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Background:Mutations in AIPL1, a chaperone of the lipidated visual effector phosphodiesterase-6, cause severe childhood
blindness.
Results: AIPL1 binds the farnesyl lipid moiety. The unique insert region of AIPL1 is critical for this interaction.
Conclusion: The AIPL1-farnesyl interaction suggests its role in the interaction with phosphodiesterase-6 and normal function
of AIPL1.
Significance: This study describes a novel mechanism of AIPL1 in retina disease.

Aryl hydrocarbon receptor-interacting protein-like 1 (AIPL1)
is a photoreceptor specific chaperone of the visual effector
enzyme phosphodiesterase-6 (PDE6). AIPL1 has been shown to
bind the farnesylated PDE6A subunit. Mutations in AIPL1 are
thought to destabilize PDE6 and thereby cause Leber congenital
amaurosis type 4 (LCA4), a severe form of childhood blindness.
Here, we examined the solution structure of AIPL1 by small
angle x-ray scattering.A structuralmodel ofAIPL1with the best
fit to the scattering data features two independent FK506-bind-
ing protein (FKBP)-like and tetratricopeptide repeat domains.
Guided by the model, we tested the hypothesis that AIPL1
directly binds the farnesyl moiety. Our studies revealed high
affinity binding of the farnesylated-Cys probe to the FKBP-like
domain of AIPL1, thus uncovering a novel function of this
domain. Mutational analysis of the potential farnesyl-binding
sites on AIPL1 identified two critical residues, Cys-89 and Leu-
147, located in close proximity in the structure model. The
L147Amutation and the LCA-linked C89Rmutation prevented
the binding of the farnesyl-Cys probe to AIPL1. Furthermore,
Cys-89 and Leu-147 flank the unique insert region of AIPL1,
deletion of which also abolished the farnesyl interaction. Our
results suggest that the binding of PDE6A farnesyl is essential to
normal function of AIPL1 and its disruption is one of themech-
anisms underlying LCA.

Leber congenital amaurosis (LCA)3 is a severe, early onset,
inherited retinopathy that accounts for �5% of all inherited

retinopathies and is one of the main causes of blindness in chil-
dren (1, 2). To date, 14 genes have been identified as being
mutated in LCA patients, including the geneAipl1 (aryl hydro-
carbon receptor-interacting protein-like 1) (3, 4). Aipl1 muta-
tions result in one of the most clinically severe forms of LCA
(LCA type 4).
AIPL1 is expressed selectively in the retina and the pineal

gland (3, 5). AIPL1 shares high sequence homology (49% iden-
tity) and similar domain organization with the ubiquitously
expressed aryl hydrocarbon receptor-interacting protein (AIP)
(3). AIP and AIPL1 contain an N-terminal FK506-binding pro-
tein (FKBP)-like domain and a C-terminal tetratricopeptide
repeat (TPR) domain with three tetratricopeptide repeats (3, 6)
(Fig. 1A). These domains are often found in proteins with chap-
erone activity (7). In addition, in primates, AIPL1 proteins carry
at the C termini a proline-rich region of poorly understood
function. LCA-linked AIPL1 mutations are found in all three
domains: the FKBP-like, TPR, and the proline-rich regions (Fig.
1A). Thesemutations includemissense, nonsense, and deletion
mutations (8–10). AIP is a co-chaperone with Hsp90 in the
maturation of the aryl hydrocarbon receptor (11), similar to the
co-chaperone function of the FKBP and TPR domain-contain-
ing immunophilins FKBP51/52 that act on steroid hormone
receptors (12). Furthermore, AIPL1 itself was found to interact
with Hsp90 and Hsp70 (13). Thus, the function of AIPL1 as an
essential component of a retina-specific chaperone complex
has been widely hypothesized (3, 7, 14, 15). AIPL1 has been
shown to interact with Nedd8 ultimate buster protein 1
(NUB1), implicated in cell cycle regulation and protein degra-
dation (16).However, studies ofAIPL1-deficientmousemodels
provided compelling evidence for phosphodiesterase 6 (PDE6)
as the critical photoreceptor partner of AIPL1 (17, 18). AIPL1
knock-out mice exhibited rapid severe degeneration of photo-
receptors and had nomeasurable electroretinograms (17). This
phenotype is consistent with the manifestation of LCA4 in
humans (10, 17). Biochemical analysis revealed that these mice
had markedly reduced levels and activity of PDE6 prior to
degeneration (17). The drastic reduction in PDE6 was specific,
as the levels of other main photoreceptor proteins remained
unaffected (17). PDE6 is a central effector enzyme in the pho-
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totransduction cascade (19, 20). Rod PDE6 is a heterotetramer
composed of two homologous catalytic subunits (PDE6AB) and
two copies of an inhibitory (P�) subunit (20). Light stimulates
phototransduction by activating PDE6AB to hydrolyze a sec-
ond messenger cGMP and close cGMP-gated channels in the
photoreceptor plasma membrane (19, 20). Mutations in
PDE6AB are known to cause retinal degeneration in humans
and animal models by elevating intracellular cGMP concentra-
tion and triggering photoreceptor cell death (21–25). Thus,
defective PDE6 function due to mutations in AIPL1 readily
explains LCA4. However, the mechanism of AIPL1 action
remains poorly understood. Evidence suggests that AIPL1 acts
on rod PDE6 posttranslationally and stabilizes the enzyme by
preventing its misassembly that leads to rapid protein degrada-
tion (26). Proper assembly of PDE6 requires correct folding and
prenylation of PDE6A and PDE6B, formation of the catalytic
heterodimer PDE6AB, and its associationwith the P�-subunits.
PDE6A and PDE6B are farnesylated and geranylgeranylated,
respectively (27). AIPL1 appears to bind to the PDE6A subunit
(26), and the farnesyl modification may be involved in this
interaction (28). A yeast two-hybrid screen indicated that
AIPL1 interacts specifically with farnesylated retinal proteins
(28). Yet, other farnesylated proteins, except PDE6, were unaf-
fected in mouse retina lacking AIPL1 (17). In this study, we
investigated whether AIPL1 can directly bind the farnesyl moi-
ety, and we examined the possibility that LCA-linked muta-
tions in AIPL1 may disrupt this interaction. To aid our studies,
we analyzed the structure of AIPL1 in solution by SAXS and
generated amolecularmodel ofAIPL1most consistentwith the
scattering data. Our analysis demonstrated high affinity bind-
ing of the farnesylated-Cys probe to the FKBP-like domain of
AIPL1, thereby revealing a novel function of this domain. Fur-

