PDE6
subunits. C, MOE antibody immunoprecipitates the majority (95%) of PDE6 (�, �,
and �) from PN day 8 wild-type retinal extracts (compare lane 1 with 2). As a
control, nonspecific rabbit IgGs do not recognize PDE6 subunits (lanes 1 and 4).
Note: in all IP experiments relative to extracts, IP samples are concentrated (�10),
as they were eluted in a smaller volume.
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PDE6 (6, 9, 21). Because, AIPL1 pro-
tein primarily resides within photo-
receptor inner segments, the pu-
tative role of AIPL1 must be
restricted to its influence on post-
transcriptional processing of PDE6
within the inner segments (22, 23).
These processes include synthesis,
folding, assembly, and prenylation
of the PDE6 heterotetramer.
To investigate the role of AIPL1

in translation of the PDE6 message,
wemonitored the synthesis of PDE6
subunits at PN day 8 in retina from
wild-type mice and from mice lack-
ing AIPL1. We chose retina from
the PN day 8 stage because our pre-
vious studies using electronmicros-
copy showed that there were no dis-
cernible changes in the morphology
of retina due to lack of AIPL1 (6). In
addition, radiolabel incorporation
of methionine in retinal proteins
was much better at PN day 8 (data
not shown). We initially compared
protein synthesis from eyecups or
retina in culture. In our hands, eye-
cups fall apart in culture medium
after 6 h (data not shown). There-
fore, we decided to monitor protein
synthesis in the retina. Isolated reti-
nas were incubated inmedium (pre-
warmed at 37 °C) lacking methio-
nine for 30 min to deplete the
endogenous methionine. For each
time point, we combined four reti-
nas from two differentmice to avoid
large variations. To label the newly
synthesized proteins, retinas were
transferred to medium containing
L-[35S]methionine for 30 min to 2 h.
At the indicated times, retinas were
collected and quickly frozen in dry
ice. Overall protein synthesis, as
measured by radioactivity incorpo-
rated in trichloroacetic acid-precip-
itable proteins, was similar between
retinas from wild-type and from the
mice lacking Aipl1 (data not
shown). The levels of newly synthe-
sized PDE6 subunits were analyzed
by immunoprecipitating all three
rod PDE6 subunits using a poly-
clonal PDE6 antibody (MOE).
Immunoprecipitates were further
analyzed by SDS-PAGE followed by
fluorography to detect the radiola-
beled PDE6 subunits.

FIGURE 2. AIPL1 is not needed for synthesis of PDE6 subunits. Protein synthesis was monitored in
retinas from PN day 8 wild-type (�/�) or mice lacking AIPL1 (�/�). Following depletion of methionine for
30 min, retinas were incubated in medium containing radioactive L-[35S]methionine for the indicated
amount of time. The amount of PDE6 synthesized was measured by immunoprecipitation using MOE
antibody followed by fluorography. A, the initial rate of PDE6 �, �, and � subunits until 2 h of labeling is
not affected by the absence of AIPL1. B, a 0.15% bisacrylamide gel that results in better separation of PDE6
� and � subunits shows a similar result. Each experiment was repeated at least three times with similar
results.

FIGURE 3. PDE6 subunits are unstable in the absence of AIPL1. Pulse-chase experiments were per-
formed with retinas in culture from PN day 8 wild-type (�/�) or mice lacking AIPL1 (�/�). After 11⁄2 h of
radioactive labeling, pulse-chase was initiated by addition of media containing excess cold methionine
for the indicated amounts of chase time. PDE6 �, �, and � subunits are stable up to 3 h in wild-type retina
(A and B). In contrast, PDE6 �, �, and � subunits are highly sensitive to proteolytic degradation and the
majority of PDE6 subunits degrade within 3 h of chase (A–C). The stability of individual PDE6 � and �
subunits are affected as seen by a special 0.15% bisacrylamide gel to separate the PDE6 � and � subunits
(B). As a control, we monitored the stability of rod arrestin (D). The stability of AIPL1 was monitored in
wild-type retinal extracts (E). As expected, AIPL1 is not present in retinal extracts from the knockout mice
(E). In the presence of the proteasomal inhibitor mixture, the degradation of PDE6 in AIPL1-deficient mice
was significantly reduced after 3 h of pulse-chase (F, compare lanes 3–5). As a control, in wild-type retina,
the stability of PDE6 was not affected by the presence of inhibitor (F, compare lanes 1 and 2). Among the
proteasomal inhibitors tested, MG132 showed an enhanced ability to prevent degradation of the PDE6 �
subunit in the absence of AIPL1 (G, lanes 1– 4). DMSO, the solvent used for solubilizing inhibitors does not
alter the stability of PDE6 subunits (F and G). The images shown are representative of three independent
experiments.

