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Corrections and Retractions

CORRECTIONS

NEUROSCIENCE. For the article ‘‘AIPL1, the protein that is defec-
tive in Leber congenital amaurosis, is essential for the biosyn-
thesis of retinal rod cGMP phosphodiesterase,’’ by Xiaoqing Liu,
Oleg V. Bulgakov, Xiao-Hong Wen, Michael L. Woodruff, Basil
Pawlyk, Jun Yang, Gordon L. Fain, Michael A. Sandberg, Clint
L. Makino, and Tiansen Li, which appeared in issue 38, Sep-
tember 21, 2004, of Proc. Natl. Acad. Sci. USA (101, 13903–
13908; first published September 13, 2004; 10.1073�
pnas.0405160101), the authors note that ‘‘r�rpeak’’ incorrectly
appeared as ‘‘pA’’ for the ordinate label in Fig. 5B. The corrected
figure and legend appear below. This correction does not affect
the conclusions of the article.

BIOPHYSICS. For the article ‘‘An acoustic microscopy technique
reveals hidden morphological defenses in Daphnia,’’ by Christian
Laforsch, Wilfred Ngwa, Wolfgang Grill, and Ralph Tollrian,
which appeared in issue 45, November 9, 2004, of Proc. Natl.
Acad. Sci. USA (101, 15911–15914; first published November 1,
2004; 10.1073�pnas.0404860101), the authors note that the fol-
lowing statement should be added to the acknowledgements:
‘‘We thank the Deutsche Forschungsgemeinschaft for funding
the project (Grant TO 171 4-1). The address where the induction
experiments were performed is as follows: Ludwig Maximilians
University Munich, Department of Biology II, Grosshaderner-
strasse 2, 82152 Planegg-Martinsried, Germany.’’

www.pnas.org�cgi�doi�10.1073�pnas.0408763101

PHYSIOLOGY. For the article ‘‘Defining thyrotropin-dependent
and -independent steps of thyroid hormone synthesis by using
thyrotropin receptor-null mice,’’ by R. C. Marians, L. Ng, H. C.
Blair, P. Unger, P. N. Graves, and T. F. Davies, which appeared
in issue 24, November 26, 2002, of Proc. Natl. Acad. Sci. USA (99,
15776–15781; first published November 13, 2002; 10.1073�
pnas.242322099), the authors note that due to an inadvertent
duplication made during the assembly of Fig. 7A, lanes 4–6 (wtR,
hR, and koR) are identical to lanes 1–3 (wt, h, and ko). The
corrected figure and its legend appear below. This correction
does not affect the conclusions of this article.

Fig. 5. Photoresponses of single rods. (A) Averaged, normalized flash re-
sponses of a mutant rod (thick traces) and a WT rod (thin traces). The maximum
response amplitude was 11.4 pA for the mutant rod and 15.9 pA for the WT
rod. (B) Averaged single-photon responses of mutant (thick trace) and WT
(thin trace) rods. Averaged dim flash responses from mutant and WT rods were
scaled to the average ratio of the ensemble variance to mean amplitude for
rods of each type and then normalized by 0.65 pA, the mean value obtained
for the mutant rods. Flashes generating responses with mean amplitudes �0.2
rmax were considered to be dim. The times to peak were 215 and 130 msec, and
the integration times were 545 and 259 msec for the mutant and WT rods,
respectively. (C) Stimulus-response relations of cells in A. Results were fit with:
r�rmax � 1 � exp(�ki ), where i is the flash strength, k is ln(2)�i1/2, and i1/2 is the
flash strength producing a half-maximal response. i1/2 values were 28 and 50
photons �m�2 for the mutant and WT rods, respectively.

www.pnas.org�cgi�doi�10.1073�pnas.0408916101

Fig. 7. (A) Thyroid cytosol immunoblotted for whole Tg using polyclonal
anti-Tg serum. (B) Thyroid cytosol immunoblotted for iodinated Tg using the
iodine-specific monoclonal antibody 42C3. R, mice on the T100 diet were
thyroid-suppressed and did not iodinate Tg.

www.pnas.org�cgi�doi�10.1073�pnas.0408627101
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RETRACTIONS

MEDICAL SCIENCES. For the article ‘‘Mutations in the G-
quadruplex silencer element and their relationship to c-MYC
overexpression, NM23 repression, and therapeutic rescue,’’ by
Cory L. Grand, Tiffanie J. Powell, Raymond B. Nagle, David J.
Bearss, Denise Tye, Mary Gleason-Guzman, and Laurence H.
Hurley, which appeared in issue 16, April 20, 2004, of Proc. Natl.
Acad. Sci. USA (101, 6140–6145; first published April 12, 2004;
10.1073�pnas.0400460101), the authors wish to note the follow-
ing: ‘‘After an unsuccessful effort to expand the observations
that were reported in our article, we have determined that
certain data contained in the manuscript are incorrect. The error
is a result of contamination of genomic DNA with plasmid DNA,
which affects the results represented in Fig. 2 and Table 1 of this
article. Our conclusion that the erroneous results were due to a
plasmid contamination has been confirmed by an independent
laboratory, at our request. We have been unable to reproduce
the experiments indicating the presence of tumor-derived mu-
tations in the G-quadruplex silencer element of the nuclease
hypersensitivity element region of the c-MYC gene in the tumor
samples reported in the article or in additional tumor samples
that we have analyzed. We therefore retract the article. We
deeply regret this error and apologize for any inconvenience
publication of this study may have caused.’’