thermore, an LCA4-causingmutation C89Rwas found to abro-
gate the probe binding, suggesting an essential role for the
farnesyl-mediated PDE6A interaction in normal function of
AIPL1.

EXPERIMENTAL PROCEDURES

Materials—AMCA, SE was purchased from Invitrogen.
S-Farnesyl-L-cysteine methyl ester was purchased from Enzo
Life Sciences. All other chemicals were acquired from Sigma.
Cloning, Expression, and Purification of AIPL1 and Its Do-

mains and Mutants—DNA sequences coding the full-length
AIPL1, the N-terminal domain (residues 1–161), or the C-ter-
minal domain (residues 162–328) were PCR-amplified from
mouse retinal cDNA and cloned into the pET15b vector using
NdeI/BamHI sites. Mutations were introduced using stan-
dard QuikChange site-directed mutagenesis protocol. The
AIPL1�96–143 mutant was generated by replacing the resi-
dues 96–143 of AIPL1WT with two glycine residues in a two-
step PCR procedure. In the first step, the AIPL1(1–95)Gly-
Gly(144–155) sequence was amplified with a forward primer
containing the start codon and an NdeI site and a reverse
primer corresponding to AIPL1(84–95)Gly-Gly(144–155).
This PCR product was used as a forward primer in the second
PCR amplificationwith a primer containing the stop codon and
a BamHI site. This resulting PCR product was then cloned into
the pET15b vector using NdeI/BamHI sites.
The His6-tagged AIPL1 proteins were expressed in BL21-

codon plus Escherichia coli cells by induction with 100 �M iso-
propyl 1-thio-�-D-galactopyranoside at 16 °C overnight. Cell
pellets were sonicated on ice (five 30-s pulses) in 50 mM Tris-
HCl buffer (pH 8) containing 50mMNaCl, 50mM L-arginine, 50
mM L-glutamic acid, 10% glycerol, 15 mM DTT (buffer A), and

FIGURE 1. A, schematic representation of the domain structure of human AIPL1 protein. AIPL1 consists of an FKBP-like domain (blue), a TPR domain with three
tetratricopeptide repeats (red), and a primate-specific proline-rich region (yellow). The sequence and domain organization of mouse AIPL1 are very similar to
those of human, except it is lacking the C-terminal proline-rich region. Shown are the commonly reported LCA4-linked AIPL1 mutations (4, 8 –10, 54). B, gel
filtration profile of AIPL1 on a calibrated Sephacryl 200 column (column volume 125 ml). Arrows indicate elution volumes of 60-, 40-, and 20-kDa standards.
C, Coomassie Blue-stained gel showing peak AIPL1 gel filtration fractions.
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protease inhibitor mixture (Roche Applied Science). The His6-
taggedAIPL1 proteins were purified overNi-NTA resin (Nova-
gen) using buffer A containing 200 mM imidazole for elution.
Ni-NTA affinity-purified AIPL1 proteins were used in fluores-
cence binding assays directly or after additional purification by
ion exchange chromatography on a Mono Q5 column (Bio-
Rad). For analysis of the structure of AIPL1 in solution by
SAXS, theHis6-AIPL1 protein was further purified by gel filtra-
tion chromatography on a Sephacryl 200 column.
Dynamic Light Scattering—Dynamic light scattering was