AIPL1 and PDE6 Stability

30856 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 45 • NOVEMBER 6, 2009



Characterization of the MOE antibody shows that this anti-
body can precipitate unassembled, individual PDE6 subunits
expressed in tissue culture cells (Fig. 1A). This is further sub-
stantiated by our results showing that MOE can precipitate
PDE6 subunits from retinal degeneration (rd) mice retinal
extracts, where the PDE6� subunit ismissing (Fig. 1B). In addi-
tion, MOE antibody was efficient in depleting the majority
(95%) of PDE present in retinal extracts (Fig. 1C). A nonspecific

protein that consistently co-precip-
itates at 140 kDa was identified as
interphotoreceptor retinoid-bind-
ing protein (IRBP) by light chroma-
tography-mass spectrometry (Pro-
tea Biosciences,Morgantown,WV).
IRBP serves as an excellent internal
control for our pulse label and chase
analysis (Fig. 1B). Using the MOE
antibody to measure PDE6 levels,
we did not observe any significant
difference in the synthesis of PDE �,
�, and � subunits in the absence of
AIPL1 (Fig. 2A). Furthermore, using
a special 0.15% bisacrylamide gel,
which can be used to separate the
comigrating PDE � and � subunits,
we demonstrate that synthesis of
individual PDE � or PDE � subunits
are not affected by the lack of AIPL1
(Fig. 2B).
AIPL1 Is Needed for the Stability

of Nascent Rod PDE6 Polypeptides—
To examine the influence of AIPL1
on PDE6 turnover, we performed
pulse-chase experiments using ret-
ina isolated from wild-type and
AIPL1-deficient mice at PN day 8.
Briefly, after pulse labeling with
L-[35S]methionine for an 11⁄2 h,
pulse-chase was performed by
incubating the retina in medium
containing coldmethionine for 0, 1,
and 3 h. The stability of the synthe-
sized PDE6 subunits was measured
by immunoprecipitating all three
PDE6 subunits using MOE. Our
results clearly show that in contrast
to PDE6 subunits from wild-type
retina, all three PDE6 subunits from
Aipl1�/� retina are not stable after a
3-h pulse-chase (Fig. 3, A and C).
This experiment was repeated three
independent times with identical
results. In contrast, rod arrestin is
stable for the entire chase time in
both wild-type and in retinas lack-
ing AIPL1 (Fig. 3D). IRBP serves as
an internal control and its stability is
not affected by the lack of AIPL1

(Fig. 3, A and B). We also confirmed the lack of AIPL1 in retina
from Aipl1�/� mice (Fig. 3E).

The instability of PDE6 subunits in the absence of AIPL1 can
be ameliorated by addition of a proteasomal inhibitor mixture
containing 10 �M each of leucinal, lactacystin, and MG132
before initiation of the pulse-chase (Fig. 3F). Among these
inhibitors, MG132 seems to stabilize the � subunit of PDE6
more efficiently (Fig. 3G). Altogether, our pulse-chase analysis