Cory L. Grand
Tiffanie J. Powell
Raymond B. Nagle
David J. Bearss
Denise Tye
Mary Gleason-Guzman
Laurence H. Hurley

www.pnas.org�cgi�doi�10.1073�pnas.0408999101

GENETICS. For the article ‘‘Detecting patterns of protein distri-
bution and gene expression in silico,’’ by Michael T. Geraghty,
Doug Bassett, James C. Morrell, Gregory J. Gatto, Jr., Jianwu
Bai, Brian V. Geisbrecht, Phil Hieter, and Stephen J. Gould,
which appeared in issue 6, March 16, 1999, of Proc. Natl. Acad.
Sci. USA (96, 2937–2942), the undersigned authors wish to note
the following: ‘‘Fig. 1 was reported to show the subcellular
distribution of peroxisomal proteins fused to green fluorescent
protein in wild-type yeast cells and yeast cells mutant for the
PEX3 gene. Fig. 1 A, D, and F were labeled as showing
localization of proteins LYS1, LYS4, and YGL184C, respec-
tively. Identical images showing the localization of different
proteins in different cell strains were published in two other
papers [Geisbrecht, B. V., Schulz, K., Nau, K., Geraghty, M. T.,
Schulz, H., Erdmann, R. & Gould, S. J. (1999) Biochem. Biophys.
Res. Commun. 260, 28–34; Geisbrecht, B. V., Zhu, D., Schulz, K.,
Nau, K., Morrell, J. C., Geraghty, M., Schulz, H., Erdmann, R.
& Gould, S. J. (1998) J. Biol. Chem. 273, 33184–33191]. The
images in Fig. 1 were the data presented supporting the identi-
fication of peroxisomal proteins found by using a computer
algorithm. Therefore, we are retracting the paper. We apologize
for this error.’’

Doug Bassett
James C. Morrell
Gregory J. Gatto, Jr.
Jianwu Bai
Brian V. Geisbrecht
Phil Hieter
Stephen J. Gould

www.pnas.org�cgi�doi�10.1073�pnas.0407487101
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AIPL1, the protein that is defective in Leber
congenital amaurosis, is essential for the biosynthesis
of retinal rod cGMP phosphodiesterase
Xiaoqing Liu*, Oleg V. Bulgakov*, Xiao-Hong Wen†, Michael L. Woodruff‡, Basil Pawlyk*, Jun Yang*, Gordon L. Fain§,
Michael A. Sandberg*, Clint L. Makino†, and Tiansen Li*¶

*Berman–Gund Laboratory for the Study of Retinal Degenerations and †Howe Laboratory, Massachusetts Eye and Ear Infirmary, Harvard Medical School,
Boston, MA 02114; and ‡Department of Physiological Science and §Jules Stein Eye Institute, University of California, Los Angeles, CA 90095

Edited by Jeremy Nathans, Johns Hopkins University School of Medicine, Baltimore, MD, and approved August 16, 2004 (received for review July 16, 2004)

Aryl hydrocarbon receptor-interacting protein-like 1 (AIPL1) is a
member of the FK-506-binding protein family expressed specifi-
cally in retinal photoreceptors. Mutations in AIPL1 cause Leber
congenital amaurosis, a severe early-onset retinopathy that leads
to visual impairment in infants. Here we show that knockdown of
AIPL1 expression in mice also produces a retinopathy but over a
more extended time course. Before any noticeable pathology,
there was a reduction in the level of rod cGMP phosphodiesterase
(PDE) proportional to the decrease in AIPL1 expression, whereas
other photoreceptor proteins were unaffected. Consistent with
less PDE in rods, flash responses had a delayed onset, a reduced
gain, and a slower recovery of flash responses. We suggest that
AIPL1 is a specialized chaperone required for rod PDE biosynthesis.
Thus loss of AIPL1 would result in a condition that phenocopies
retinal degenerations in the rd mouse and in a subgroup of human
patients.