used to examine the degree of monodispersity of AIPL1 sam-
ples. Purified AIPL1 was dialyzed against 50 mM Tris-HCl (pH
8.0) buffer containing 50 mM NaCl, 50 mM L-arginine, 50 mM

L-glutamic acid, and 10 mMDTT (buffer B). Analyses of mono-
dispersity of dialyzed AIPL1 samples (4 mg/ml) were per-
formed at 22 °C using a DynaProNanostar instrument (Wyatt).
The data were analyzed using the Dynamics 7.1.7 software.
Homology Modeling—A homology model of the N-terminal

FKBP-type domain of AIPL1 (residues 1–157) was generated
with Modeler 9.11 (29) using the solution NMR structure of
AIP FKBP-like domain as the template (PDB ID code 2LKN)
(30). The C-terminal TPR domain of AIPL1 (residues 171–328)
was modeled with the hm_build macro in Yasara 12.11.25 (31)
that used a number of high resolution TPR domain structures
in the PDB to generate an optimized model. These domain
models were then superimposed on the respective FKBP and
TPR domains from the FKBP52 crystal structure (PDB ID code
1P5Q) (32) and energy-minimized using the em_run macro in
Yasara to remove any steric clashes between the two domains.
The resultingmodel withmissing domain linker and the N-ter-
minal tag was completed and refined against the SAXS data to
generate the molecular model of AIPL1 as described below.
Small Angle X-ray Scattering—SAXS analysis was performed

to determine the low resolution solution structure of AIPL1.
SAXS data on the His6-tagged AIPL1 protein were collected at
the Advanced Light Source (12.3.1 SIBYLS beamline) at the
Lawrence Berkeley National Laboratories. Three different con-
centrations of AIPL1 (2.4, 1.6, and 0.8 mg/ml in buffer B) were
exposed to the synchrotron radiation for 0.5, 1, 2, and 4 s each.
Scattering from the buffer (matched against the samples by
overnight dialysis) was subtracted and the sample scattering
data analyzed by Primus/QT (33). AutoRg and AutoDmax were
used to calculate the Rg (radius of gyration) and Dmax (maxi-
mum particle dimension from a pairwise distribution function)
in Primus/QT, and ab inito envelopes were generated using the
GASBOR (34), DAMMIF (35), and DAMMIN (36) programs in
the ATSAS 2.4.2-1 package (37–39).
The AIPL1 homologymodel described above was used in the

program BUNCH (40) from the ATSAS package to perform
combined rigid-body/ab initio modeling against the SAXS
data. The two domains were treated as rigid bodies whereas the
connecting linker (residues 158–170) and the N-terminal 22
residue tag/linker were modeled as flexible dummy residues
that together best fit the SAXS data. During fitting, the two
domains couldmove independently of each other restrained by
the length of the interdomain linker. The ab initio envelopes
generated separately were aligned to the best-fit BUNCH

model using supcomb13 (41) and visualized in PyMOL 1.5.0.4
(The PyMOLMolecular Graphics System, Schrödinger, LLC).
Preparation of the Fluorescence Probe Farnesyl-Cys-AMCA—

Conjugation of AMCA-X to cysteine farnesyl methyl ester was
performed at 25 °C for 1 h using, respectively, 6 mM and 2 mM

solutions of the reagents in 25% acetonitrile, 25% dimethylform-
amide, and 100 mM HEPES (pH 7.3). The product, farnesyl-
Cys-AMCA, was purified by reverse-phase HPLC. Cys-AMCA
was prepared by reacting 1mMAMCA-Xwith 3mM cysteine in
50 mM HEPES (pH 7.5), 50% acetonitrile for 30 min at 25 °C.
Fluorescence Assay—Fluorescence assays were performed on

a F-2500 Fluorescence Spectrophotometer (Hitachi) in 1 ml of
100mMHEPES (pH 7.3) or 100mM PBS (pH 7.5). Fluorescence
resonance energy transfer (FRET) assay of farnesyl-Cys-AMCA
binding to AIPL1 or mutants was performed with excitation at
280 nm and emission at 440 nM. Farnesyl-Cys-AMCA (150–
250 nM) served as an acceptor of AIPL1 Trp fluorescence. The
data were fit with equation for binding with ligand depletion,