FIGURE 4. AIPL1 is essential for proper assembly of PDE6 subunits. A, ROS-1 antibody IP (lane 3) of the
majority (90%) of assembled PDE6 �, �, and � subunits present in PN day 8 retinas from wild-type mice
(compare lanes 1 and 2). B, however, in rd mice lacking rod PDE6 � subunit (PN day 8), ROS-1 does not IP rod PDE
subunits (lane 2). Cone PDE �� present in rd mice is still recognized by ROS-1. C, IP analysis followed by Western
blotting with the indicated antibody to confirm the absence of rod PDE6 pull-down by ROS-1 in rd mice.
Assembled cone PDE �� present in rd and cone-rich Nrl mice is recognized by ROS-1 (middle panel). In contrast
to wild-type (�/�), ROS-1 does not recognize rod PDE6 in rd mice (upper panel). D, Western blot analysis shows
the expression of individual PDE6 subunits in COS-7 cells. Top panel shows the expression of rod PDE6 catalytic
subunits using MOE antibody, and the bottom panel shows the expression of cone PDE6 subunit using a cone
PDE-specific antibody. E, ROS-1 antibody does not pull down individually expressed PDE6 subunits in COS-7
cells (lanes 1-3). F, ROS-1 antibody recognizes assembled PDE6 subunits from PN day 8 wild-type mice (lane 3).
Although PDE6 subunits are present in retina lacking AIPL1 (PN day 8), they are not recognized by ROS-1
antibody (compare lanes 2 and 4). Identical results were observed during three independent experiments.
G, size exclusion chromatography followed by Western blotting with MOE antibody show that all three sub-
units of the PDE6 enzyme elute in similar fractions in both wild-type and AIPL1-deficient mice (lanes 1–5).
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and stabilization of PDE6 subunits by proteasomal inhibitors
demonstrate that in the absence of AIPL1, PDE6 subunits are
degraded regardless of their normal synthesis.
AIPL1 Is Essential for Proper Assembly of PDE6 Subunits—

Residual PDE6 present in the retinas lacking AIPL1 are not
functional (6). This result suggests that the PDE6 may be
misassembled in the absence of AIPL1. Defects in assembly
can lead to destabilization of PDE6 subunits observed in the
absence of AIPL1. To assess the assembly status of PDE6
subunits, we performed immunoprecipitation using ROS-1
antibody.
ROS-1 is a monoclonal antibody that recognizes rod and

cone PDE6 complexes containing both catalytic and inhibitory
subunits (���2 and ����2) (24). A previous study showed that
ROS-1 recognizes PDE6 complexes with very high affinity and
can deplete 95% of PDE6 activity from bovine retina (24). In
agreement with that study, under our IP conditions, we find
that ROS-1 is efficient (90%) in recognizing PDE6 heteromer
from retinas of wild-type mice (Fig. 4A). However, in the
absence of the inhibitory PDE6 � subunit or PDE6 � subunit,
ROS-1 does not recognize the PDE6 complex (25, 26). Our
results also confirm that ROS-1 does not recognize unas-
sembled rod PDE6 present in retinas of rd mice, where the
PDE6 � subunit is missing (Fig. 4, B and C, upper panel). Nev-
ertheless, PDE6 fromunaffected cones in rdmice can be immu-
noprecipitated by ROS-1 (Fig. 4C, middle panel). Unlike MOE,
ROS-1 antibody does not recognize individually expressed
PDE6 subunits in COS-7 tissue culture cells (Fig. 4, D and E,
lanes 1–3). Altogether, these results show that ROS-1 recog-
nizes only fully assembled and functional PDE6 complexes.
To test the status of PDE6 assembly, we compared the ability of

MOE and ROS-1 to immunoprecipitate PDE6 complexes from
wild-type versus AIPL1-deficient retinas. Briefly, after pulse
labeling with L-[35S]methionine for 11⁄2 h, the amount of assem-
bled PDE6 subunits was assessed by immunoprecipitation with

ROS-1 or MOE antibody. Despite
the presence of all three subunits in
retina lacking AIPL1 as confirmed
by pulldown with MOE antibody,
ROS-1 failed to recognize PDE6
subunits from AIPL1-deficient reti-
nas (Fig. 4F, compare lanes 2 and 4).
These results suggest that despite
the presence of all three PDE6 sub-
units, they are either not assembled
or misassembled in the absence of
AIPL1.
To distinguish between these two

possibilities,weperformed size exclu-
sion chromatography. The hypotoni-
cally extracted PDE6 enzyme, from
retinas of wild-type and Aipl1�/�

mice at PN day 8, was separated by
gel filtration (Superdex 200 10/30
GL). The eluted fractions were ana-
lyzed by Western blotting for PDE6
subunits using MOE antibody. The
majority of PDE6 was found to be in

the size range of 440 to 290 kDa.Despite reduced levels of PDE6
in retinas lacking AIPL1, an identical separation of PDE6 �, �,
and � subunits was observed in both wild-type and mice defi-
cient in AIPL1 (Fig. 4G). PDE6 subunits were not detected in
void volume, implying that the absence ofAIPL1 does not result
in aggregation of PDE6 subunits (data not shown). Size exclu-
sion chromatography in conjunction with ROS-1 pulldown
suggests that PDE6 subunits in the absence of AIPL1 misas-
semble and cannot be recognized by ROS-1.
AIPL1 Interacts with a Catalytic Subunit of Rod PDE6—It is