Mutations in several genes, including aryl hydrocarbon
receptor-interacting protein-like 1 (AIPL1), cause Leber

congenital amaurosis (LCA), a severe early-onset retinopathy
(1–4). AIPL1 is expressed specifically in adult rod photorecep-
tors (1, 5), where its function is essential but not understood.
AIPL1 possesses one peptidyl-prolyl isomerase (PPI) domain
and three consecutive tetratricopeptide repeats (TPR). Se-
quence comparison places AIPL1 in the FK-506-binding protein
(FKBP) family. FKBPs and cyclophilins comprise the immu-
nophilin superfamily of proteins (6), many of which function as
molecular chaperones (7–9). Thus AIPL1 might fulfill a molec-
ular chaperone function for retinal protein folding (10). The
presence of TPR motifs downstream from a PPIase domain in
AIPL1 makes it a close relative of the larger members of the
FKBP family such as FKBP52 and AIP, which function in the
maturation�translocation of dioxin and steroid receptors, re-
spectively (11, 12). The chaperone functions of this protein
family typically do not act at the step of initial polypeptide
folding. Rather, these proteins are ‘‘specialized chaperones’’ that
assist specific client proteins in later stages of maturation,
subunit assembly, transport, and degradation (11, 13–15). Many
such client proteins are components of signal transduction
pathways. Therefore, the primary sequence of AIPL1 suggests a
possible role as a specialized accessory chaperone important for
photoreceptor protein(s). In another study, AIPL1 was found to
interact with and aid in the processing of farnesylated proteins
in vitro, suggesting a role for AIPL1 in the processing of
farnesylated proteins (16).

To investigate the function of AIPL1 in vivo, we created a
murine mutant model by genetic manipulations. Based on the
human disease, we postulated that conventional gene knockout
would produce an AIPL1 null mutant with photoreceptors that
never fully mature or that degenerate too rapidly for detailed cell
biological and physiological studies. To circumvent this problem,
we used a knockdown approach to produce a mutant in which
AIPL1 expression was reduced but not extinguished. Our anal-

yses of this hypomorphic mutant suggest that AIPL1 functions as
a chaperone specific for rod cGMP phosphodiesterase (PDE)
biosynthesis.

Materials and Methods
Generation of the AIPL1 Hypomorphic (h) Mutant Allele. Genomic
fragments spanning exons 1–2 and exon 3 were amplified by PCR
from 129�Sv mouse genomic DNA. These fragments were
cloned into the vector pGT-N29 (New England Biolabs, Beverly,
MA) flanking the neor gene, including the bovine polyadenyla-
tion signal, to generate the AIPL1 targeting vector. Linearized
vector DNA was electroporated into J1 embryonic stem cells,
and neomycin-resistant colonies were selected. The AIPL1 mu-
tant allele carrying the neor gene insertion in intron 2 was
identified by PCR and confirmed by DNA sequencing (Fig. 1A).
A targeted clone was microinjected into C57BL�6 blastocysts,
and male chimeras were crossed with C57BL�6 mice. Mice
homozygous for the mutant allele (h�h) were identified by PCR
(Fig. 1B). The primers used for genomic PCR were A5 (5�-
GTACGGGTATACATGTGTGTATCTATGAG), C3 (5�-
AGCCTGTTGCCTTCTCCATGAAG) and B5 (5�-CGAGAT-
CAGCAGCCTCTGTTCCAC). All animal experimentation
conformed to institutional guidelines.

mRNA Assays. Total RNA was isolated by using the TRIzol
reagent (GIBCO). First-strand cDNA synthesis was primed with
oligo(dT)20 by using the ThermoScript RT-PCR System (In-
vitrogen). GAPDH was amplified together as an internal stan-
dard for quantification. PCR was carried out for different cycle
numbers to ensure that amplification had not yet reached a
plateau. PCR products were separated on agarose gels and
quantified by using the Fluor-S MultiImager (Bio-Rad). PCR
primers for GAPDH mRNA assays were PG5 (5�-TGAAG-
GTCGGTGTGAACGGATTTGGC) and PG3 (5�-CATG-
TAGGCCATGAGGTCCACCAC). Primers for AIPL1 mRNA
assays were PA5 (5�-ATGGACGTCTCTCTACTCCTCAATG
and PA3 (5�-CTCCAGCTTCAGCCACTCAAC). Primers for
PDE� mRNA assays were PDE� 5 (5�-ATGGGTGAGGTGA-
CAGCAGAG) and PDE�3 (5�-TACTGGATGCAACAG-
GACTTAG). Primers for PDE� mRNA assays were PDE� 5
(5�-ATGAGCCTCAGTGAGGAACAGGTAC) and PDE� 3
(5�-TTATAGGATACAGCAGGTCGAG). Primers for PDE�
mRNA assays were PDE�5 (5�-TGACAGAGTCCA-
GAAGCTAAGG) and PDE�3 (5�-TAAATGATGCCATACT-
GGGCCAG).

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: AIP, aryl hydrocarbon receptor-interacting protein; AIPL1, AIP-like 1; FKBP,
FK-506-binding protein; LCA, Leber congenital amaurosis; PDE, cGMP phosphodiesterase;
ERG, electroretinogram.
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Antibodies, Immunoblotting, and Immunofluorescence. A His-tagged
fusion protein encompassing the full-length mouse AIPL1 was
expressed in Escherichia coli, purified, and used to generate
polyclonal antibodies in rabbit. The antibodies were affinity-
purified. Immunoblotting and immunofluorescence were per-
formed as described (17). Rod PDE holoenzyme is composed of
���2 (18, 19). PDE�- and �-specific antibodies were purchased
from Affinity BioReagents (Neshanic Station, NJ). PDE-PatB
was raised against the PDE holoenzyme (20). PDE-NC and
-CAT were raised against the noncatalytic and catalytic regions
of the PDE but did not distinguish between PDE�- and �-
subunits (21). Retinal histology was performed as described (22).