F � ��Fmax � F0�/Bm� � 0.5 � �Bm � Kd � X

� ���Bm � Kd � X�2 � 4 � Bm � X� (Eq. 1)

where F0 is a basal fluorescence of farnesyl-Cys-AMCA, F is the
fluorescence after additions of binding protein, Fmax is themax-
imal fluorescence change, Bm is a concentration of farnesyl-
Cys-AMCA, and X is a concentration of added protein. Con-
centrations of farnesyl-Cys-AMCA and AIPL1 were
determined using �350 � 19,000 and �280 � 55,000 M�1cm�1,
respectively. Fitting of the experimental data was performed
with nonlinear least squares criteria using Prism software
(GraphPad). The Kd values are expressed as mean � S.E. for at
least three independent measurements.
Circular Dichroism (CD) Analysis—CD analysis was per-

formed to verify the folding and secondary structure of AIPL1
mutants. AIPL1 ormutants were dialyzed against 5mM sodium
phosphate buffer (pH 7.9) containing 0.1 mM DTT. CD spectra
were collected on 7 �M AIPL1 protein samples in a 1-mm
cuvette at 25 °C over the range of 300–180 nm with an interval
of 1 nm and scan speed of 100 nm/min using a Jasco J-815 CD
spectrophotometer in the Biochemistry Department (Univer-
sity of Iowa) or at the Keck Biophysics Facility (Northwestern
University).

RESULTS

Analysis of AIPL1 Structure by SAXS—To guide our analysis
of the interaction of AIPL1 with the farnesyl moiety, we exam-
ined the structure of mouse AIPL1 in solution by SAXS and
generated amolecular model of the protein that agrees the best
with the scattering data. With samples that are monodisperse
and homogeneous, SAXS data can be used to determine three-
dimensional envelopes and model the protein using existing
high resolution structures of similar proteins in the PDB data-
base (34, 42, 43). The three-step purification procedure (Ni-
affinity, ion exchange, and gel filtration) yielded AIPL1 prepa-
ration of �95% purity (Fig. 1, B and C) and excellent
monodispersity asmeasured by dynamic light-scattering (poly-
dispersity 15%). All SAXS scattering curves superimposed quite
well, reflecting no concentration dependence. However, scat-
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tering curves for the high exposures at the highest protein con-
centration were excluded from analysis due to observable radi-
ation damage. An Rg value of 28.91 Å was calculated from the
Guinier region (q�Rg	 1.3) of the scattering curve (Fig. 2A) (42).
A bell-shaped curve in the low q region of the Kratky plot
increasing somewhat in the high q region indicated that AIPL1
is mostly globular with minor presence of unfolded structure
(Fig. 2B). Likewise, a plateau at low q in the Debye-Porod plot
suggested that the AIPL1 sample has at least a folded core (Fig.
2C). A Dmax value of 90.81 Å was obtained from the pairwise
distribution function, the shape of which also indicated a mul-
tidomain protein (Fig. 2D).
Model of AIPL1 Consistent with SAXS Analysis—To reduce

modeling bias for AIPL1 from full-length templates (such as
FKBP51, PDB ID code 1KT1) (44), we generated homology
models for the relatively rigid FKBP and TPR domains individ-
ually without the N-terminal and domain connecting flexible
linkers. We then used a rigid body fit of these domains against

the SAXS data along with ab initomodeling of the flexible link-
ers to guide us to the relative orientation of these fragments that
best explained the experimental x-ray scattering data. This led
to a remarkably good model for AIPL1 that fit the SAXS data
with a 	 value of 1.17 (Fig. 2A) and aligns well with the ab initio
envelopes generated from the SAXS data alone (Fig. 3A). An
overlay of the SAXS-based AIPL1model with FKBP51 (PDB ID
code 1KT1) (44) and FKBP52 (PDB ID code 1P5Q) (32) crystal
structures using the FKBPdomains for superpositionhighlights
the heterogeneity in relative orientation between the FKBP and
TPR domains possible in this class of proteins (Fig. 3B).
The FKBP-likeDomain of AIPL1Directly Binds Farnesylated-

Cys Probe—Following S-farnesylation at a protein C-terminal
“CAAX box,” the three terminal residues are cleaved, and the
extreme Cys residue is carboxymethylated (27, 45, 46). Conse-
quently, S-farnesyl-L-cysteine methyl ester modified at the
amino groupwithAMCA-X represents an appropriatemimetic
of the processed C-terminal Cys of farnesylated proteins.