clear that AIPL1 is needed for proper assembly of the PDE6
heteromer. However, it is not known if AIPL1 interacts with
one or all of the subunits of the PDE6 complex.
To investigate the interaction of AIPL1 with PDE6 subunits,

we developed a monoclonal antibody that recognizes native
AIPL1 from retinal tissues. The specificity of the AIPL1 mono-
clonal antibody (mAB-AIPL1) was verified by IP using both
bovine andmouse retinal extracts.Monoclonal AIPL1 antibody
(mAb-AIPL1) immunoprecipitates AIPL1 protein from both
mouse and bovine retinal samples (Fig. 5, lanes 2 and 5). The
specificity of the antibody was confirmed by the lack of pull-
down of the aryl hydrocarbon receptor interacting protein
(AIP), a closely related protein that is also expressed in retina
(data not shown). Immunoprecipitation of AIPL1 from retinal
extracts from adult mice followed by immunoblotting shows
that our monoclonal antibody (mAb-AIPL1) is efficient in
depleting the majority of AIPL1 (95%). In addition to AIPL1,
both catalytic subunits of PDE6 (� and �) were specifically
found in our IP (Fig. 6, mAb-AIPL1-IP). We also used mass
spectrometry to confirm the identity of AIPL1 and catalytic
subunits of PDE6 observed in our AIPL1 pulldown (data not
shown). We never observed the inhibitory subunit (�) of PDE6
co-IP with AIPL1. These results suggest that AIPL1 interacts
with the complex of catalytic subunits of PDE6 that excludes
the � subunit (Fig. 6A).

FIGURE 5. mAb-AIPL1 recognizes native AIPL1 from retinal tissues. IP of AIPL1 from bovine and mouse
retinal extracts using mAb-AIPL1 antibody followed by Western blot with polyclonal rabbit AIPL1 antibody.
mAb-AIPL1 antibody specifically pulls down AIPL1 from bovine retinal extracts (compare lanes 2 and 3). Similar
results were obtained when PN day 12 wild-type (�/�) mouse retinal extracts were used (compare lanes 5 and
6). As expected, when retinal extracts from mice lacking AIPL1 (�/�) was used, mAb-AIPL1 does not pull down
AIPL1 (lane 8). Purified AIPL1 protein serves as a control (lane 10). IB, immunoblot.
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To extend our studies and identify the primary partner of
AIPL1, we used rd mice that lack the � subunit of PDE6. We
used retinal extracts from PN day 8 before the onset of retinal
degeneration. In these retinal extracts, mAb-AIPL1 co-immu-

noprecipitates 55% of the PDE6 � subunit (Fig. 6B). Lack of
PDE6 � subunit does not affect the interaction of AIPL1 with
the PDE6 � subunit. As a control, we performed a similar IP
withAIPL1 antibody in retinal extracts fromPNday 8wild-type
mice.We find that AIPL1 interacts primarily with PDE6 � sub-
units (35%), but aminor amount of PDE6 � (8%) was also found
(Fig. 6B, lanes 3 and 9).
To demonstrate further that AIPL1 interacts with the � sub-

unit of PDE6, we used retinal extracts from nmf-282 mice.
These mice carry a mutation in PDE6 � (V685M) that severely
reduces the PDE6 � levels at PN day 10 (Fig. 6C) (27). Under
these conditionsmAb-AIPL1 does not co-IP with PDE6�. This
suggests that AIPL1 does not interact with PDE6 � in the
absence of PDE6� (Fig. 6C). Altogether, these results show that
AIPL1 primarily interacts with the � subunit of PDE6.