Electroretinographic Recording. Electroretinograms (ERGs) were
recorded as described (23, 24). The initial segments of the a
waves from dark-adapted full-field ERGs in response to bright
white flashes were fitted with a mathematical ‘‘component’’
model that estimates parameters involved in rod phototransduc-
tion (22, 25).

Single Cell Recording. AIPL1 mutant and WT mice at 7–10 weeks
were dark-adapted for a minimum of 12 h. Retinas were
dissected under infrared light and put into oxygenated Leibo-
vitz’s L-15 medium (GIBCO) with 10% (wt�vol) BSA and 10
mM glucose and stored on ice until use. A small aliquot was
chopped finely in L-15 containing DNase type IV-S (Sigma) and
loaded into an experimental chamber. The tissue was perfused
with 139 mM Na��3.6 mM K��2.4 mM Mg2��1.2 mM Ca2��
123.3 mM Cl��20 mM HCO3

��10 mM Hepes�0.02 mM
EDTA�10 mM glucose�3 mM succinate�0.5 mM L-glutamate�
MEM amino acids (GIBCO)�BME vitamins (Sigma), equili-
brated with 95% O2�5% CO2 and heated to 36.5–37.5°C, pH 7.4.

The outer segment membrane current of a rod was recorded with
a suction pipette containing Locke’s medium 140 mM Na��3.6
mM K��2.4 mM Mg2��1.2 mM Ca2��145.8 mM Cl��10 mM
Hepes�0.02 mM EDTA�10 mM glucose, and a current-to-
voltage converter (Axopatch 200A, Axon Instruments, Union
City, CA). Signals were filtered at 30 Hz (�3 dB, 8-pole Bessel,
Frequency Devices, Haverhill, MA) and digitized at 400 Hz
(Pulse 8.07, HEKA Electronics, Lambrecht�Pfalz, Germany).
Corrections were not made for the delay introduced by filtering.
Rods were stimulated with light passing through an interference
filter (500 nm, Omega Optical, Brattleboro, VT) and neutral
density filters.

cGMP Assay. Total cGMP was measured under dark- and light-
adapted conditions from WT and mutant mice by using the
competitive enzyme immunoassay kit from Cayman Chemical
(Ann Arbor, MI) and following the manufacturer’s protocols.
Dissected retinas from three animals were used in each exper-
imental group.

Calcium Determinations. The free [Ca2�]i of single outer segments
was measured with a fluorescent indicator dye (26). Mice were
dark-adapted for at least 3 h and then killed under dim red light.
The eyes were removed and placed in Locke’s solution with 3
mM Hepes and 5 mM Na ascorbate, pH 7.4. Retinas were
dissected in infrared illumination and incubated at room tem-
perature with 10 �M fluo-5F acetoxymethyl ester (Molecular
Probes). After 30 min, the retinas were perfused with 35–38°C
bicarbonate-buffered DMEM (D-2902, Sigma) supplemented
with 15 mM NaHCO3�2 mM Na succinate�0.5 mM Na gluta-
mate�2 mM Na gluconate�5 mM NaCl. For improved collection
of fluorescence, we used only rods on the floor of the perfusion
chamber. Fluorescence was excited with 488-nm light from an
argon ion laser (American Laser, Salt Lake City), focused to a
10-�m diameter spot on the rod outer segment. To prevent dye
bleaching, the intensity of the laser was attenuated to 2–5 � 1010

photons �m�2�s�1 with reflective neutral density filters (New-
port, Fountain Valley, CA). Fluorescence was detected with a
photomultiplier tube of low dark count with a restricted photo-
cathode (Model 9130�100A, Electron Tubes, Ruislip, U.K.). The
current from the tube was amplified by a low-noise current-to-
voltage converter (PDA-700, Terahertz Technology, Oriskany,
NY), filtered at 1 kHz with a low-pass 8-pole Bessel filter
(BenchMaster VBF8, Kemo, Kent, U.K.) and acquired at 2 kHz
by using Digidata 1200 and software from Axon Instruments.
The temperature close to the rod was recorded with a miniature
thermocouple (0.05-mm diameter, T type, Cu-CuNi; Omega
Engineering, Stamford, CT) and a digital thermometer (Model
HH-25T, Omega Engineering).