FIGURE 2. SAXS curves of mouse AIPL1. A, representative buffer-subtracted scattering curve for 0.8 mg/ml AIPL1 sample exposed for 0.5 s. Superimposed on
the experimental SAXS data is the theoretical scattering curve calculated for the AIPL1 model. The linear portion of the Guinier region and the residuals after
fit to the experimental data in the low q region (0.558 –1.231 Å�1) such that q�Rg 	 1.3 are shown in the inset. B, scattering data replotted as a Kratky plot
indicating that the sample is mostly globular with some unfolded region. C, scattering data replotted as a Debye-Porod plot approaching the Porod plateau
(dotted line) at low angles, indicating that the protein has a folded core. D, pairwise distance distribution function P(r), indicating a multidomain protein with
a maximum dimension of approximately 91 Å.
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AIPL1 contains seven Trp residues, three in each FKBP-like
domain and TPR domain and one in the linking region.
AMCA-X with a peak absorbance at 350 nm is an excellent
acceptor of Trp fluorescence. Thus, in the instance that AIPL1
binds farnesyl-Cys-AMCA, FRET is likely to occur fromAIPL1
Trp residues to the fluorescence probe. Indeed, the Trp fluo-
rescence of AIPL1 (excitation at 280 nm) decreased in the pres-
ence of farnesyl-Cys-AMCA concomitant with the appearance
of peakAMCA fluorescence at 440 nm (Fig. 4A). The binding of
farnesyl-Cys-AMCA to AIPL1 was strong (Kd � 110 nM) and
specific (Fig. 4B). No FRET between AIPL1 and farnesyl-Cys-
AMCA was observed in the presence of excess S-farnesyl-L-
cysteine methyl ester (data not shown). In addition, using the
FRET assay, AIPL1 did not bind Cys-AMCA. Thus, the assay
reported primarily, if not exclusively, the interaction of AIPL1
with the farnesyl moiety.
The model of AIPL1 in Fig. 3 shows that the N-terminal

FKBP-like domain (residues 1–161) and the C-terminal TPR
domain (residues 162–328) are apparently independent with
no obvious interdomain contacts.We expressed these domains
individually to probe their role in farnesyl binding. Both
domains of AIPL1 were expressed robustly in E. coli as soluble
proteins (Fig. 4C, inset). Using the FRET binding assay, the
FKBP-like domain of AIPL1 bound farnesyl-Cys-AMCA com-
parably to the full-length protein (Fig. 4, C andD), whereas the
TPR domain did not interact with the probe (data not shown).
Furthermore, the TPR domain did not alter the affinity of the
FKBP-like domain for the probe, when both domains were
mixed in the assay (data not shown). Thus, we conclude that
farnesyl-Cys-AMCA binds solely to the FKBP-like domain of
AIPL1.
Mapping the Farnesyl Binding Site of AIPL1—We first exam-

ined the possibility that the farnesyl moiety interaction site of

AIPL1 corresponds to the conserved ligand-binding surface of
FKPBs. A typical FKBP domain fold comprises a conical five-
stranded �-sheet surrounding a short 
-helix (47). Classical
FKBPs, such as FKBP12, bind structurally related immunosup-
pressive drugs, FK506 and rapamycin, within a hydrophobic
cavity between the �-sheet and the 
-helix (47). Also, some
members of the FKBP family are active peptidylprolylisomer-
ases that catalyze the cis-trans conversion of peptidylprolyl
bonds (48). The peptidylprolylisomerase active site overlaps
with the FK506- and rapamycin-binding pocket. Although AIP
and AIPL1 do not bind FK506 or possess peptidylprolylisomer-
ase activity (30, 49), a conserved hydrophobic cavity akin to the
ligand-binding site is readily identifiable in the structure of AIP
FKBP domain and the model of AIPL1. This site is occluded in
AIP, and apparently in AIPL1, by a long insert linking the last
two �-strands (Fig. 5A) (30). However, the “insert region”
appears as a flexible lid that may swing open thereby uncover-
ing the ligand-binding site. Mutations M59A, W72S, and
F149A replacinghydrophobic residuesofAIPL1corresponding to
prominent ligand contacts in FKBP12 (Phe-46, Trp-59, and Phe-
99) (47) were introduced into the full-lengthmouse AIPL1. Nota-
bly,W72S is amutation found in LCA4patients (9). An additional
P58Amutationwasgeneratedas it ispredicted toalter theposition
of M59 as well as the downstream hydrophobic stretch 61III63 in
the vicinity of the FKBP ligand-binding site. The yields of soluble
proteins for all thesemutants were similar to that of the wild-type
AIPL1 (data not shown). The FRET assay showed no significant
differences in farnesyl-Cys-AMCA binding between these AIPL1
mutants and the parent protein (Table 1).
Examination of the AIPL1 model reveals an unusual hydro-