DISCUSSION

There is a constant need to replenish PDE6 in photoreceptor
outer segments in response to phagocytosis of photoreceptor
discs. The precise steps involved in synthesis of PDE6 subunits,
their assembly in inner segments, and further transport to outer
segments of photoreceptor cells is not clear. In addition, cata-
lytic subunits of PDE6 are differentially prenylated, a post-
translation modification that is needed for membrane associa-
tion and that may play a role in assembly of PDE6 subunits (28,
29). Attempts to understand PDE6 biosynthesis and assembly
has been severely hampered by the lack of an expression system
where functional PDE6 can be produced (29–31). In the
absence of a reliable expression system, we used ex vivo pulse
label, pulse-chase analysis, and IP in retinal tissues from wild-
typemice and variousmutantmousemodels to study the role of
AIPL1 in biosynthesis of PDE6. Our findings show that AIPL1
interacts with the catalytic subunit (�) of PDE6, and that AIPL1
plays a critical role in the proper assembly of PDE6.
Despite different levels of messages, both PDE6 � and � pro-

teins are present at equimolar ratios in rod photoreceptors (32).
This suggests that translation of PDE6� and PDE6� subunits is
regulated and coordinated (32). Even though the mechanism
behind this regulation is not understood, it underscores the
importance of regulated translation for PDE6 expression.
Therefore, we explored the likelihood that reduced PDE6 levels
observed in Aipl1�/� retinas could be caused by a defective
translation of PDE6 catalytic subunits. However, we excluded
this possibility because our pulse label analysis did not reveal
any significant differences in PDE6 synthesis in retinas lacking
AIPL1. On the other hand, pulse-chase analysis indicates that
all three PDE6 subunits are rapidly degraded in the absence
of AIPL1. This degradation of PDE6 can be partially abrogated
by addition of proteasomal inhibitors during pulse-chase sug-
gesting that PDE6 subunits are degraded by proteasomes. Col-
lectively, these results suggest that a reduced level of PDE6 in
the absence of AIPL1 is caused by rapid turnover due to defec-
tive processing of PDE6 subunits. These processing steps
include folding, prenylation, and assembly of PDE6 subunits
prior to their transport to outer segments of photoreceptors.
Rapid destabilization of rod PDE6 is likely due to lack of

assembly or misassembly of PDE6 subunits. Destabilization of
PDE6 subunits also is seen in a recently characterized mouse

FIGURE 6. AIPL1 interacts with rod PDE6 � subunit. A, IP with the mAb-
AIPL1 column using adult mouse retinal extracts followed by Western blot-
ting with antibodies against the indicated proteins. The mAb-AIPL1 coupled
column depletes the majority of AIPL1 from retinal extracts (lanes 4 and 5).
12% of PDE6 � and PDE6 � catalytic subunits present were specifically
observed in mAb-AIPL1-IP (compare lanes 3 and 6). Control IP was performed
using mouse IgG. B, IP with the mAb-AIPL1 column using retinal extracts from
rd/rd mice at PN day 8 lacking the PDE6 � subunit show that AIPL1 can inter-
act with 55% of the PDE6 � subunits present (lanes 1–3). In wild-type at PN day
8, AIPL1 associates primarily with 35% of the PDE6 � subunits present (lanes
6 – 8). In comparison, less than 8% PDE6 � was found in co-IP with AIPL1 (lanes
6-8, lower panel). C, IP with the mAb-AIPL1 column using retinal extracts from
nmf-282 mice with defective PDE6 � subunits, show that AIPL1 does not asso-
ciate with PDE6 � in the absence of PDE6 � (lanes 1–3, lower panel). The
amount of PDE6 � bound to AIPL1 was calculated based on three independ-
ent experiments.
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model (nmf-282) with mutations in PDE6 � leading to reduc-
tion in both PDE6 � and � subunits (27). However, the level of
the inhibitory subunit (PDE6 �) is not altered (27). In other
mouse models defective in PDE6 subunits, such as in PDE6 �
(rd) or PDE6 � knock-out animals, the levels of their PDE6
partners are not dramatically altered before the onset of retinal
degeneration (19, 33). In thesemousemodels, it is expected that
lack of one PDE6 subunit will result in non-assembly of the
PDE6 heteromer. However, the non-assembly of PDE6 sub-
units does not lead to their destabilization. In contrast, changes
in AIPL1 dramatically alter the stability of all three subunits of
PDE6. In addition, the residual PDE6 present in the absence of
AIPL1 is not functional (6). Collectively, these results suggest
that in the absence of AIPL1, PDE6 subunits are misassembled.
This is in agreement with the results shown in this study.
Although PDE6 subunits in the absence of AIPL1 are not func-
tional, our gel filtration analysis suggests that PDE6 subunits in
the absence of AIPL1 are present in a complex. However, these
PDE6 subunits are not identified by an antibody, ROS-1, that
recognizes only the assembled and functional native PDE6 het-
eromer. This implies that PDE6 in the absence of AIPL1 is mis-
assembled. The misassembled PDE6 complexes are targeted to
proteasomes for degradation. This accounts for the severe
reduction of PDE6 levels that occur in the absence of AIPL1 (6).
We find that AIPL1 interacts with catalytic subunits of PDE6