The [Ca2�]i in darkness and after illumination were estimated
from the initial f luorescence after laser exposure and the
steady-state fluorescence measured 30–60 sec later, according
to [Ca2�] � Kd[(F�Fmin)�(Fmax�F)], where Kd is the tempera-
ture-adjusted dissociation constant, F is the measured fluores-
cence, and Fmin and Fmax are the fluorescence minimum (at low
Ca2�) and maximum (at high Ca2�). Fmin and Fmax were esti-
mated for each rod by exposure first to a low Ca2�-ionomycin
solution 140 mM NaCl�3.6 mM KCl�3.08 mM MgCl2�2 mM
EGTA�0.01 mM ionomycin�3 mM Hepes, pH 7.4; and then to
a high Ca2�-ionomycin solution 50 mM CaCl2�3.6 mM KCl�
0.005 mM ionomycin�3 mM Hepes�140 mM sucrose, pH 7.4.
This procedure corrects for any differences in dye loading and
fluorescence collection across rods.

Results
Reduced AIPL1 Level in the Mutant Photoreceptors. PCR and DNA
sequencing analyses showed that the AIPL1 mutant allele had
the neomycin resistance gene inserted between exons 2 and 3 in

Fig. 1. Generation of an AIPL1 hypomorphic (h) mutant. (A) Targeting
strategy for the insertion of a neor marker into intron 2 of the AIPL1 gene. PCR
primers for identification of the mutant and WT alleles are shown as arrow-
heads. (B) Identification of the mutant allele by genomic PCR. Primer combi-
nations are shown (Upper). (C) Analysis of AIPL1 transcript by semiquantitative
PCR. GAPDH was used as an internal standard. (D) Reduced AIPL1 immuno-
fluorescence (yellow) in mutant photoreceptor inner segment. Cell nuclei
(blue) were counterstained with Hoechst dye 33342. OS, outer segment; IS,
inner segment; ONL, outer (photoreceptor) nuclear layer; INL, inner nuclear
layer. (E) Decreased AIPL1 level on immunoblots (Left). Actin served as a
general loading control. RDS was a control for amounts of photoreceptor
proteins. Data from triplet experiments were plotted as percent of the control
(Right).

13904 � www.pnas.org�cgi�doi�10.1073�pnas.0405160101 Liu et al.
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the same orientation as the AIPL1 gene (Fig. 1 A). The neomycin
cassette was terminated by a polyadenylation signal of the bovine
growth hormone gene (Fig. 1 A). Analysis of retinal mRNA
confirmed that the AIPL1 transcript level was severely reduced
(Fig. 1C). A lower abundance of AIPL1 protein in the mutant
photoreceptors was apparent by immunofluorescence, and the
protein was correctly localized in the inner segments (Fig. 1D).
Quantification on immunoblots revealed that the level of AIPL1
protein in the mutant was decreased to 20–25% of that for WT
(Fig. 1E). Thus the mutant allele was a strong hypomorph (h).

Progressive Photoreceptor Degeneration in the AIPL1 Hypomorphic
Mutant. By morphological criteria, photoreceptors in the AIPL1
mutant retinas developed normally, although the AIPL1 defi-
ciency eventually gave rise to a retinal degeneration. Until 3
months of age, light microscopy showed that the photoreceptor
layer thickness was not significantly reduced in the mutant
retinas (Fig. 2A), but some disorganization of the outer segments
and increased pycnotic nuclei were apparent by electron micros-
copy (not shown). Expression of glial fibrillary acidic protein, a
marker of retinal degeneration, was markedly up-regulated (Fig.
2B). By 8 months of age, more than half of the photoreceptors
were lost, and the photoreceptor inner and outer segments were
shortened (Fig. 2 A). We therefore restricted biochemical and
functional studies to ages younger than 10 weeks. We found no
evidence of a cone defect by immunofluorescence for cone opsin
up to 11 months of age (not shown).

Lower Abundance of Rod PDE, but Not of Other Photoreceptor
Proteins, in the Mutant. To test the hypotheses that AIPL1 serves
as a specialized chaperone for photoreceptor-specific proteins or
is required for protein farnesylation, we surveyed a large number
of proteins for their levels of expression and electrophoretic
mobilities by immunoblotting and subcellular distributions by
immunofluorescence. Rhodopsin, peripherin�RDS; PDE�-, �-,
and �-subunits; PDE�; transducin �-, �-, and �-subunits; retinal
guanylyl cyclase 1; cGMP-gated cationic channel, Tulp1 (Tubby-
like protein 1); arrestin; rhodopsin kinase; and RPGRIP (reti-
nitis pigmentosa GTPase regulator-interacting protein) were
selected for analysis, because they either are dedicated to
phototransduction, specifically expressed in photoreceptors, iso-
prenylated, involved in the pathogenesis of LCA, or meet a
combination of these criteria.