phobic patch 147LVFL150 at the end of the insert region and the
beginning of the last �-strand. According to themodel, the side
chains of Leu-147 and Phe-149 face the interior wall of the
�-sheet, whereas Val-148 and Leu-150 together with Leu-154
are solvent-exposed on the outside of the �-sheet. The F149A
mutant was already tested as a part of the FKBP ligand-binding
site. Mutants with single Ala substitutions of Leu-147, Val-148,
Leu-150, and Leu-154 were generated to probe the potential
role of this hydrophobic site in farnesyl-Cys binding by AIPL1.
V148A, L150A, and L154A mutants bound farnesyl-Cys-
AMCA comparably to AIPL1 (Table 1). Interestingly, the
L147A mutation markedly diminished farnesyl-Cys-AMCA
binding toAIPL1 (Fig. 5). The expression level of soluble L147A
was similar to that of thewild-typeAIPL1, arguing against gross
misfolding of the protein. The folding of L147A compared with
AIPL1was analyzed byCDspectrometry. The averageCD spectra
of three scans for AIPL1 and L147A are nearly superimposable
(Fig. 5C). The secondary structure composition of AIPL1 and
L147A was determined using Selcon 3 and Contin programs
within the Dichroweb server (50–52). The estimated content of
45% helix and 13% �-strand for AIPL1 and 46% helix and 13%
�-strand for L147A are in agreement with the previous CD analy-
sis of AIPL1 (53). Thus, the L147A mutation does not appear to
cause any global conformational changes or misfolding in AIPL1.
Farnesyl-Cys Binding by LCA-linkedMutants of AIPL1—De-

fective farnesyl binding by AIPL1 may hypothetically be the
underlying mechanism of certain LCA-linked mutations in the
FKBP-like domain. To investigate this hypothesis, we gener-

FIGURE 3. Model of mouse AIPL1. A, homology models of the N-terminal
FKBP (blue) and the C-terminal TPR (red) domains with relative orientation
that best explains the SAXS data. The interdomain connecting loop and the
flexible N-terminal tag (black) were modeled ab initio, again to be consistent
with the SAXS data. A representative low resolution envelope (gray) derived
from the SAXS data is overlaid with the homology model of AIPL1. B, overlay
of the AIPL1 model (slate) with FKBP51 (green) and FKBP52 (pink). The FK2
domains of FKBP51/52 were aligned with the AIPL1 FKBP domain to visualize
easily the range of orientations that the TPR domain can adopt. The insert
region in AIPL1 (indicated by arrow) may prevent the TPR domain from adopt-
ing the conformation seen in FKBP52.
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ated the following mutations found as homozygous or com-
pound heterozygous alleles in LCA patients: R38C, K53W
(R53W in humanAIPL1), V71F,M79T, C89R, V96I, T114I, and
Y134F (8–10, 16). The H82Y mutation (54) was excluded from
the analysis as this position is not conserved among species and
corresponds toGly-82 inmouseAIPL1.Oneof the selectedAIPL1
mutants, M79T, failed to express as a soluble protein, suggesting
defects in the overall folding. The other AIPL1mutants expressed
well although the yields of soluble proteins varied somewhat (data
not shown). The R38C, K53W, V71F, V96I, T114I, and Y134F
mutations hadno significant effect on the binding of farnesyl-Cys-

AMCA to AIPL1 (Table 1). In contrast, the C89R mutation dras-
tically impaired this interaction (Fig. 5). CD analysis of the C89R
mutant produced the spectrum similar to that of the wild-type
AIPL1 (47% helix and 12% �-strand), ruling out global conforma-
tional changes in the mutant protein (Fig. 5C). Thus, the C89R
mutation locally alters the farnesyl-binding site, or Cys-89 makes
direct contacts with farnesyl-Cys-AMCA.
The Insert Region of AIPL1 Is Essential to the Farnesyl

Binding—The two mutations disrupting the farnesyl-Cys
probe binding to AIPL1, C89R and L147A, flank the insert
region (Fig. 5A). To test potential role of this region in the