in adult retinal tissue. We have confirmed the identities of the
interacting partners bymass spectrometry analysis. Under con-
ditions where we can deplete almost 95% or more of AIPL1
using our monoclonal antibody against AIPL1, we were able to
co-IP only 12% of total PDE6 present in the cells. This is to be
expected, as AIPL1 is present exclusively in the inner segments
of photoreceptors, where proteins such as PDE6 are actively
synthesized and assembled (4, 9, 22). In contrast, themajority of
PDE6 is present in the outer segments, where it is needed for
phototransduction. Thismodel is supported by our observation
that AIPL1 can interact with 35% of the � subunit of PDE6 in
PN day 8 retina, where outer segment development has not yet
taken place.

Our pulldown experiments with adult and PN day 8 retina
suggest that AIPL1 interacts with one of the catalytic subunits.
To identify the subunit that dominates the PDE6-AIPL1 inter-
action, we performed pulldowns with retinal extracts from tis-
sues lacking either the � or � subunit. Our results show that
AIPL1 interacts primarily with PDE6� and is not dependent on
PDE6 �. We never observed an interaction between AIPL1 and
PDE6 � in these studies. These results suggest that AIPL1 is
associated with PDE6 � subunits in the inner segments of pho-
toreceptors prior to their interaction with PDE6 � and �
subunits.
The pathway for biosynthesis of the PDE6 heteromer is not

known. After translation of PDE6 subunits by ribosomes on the
endoplasmic reticulum, individual PDE6 subunits are preny-
lated in the cytosol, then targeted to the endoplasmic reticulum
surface for further proteolysis and methylation at their C ter-
mini (34). It is not clear if assembly precedes prenylation. We
propose that AIPL1 associates with PDE6 � prior to its assem-
bly with � (Fig. 7). The PDE6 inhibitory subunit (�) associates
with this catalytic subunit intermediate at a later stage, most
likely after the extraction of PDE6 from endoplasmic reticulum
membranes by PDE � (34–36). The assembled PDE6 hetero-
mers are then transported to outer segments (34). Our results
demonstrate that in the absence of AIPL1, PDE6 subunits are
not properly assembled. AIPL1 appears to act as a chaperone
that induces proper folding of PDE6 � (Fig. 7). This is in agree-
ment with a recent in vitro study that demonstrated interaction
of AIPL1 with well characterized chaperones, heat shock pro-
teins 70 and 90 (37).3

AIPL1 belongs to the immunophilin superfamily, a class of
proteins thought to act asmolecular chaperones. In the absence
of AIPL1, misfolded PDE6 subunits may misassemble. The
influence of AIPL1 on rod PDE6 stability may be related to its
interaction with the prenylated C termini of PDE6 subunits
(Fig. 7). AIPL1 interacts with farnesylated proteins and preny-

3 S. Kolandaivelu and V. Ramamurthy, manuscript in preparation.

FIGURE 7. A model depicting the role of AIPL1 in biosynthesis of rod PDE6 heteromer. AIPL1, a protein essential for stability of PDE6, primarily interacts
with the catalytic subunit of rod PDE6 �. Based on our results, we speculate that AIPL1 influences proper assembly and stability of PDE6 subunits through its
role in folding and/or prenylation of PDE6 subunits. Folding of PDE6 subunits is denoted by the curved arrow. See text for additional details.
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lation of rod PDE6 is essential for its stability (22, 29). However,
the role of AIPL1 in cones, where PDE6�� subunits are geranyl-
geranylated is less clear. Amore thorough and direct analysis is
needed to assess the prenylation status of PDE6 subunits in the
absence of AIPL1. Further studies are required to decipher the
mechanisms of complex assembly and transport of functional
PDE6 subunits to photoreceptor outer segments. In summary,
we have shown that AIPL1 helps to establish proper protein
assembly during the early steps of PDE6 synthesis by interact-
ing with the � subunit of PDE6 prior to its transport to the
photoreceptor outer segments.
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