Immunoblotting of retinal homogenates from WT and mutant
mice showed that, of all of the proteins tested, only PDE was
reduced in abundance (Fig. 3A). Quantification of the immu-
noblotting results indicated that PDE was reduced to �20% of
the WT level (Fig. 3B). Further analyses on low crosslinking
acrylamide gels and by subunit-specific antibodies showed that
all three subunits of PDE were similarly reduced (Fig. 3C).
Consistent with these findings, immunofluorescence showed a
marked reduction of PDE subunits in the rod outer segments
(Fig. 3D). Analyses of rod PDE by immunoblotting and immu-
nofluorescence were repeated by using five separate antibodies
specific for the catalytic subunits of PDE. All gave results similar
to those shown in Fig. 3 B–D. The subcellular distributions of all

Fig. 2. Age-dependent retinal degeneration in the AIPL1 mutant. (A) Thinning of outer segment and outer nuclear layers at 8 months in mutant retinas. (B)
Glial fibrillary acidic protein (yellow) up-regulation at 3 months of age in the mutant retina. Nuclei (blue) were counterstained with Hoechst dye.

Fig. 3. Identification of rod cGMP PDE as the only protein affected by the loss of AIPL1. (A) Immunoblotting of photoreceptor proteins. (Lower) Actin as a
general loading control. Channel, cGMP-gated channel; Rho kinase, rhodopsin kinase; Ret-GC, retinal guanylyl cyclase 1; RDS, peripherin�RDS. PDE was
significantly reduced, whereas all other photoreceptor proteins were unaffected. (B) Quantification of PDE from three pairs of independent samples shown as
mean � SEM. (C) Proportional reduction in all three subunits of PDE. (Top) The two catalytic subunits of PDE were separated on low-crosslinking SDS�PAGE and
detected with an antibody that recognized both subunits. (Middle) A PDE�-specific antibody revealed a decrease of this subunit as well. (Bottom) Actin is shown
as a loading control. (D) Reduced immunofluorescence for PDE in the mutant rods. Cell nuclei were stained blue with Hoechst dye. (E) Comparable mRNA levels
for all three PDE subunits in WT and mutant retinas shown by RT-PCR.

Liu et al. PNAS � September 21, 2004 � vol. 101 � no. 38 � 13905
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other proteins were normal when examined by immunofluores-
cence (data not shown).

If AIPL1 were to function as a chaperone or to assist in protein
farnesylation, it should modulate PDE levels at a posttransla-
tional stage, rather than through transcriptional regulation.
Nevertheless, to rule out the latter possibility, we analyzed the
mRNA levels of each PDE subunit by semiquantitative RT-
PCR. There was no substantial decrease in the mRNA levels of
any of the PDE subunits (Fig. 3E), confirming that the defect in
PDE biosynthesis was posttranscriptional.

Because PDE�, transducin � (G�t), and rhodopsin kinase are
normally farnesylated, it was notable that neither G�t nor
rhodopsin kinase was reduced in abundance, shifted in mobility
on SDS�PAGE (Fig. 3A), or mislocalized by immunofluores-
cence (not shown). The finding is particularly significant for G�t.
Due to its low molecular weight of �6 kDa, a disruption in its
farnesylation would unambiguously shift its electrophoretic mo-
bility (16, 27). These observations rule out a generalized defect
in protein farnesylation in the mutant photoreceptors.

Delayed Photoresponse Onset and Recovery in Mutant Rods. In visual
transduction, photoexcited rhodopsin activates many trans-
ducins. Each transducin activates a PDE catalytic subunit, which
hydrolyzes cGMP. cGMP-gated channels close, and the rod
hyperpolarizes. Because PDE is central to the transduction
process, we investigated the physiological consequences of a
PDE reduction in the mutant photoreceptors.

In a cohort of young mice (5–6 weeks old) tested by ERG, the
mutant mice (n � 8) showed a 0.44-msec increase in mean
latency (P � 0.007) and a 31% reduction in the geometric mean
gain of phototransduction (P � 0.007) compared with WT mice
(n � 9) (Fig. 4). The increased latency was consistent with a
delayed diffusional encounter of activated transducin with PDE
(28), due to the lower concentration of the latter. The reduction
in the gain of phototransduction suggests that PDE was activated
at a lower rate in mutant rods. The amplitudes of the a and b
waves were normal at 6–7 weeks but became progressively lower
with age (6–8 months; not shown), as expected simply from the
decrease in the number of photoreceptors and shortening of
outer segments (Fig. 2 A).

Photoresponses were also recorded from single rods (Fig. 5A).
Although the maximal amplitude of flash responses in mutant
rods (11.3 � 0.5 pA, mean � SEM, n � 47) was not different
from WT rods (10.8 � 0.5 pA, n � 21), mutant rods showed
delayed onset and slower initial rate of rise of the single photon
response (Fig. 5B), corroborating the ERG results based on the
mass photoreceptor response. However, the mutant quantal

response continued to rise for a longer period, leading to a larger
amplitude and a greater time to peak. Recovery was slowed,
prolonging integration time, defined as integral of the response
divided by response amplitude. Mutant rods were more sensitive
than normal (Fig. 5C). The half-saturating flash strengths from
47 mutant rods and 21 WT rods were 29 � 1 and 51 � 3 photons
�m�2, respectively (P � 8e�13). The increased flash sensitivity
and integration time combined to make mutant rods 2.4-fold
more sensitive than WT rods to steps of light (not shown). An
intensity of 77 � 11 photons �m�2�s�1 gave rise to a half-
maximal response in mutant rods (n � 6), whereas for WT (n �
10) 182 � 18 photons �m�2�s�1 were required.