FIGURE 4. Binding of AIPL1 and the FKBP-domain AIPL11–161 to farnesyl-Cys-AMCA probe. A, emission spectra of farnesyl-Cys-AMCA (0.17 �M) (1), AIPL1
(0.1 �M) (2), or AIPL1 (0.1 �M) mixed with farnesyl-Cys-AMCA (0.17 �M) (3) collected with excitation at 280 nm. Inset, Ni-NTA-purified AIPL1 stained with
Coomassie Blue. B, FRET assay of [farnesyl-Cys-AMCA] binding to AIPL1 (�ex 280 nm, �em 440 nm). Changes in farnesyl-Cys-AMCA fluorescence F � F0 (mean �
S.E. (error bars), n � 3) in the presence of increasing concentrations of AIPL1 were fit with an equation for binding with ligand depletion. C, emission spectra of
AIPL11–161 (0.2 �M) alone (1) or mixed with farnesyl-Cys-AMCA (0.25 �M) (2) (�ex 280 nm). Inset, Ni-NTA-purified AIPL11–161 and AIPL1162–328 stained with
Coomassie Blue. D, changes in farnesyl-Cys-AMCA fluorescence F � F0 (mean � S.E., n � 3) in the presence of increasing concentrations of AIPL11–161 fit with
an equation for binding with ligand depletion.

FIGURE 5. Binding of mutant AIPL1 to farnesyl-Cys-AMCA probe. A, homology model of FKBP-like domain of AIPL1 (blue) with the insert region (cyan).
Residues with mutations found in LCA4 (yellow), mutated in this study as a part of the conserved FKBP ligand-binding (orange) and shown in this study to affect
farnesyl-cysteine binding (magenta) are highlighted and labeled. B, changes in farnesyl-Cys-AMCA fluorescence in the presence of increasing concentrations
of AIPL1 mutants W72S, C89R, and L147A recorded and fit with an equation for binding with ligand depletion. W72S is representative of the mutant with
unaffected binding of farnesyl-Cys-AMCA, whereas the C89R and L147A mutations markedly impaired this interaction (Kd �2 �M). Results from one of three
similar experiments for each of the mutants are shown. C, CD spectra of AIPL1 (black), C89R (red), L147A (green), and AIPL1�96 –143 (blue) (7 �M protein each).
The estimated secondary structure content of 45% helix and 13% �-strand for AIPL1, 47% helix and 12% �-strand for C89R, 46% helix and 13% �-strand for
L147A, and 46% helix and 12% �-strand for AIPL1�96 –143 is shown.
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AIPL1/farnesyl interaction, we generated the insert deletion
mutant, AIPL1�96–143. AIPL1�96–143 failed to bind farne-
syl-Cys-AMCA in the FRET assay. The proper folding of the
mutant was confirmed by CD analysis, which indicated a sec-
ondary structure composition of 46% 
-helix and 12% �-strand
(Fig. 5C).

DISCUSSION

AIPL1 is a specific chaperone for the visual effector enzyme,
PDE6. Mutations in AIPL1 cause destabilization of PDE6 and
underlie LCA4 (3, 8, 17, 18). In photoreceptor cells, AIPL1may
function as a critical component of a multiprotein chaperone
complex involving Hsp90, Hsp70, and other co-chaperones
(13). Hsp90/70 proteins interact with the AIPL1 TPR domain,
and several LCA-associated mutations within the TPR domain
reduced this interaction (13). However, it is not knownwhether
Hsp90/70 proteins directly assist the AIPL1-mediated folding
and/or assembly of PDE6. Another well investigated partner of
AIPL1 is NUB1 (7, 16), but the evidence linking this interaction
to PDE6 stability is lacking. Co-expression of PDE6 with AIPL1
in COS cells failed to produce functional PDE6 (18), suggesting
the existence of yet additional photoreceptor-specific chaper-
one(s) for the enzyme.
The mechanism of AIPL1 as a PDE6 chaperone is not fully

understood. The PDE6A and PDE6B subunits are prenylated in
the cytosol in the rod inner segment. The lipidation promotes
association of PDE6A and PDE6B with the endoplasmic retic-
ulummembranes, where theCAAX box is further processed via
proteolysis and methylation (27, 45, 46, 55). The timing of
PDE6AB heterodimerization in PDE6 biosynthesis remains
unclear, but AIPL1 is capable of binding PDE6A prior to the
dimer formation and binding of the P�-subunits (26). Consist-
ent with the idea that AIPL1 binding to PDE6A precedes
PDE6AB dimerization, PDE6 subunits appear to misassemble
in the absence of AIPL1 (26). The fact that AIPL1 interacts
primarily with PDE6A (26), which is farnesylated, and the ear-
lier report of the AIPL1 interaction with farnesylated proteins
(28) raised a possibility of direct binding of AIPL1 to the farne-
syl moiety. Our study reveals a strong interaction of farnesyl-
Cys-AMCA with AIPL1. The binding affinity of farnesyl-Cys-
AMCA for AIPL1 is comparable with the probe affinity for the
prenyl-binding protein PrBP/� (56, 57). The structure of