Changes in cGMP and Ca2�. A reduction in basal PDE activity
should elevate the free cGMP concentration and support a
higher Ca2� influx by increasing the number of open cGMP-
gated channels in darkness (29). Because intracellular Ca2� is a
key regulator of the phototransduction cascade and appears to
be critical for rod viability (30), these changes were explored. A
priori, it was not clear whether the total cGMP concentration
would be increased in the mutant, because PDE both degrades
free cGMP and sequesters a large pool of tightly bound cGMP
at noncatalytic sites (31). We found that total cGMP levels were
lower in the AIPL1 mutant both under dark- and light-adapted
conditions (Fig. 6). This would mean that the increase in free
cGMP was not sufficiently large to compensate for the 80% loss
of PDE and hence the bound cGMP pool. In mice heterozygous
for the rd allele (32, 33), which have a milder loss of PDE, retinal
cGMP is also lower (34, 35). The ratio of cGMP levels in WT vs.
heterozygous rd is the same in darkness and after light exposure.
In contrast, the fractional decrease in cGMP in the AIPL1
mutant retinas was significantly greater upon light exposure than
in darkness (Fig. 6), supporting the idea that the lowered basal
PDE activity in the dark-adapted AIPL1 mutant retinas may
have resulted in an elevated level of free cGMP.

Higher free cGMP would increase channel opening and
enhance Ca2� influx. We therefore measured the free Ca2� in
WT and mutant rod outer segments. Fig. 7A shows the averaged

Fig. 4. Dark-adapted ERG a waves in response to a bright flash of white light
(28 foot Lambert-seconds, presented at time � 0 msec) from WT and AIPL1
mutant mice. Recordings (dotted lines) were fit according to the component
model of the activation phase of rod phototransduction (continuous lines).

Fig. 5. Photoresponses of single rods. (A) Averaged normalized flash re-
sponses of a mutant rod (thick traces) and a WT rod (thin traces). The maximum
response amplitude was 11.4 pA for the mutant rod and 15.9 pA for the WT
rod. (B) Averaged single-photon responses of mutant (thick trace) and WT
(thin trace) rods. Averaged dim flash responses from mutant and WT rods were
scaled to the average ratio of the ensemble variance to mean amplitude for
rods of each type. Flashes generating responses with mean amplitudes �0.2
rmax were considered to be dim. The times to peak were 215 and 130 msec, and
the integration times were 545 and 259 msec for the mutant and WT rods,
respectively. (C) Stimulus-response relations of cells in A. Results were fit with:
r�rmax � 1 � exp(�ki), where i is the flash strength, k is ln (2)�i1/2, and i1/2 is the
flash strength producing a half-maximal response. i1/2 values were 28 and 50
photons �m�2 for the mutant and WT rods, respectively.
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decrease in fluorescence after laser exposure for a sample of WT
and mutant rods. The level of Ca2� in the dark-adapted rods was
derived from the initial f luorescence. The steady-state plateau
fluorescence reflects the decreased Ca2� concentration caused
by closure of channels after laser exposure and efflux of Ca2� by
the Na��K�-Ca2� exchanger. Fluorescence was greater under
both conditions for the mutant rods. After calibration of the
fluorescence (see Materials and Methods), the dark-adapted
Ca2� concentrations were 322 � 64 nM (n � 12) for the mutant
and 240 � 17 nM (n � 56) for the WT controls, a difference in

the mean that was not statistically significant. However, if we
define a ‘‘high’’ concentration of calcium as the 90th percentile
of the WT distribution, then one-third of mutant rods exceeded
the high concentration of 392 nM found for dark-adapted WT
rods, i.e., a higher proportion than WT (Fisher’s exact test, P �
0.04). Unexpectedly, closure of cGMP-gated channels in the
mutant by light exposure did not reduce the Ca2� concentration
to the same fraction as in WT rods (Fig. 7B; P � 0.004). The
light-exposed Ca2� concentration was therefore significantly
higher in the mutant (96 � 16 nM, n � 12) than in the WT rods
(42 � 3 nM, n � 56).

Discussion
In this study, we investigated the in vivo function of AIPL1 by
analyzing a murine mutant model in which AIPL1 expression
was too low to sustain photoreceptor survival over the long term.
This provided us with an opportunity to examine morphologi-
cally normal photoreceptors at an early age with a variety of
approaches. Because AIPL1 mutations cause LCA, and this
protein is likely to act as a chaperone, it follows that retinal
proteins involved in the pathogenesis of LCA or severe recessive
RP are candidate client proteins for AIPL1. Along this line of
reasoning, we included the cGMP-gated channel (36), RPGRIP
(37), and guanylyl cyclase (38) in our analyses. A putative role
for AIPL1 in processing farnesylated proteins (16) implicated
PDE�, rhodopsin kinase, and G�t. Careful analyses of an
extensive array of photoreceptor-enriched proteins for which
antibodies were available identified PDE as the only client
protein of AIPL1 in rods. Our study does not support a general
role for AIPL1 in protein farnesylation but strongly suggests that
AIPL1 is a specialized chaperone for rod PDE. It remains to be
seen whether this is the only role of AIPL1. Transient expression
of AIPL1 in cone precursors during embryonic development
(39) and the greater disease severity in LCA (AIPL1 mutations)
(4) than recessive retinitis pigmentosa (PDE mutations) (40)
appear to imply a role for AIPL1 in developing cones. Further
study is needed to clarify this question.

It has long been recognized that functional PDE is difficult to
express in cell cultures (41–43). One possible reason is the lack
of an essential chaperone, namely AIPL1. Yet, repeated efforts
to coexpress in COS cells the three subunits of PDE together
with AIPL1 or with a homologous protein (FKBP8) as a control
failed to increase the yield of either the total or soluble fraction
of PDE. Barring technical issues, additional factors, absent in
COS cells, may be required to promote PDE synthesis. Alter-
natively, AIPL1 may subserve a quality-control mechanism
whereby only properly folded, fully assembled PDE holoenzyme
is given facilitated transport to the outer segment, whereas
misfolded or partially assembled PDE is rapidly degraded.
Indeed, AIPL1 was reported to interact with NUB1 (44), which
targets substrate proteins to the degradative pathway (45).
Consistent with this view, mutant mouse photoreceptors lacking
PDE� produce little PDE activity or PDE���-polypeptides (46).

The availability of mutant rods with a reduced PDE concen-
tration in an otherwise normal-appearing cell allowed us to test
certain predictions about phototransduction. In darkness, hy-
drolysis of cGMP by PDE balances its synthesis by guanylyl
cyclases (30). Because basal PDE activity consists of thermal
activation of PDE (47), it decreases with a fall in PDE concen-
tration. Free cGMP would accumulate, cGMP-gated channels
open, and intracellular Ca2� increase, which would then de-
crease guanylyl cyclase activity, bringing cGMP and Ca2� to a
somewhat elevated steady-state level. Yet any increase in dark
current or Ca2� in our mutant rods must have been small,
because they were not resolved by the suction electrode method,
by ERG or by direct measurements of dark-adapted Ca2� levels.
We did observe a slower falling phase in dim flash responses and
a higher sensitivity to light for mutant rods, consistent with a

Fig. 6. Measurement of cGMP levels from WT and mutant retinas. Both dark-
and light-adapted cGMP levels were lower in the mutant than in the WT
retinas, and the fractional reduction of cGMP level in the mutant retinas was
more pronounced under light adaptation (P � 0.001).

Fig. 7. Enhanced Ca2� concentration in mutant rods. (A) Mean fluorescence
from seven WT (black trace) and seven mutant (gray trace) rods, detected as
photomultiplier tube current. The decreases in fluorescence reflect the light-
dependent fall in Ca2� concentration after laser exposure (see text). The
kinetics of [Ca2�] change was similar for mutant and WT rods. (B) Ca2�

concentration in WT and mutant rods. WT values in the present experiments
did not differ from those reported previously (26, 49) and were combined to
give mean values (�SEM) of 240 � 17 nM (dark) and 42 � 3 nM (light, n � 56).
Mutant values were 322 � 64 nM (dark) and 96 � 16 nM (light, n � 12). After
converting Ca2� concentrations to logarithms to better normalize the distri-
butions, the mean dark values were not significantly different. However, the
proportion of mutant rods with ‘‘high’’ [Ca2�] was significantly greater than
that of WT rods (see Results). The difference between the WT and mutant
under light adapted conditions was highly significant (P � 0.0007).
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reduction in basal PDE activity (48). Furthermore, the initiation
of the photoresponse was delayed, showing that normally, a
significant portion of the effective latency for the activation of
phototransduction is attributable to the collision time between
transducin and PDE (28).

It is remarkable that the retinas of the mutant mice slowly
degenerated, even though the effect of decreased PDE on the
phototransduction apparatus seemed relatively mild. A similar
phenomenon was described recently for a gain-of-function
GCAP1 mutant (Y99C) expressed in transgenic mice (49). In
that case, the mutant altered cGMP synthesis rather than
hydrolysis. Nonetheless, this mutant also produced a slowing in
the falling phase of the dim flash response and higher sensitivity,
as well as an increase in Ca2� that was small and not statistically
significant for a slowly degenerating line but large and significant
for a line that degenerated rapidly. LCA patients with AIPL1
mutations add yet another example for which disturbances in

cGMP metabolism give rise to retinal degeneration. How these
disturbances trigger photoreceptor cell death and the role of
Ca2� in this process remain important questions for future
investigations.
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