PrBP/� complexed with a small G protein Rheb shows that the
farnesylated-Cys of Rheb is entirely buried in the hydrophobic
pocket of PrBP/� (58). Hence, we surmise that the farnesylmoi-
ety is likely to be substantially occluded in the PDE6A complex
with AIPL1, and PDE6A would not appreciably interact with
the membrane until AIPL1 is released from the complex. Fur-
thermore, the main membrane binding site of PDE6AB is the
geranylgeranylatedC terminus of PDE6B (59). Thus, our results
in the context of the previous studies (26, 59) favor the follow-
ing sequence of AIPL1 interactions during the biosynthesis of
PDE6: (i) AIPL1 binds PDE6A after the protein farnesylation in
the cytosol, (ii) the binding of AIPL1 allows correct assembly of
PDE6A with the geranylgeranylated PDE6B, (iii) assembled
PDE6AB is then targeted by the prenylated C terminus of
PDE6B to the ER membrane for further processing, and (iv)
membrane binding of PDE6AB facilitates release of AIPL1.
Unlike prototypical immunophilin FKBP domains, the FKBP

domain of AIPL1 does not bind FK506 or exhibit peptidyl-
prolylisomerase activity (30, 49). The FKBP domain may con-
tribute to the AIPL1/NUB1 interaction, but the sites of this
interaction are not well defined (16). The role of the AIPL1
FKBPdomain, particularlywith respect to the function as PDE6
chaperone, remained obscure. A further main finding of our
study is the demonstration that farnesylated-Cys binds exclu-
sively to the FKBPdomain of AIPL1. TheTPRdomain of AIPL1
neither promoted nor inhibited the binding of farnesylated-
Cys. Tomap theAIPL1 farnesyl-Cys binding site, we performed
mutational analysis of selected residues from candidate hydro-
phobic areas. Several residues from the hydrophobic pocket
corresponding to the conserved FKBP ligand-binding site were
found not to be involved in the interaction with the farnesyl-
Cys. However, Leu-147 proximal to the FKBP ligand pocket is
shown to be critical for the farnesyl-Cys binding. Additional
clues to the farnesyl-Cys binding sitewere provided by the anal-
ysis of the LCA-linkedmutations of in theAIPL1 FKBPdomain.
Similar to the L147A mutation, the C89R mutation markedly
diminished the interaction of farnesyl-Cys-AMCAwith AIPL1.
CD analysis of the C89R and L147A mutants rules out protein
misfolding or global conformational changes. Cys-89 and Leu-
147 are situated in close proximity in the AIPL1 model in a
hydrophobic pocket (Fig. 5A).More intriguingly, these residues
mark the start and the end of an extensive insert region unique
to the FKBP domains of AIP and AIPL1 (30). This indicated a
potential role of the insert in farnesyl binding. Indeed, deletion
of this region in the AIPL1�96–143 mutant completely abol-
ished farnesyl-Cys-AMCA binding.
The model of AIPL1 (Figs. 3, A and B, and 5A) suggests two

interesting features of the insert region that may be important
for AIPL1 function. First, this region may influence the relative
orientation between the FKBP and TPR domains. The domain
orientation in theAIPL1model is similar to that in FKBP51, and
it is rather different in FKBP52 (Fig. 3B). The insert region in
AIPL1 would engage in steric clashes with the TPR domain
preventing it from adopting the domain orientation seen in
FKBP52. Second, this region serves a lid over the wider side of
the conical �-sheet. Local conformational changes in the hinge
sites of the insert regionwould affect the opening/closing of this
lid. Cys-89 and Leu-147may be essential to the conformation of

TABLE 1
Binding of farnesyl-Cys-AMCA to AIPL1 and its mutants

AIPL1 mutation Kd

�M

Wild type 0.11 � 0.01a
R38C 0.15 � 0.03
K53W 0.15 � 0.02
P58A 0.17 � 0.02
M59A 0.11 � 0.01
V71F 0.19 � 0.06
W72S 0.10 � 0.01
V96I 0.13 � 0.01
T114I 0.12 � 0.01
Y134F 0.26 � 0.01
V148A 0.21 � 0.05
F149A 0.21 � 0.06
L150A 0.13 � 0.02
L154A 0.19 � 0.01

a Mean � S.E. (n  3).
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the insert region, which either provides access to or itself is a
part of the lipid-binding site. Our results support the latter
model, where the insert region plays a direct and critical role in
farnesyl binding. A full understanding of the AIPL1 farnesyl-
binding site and the selectivity of AIPL1 for the farnesylated
PDE6A protein awaits future structural studies.
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