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Abstract

Lecithin:retinol acyltransferase (LRAT) catalyzes the acyl transfer from the sn-1 position of
phosphatidylcholine (PC) to all-frans-retinol, creating fatty acid retinyl esters (palmitoyl, stearoyl,
and some unsaturated derivatives). In the eye, these retinyl esters are substrates for the 65 kDa
retinoid isomerase (RPE6G5). LRAT is well characterized biochemically, and recent structural data
from closely related family members of the NIpC/P60 superfamily and a chimeric protein have
established its catalytic mechanism. Mutations in the LRAT gene are responsible for
approximately 1% of reported cases of Leber congenital amaurosis (LCA). Lack of functional
LRAT, expressed in the retinal pigmented epithelium (RPE), results in loss of the visual
chromophore and photoreceptor degeneration. LCA is a rare hereditary retinal dystrophy with an
early onset associated with mutations in one of 21 known genes. Protocols have been devised to
identify therapeutics that compensate for mutations in RPE65, also associated with LCA. The
same protocols can be adapted to combat dystrophies associated with LRAT. Improvement in the
visual function of clinical recipients of therapy with recombinant adeno-associated virus (rAAV)
vectors incorporating the RPE65 gene provides a proof of concept for LRAT, which functions in
the same cell type and metabolic pathway as RPEG5. In parallel, a clinical trial that employs oral
9-cis-retinyl acetate to replace the missing chromophore in RPE65 and LRAT causative disease
has proven to be effective and free of adverse effects. This article summarizes the biochemistry of
LRAT and examines chromophore replacement as a treatment for LCA caused by LRAT
mutations.
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1. INTRODUCTION

Leber congenital amaurosis (LCA) is a rare hereditary retinal dystrophy characterized by an
early onset in the first decade of life.1~3 Originally described as absent vision with amaurotic
pupils and wandering nystagmus accompanied by a pigmented retinopathy,* LCA is a
general definition of a hereditary childhood blindness that encompasses a heterogeneous
group of gene defects. Analyses of gene candidates and linkages have identified at least 21
associated genes (Figure 1 and Table 1) [OMIM (http://www.omim.org) and Retinal
Information Network (http://retnet.org)]. LRAT dysfunction (LCA14) is a form of LCA
affecting <1% of all individuals with LCA.3 Although disorders such as LCA are rare,
analysis of individual mutations and their respective phenotypes has helped elucidate the
role that each gene product plays in the mechanistic basis of vision. Analysis of these
molecular events in turn will provide opportunities for novel therapeutic interventions
against LCA and other blinding disorders. Genes associated with LCA14 and LCA2
(encoding RPEG5 or retinoid isomerase) are of special interest because their expression is
restricted in the eye to the retinal pigmented epithelium (RPE), and both genes encode
enzymes critical to the recycling of 11-cis-retinal,> the ligand for the G protein-coupled
receptor rhodopsin in the retina.” Mutations of these genes also can be associated with
retinitis pigmentosa (RP), challenging the idea that a monogenetic defect always leads to a
distinctive retinal phenotype.

Recent crystallographic data describing a chimeric protein of LRAT and a homologous
family member have provided a novel catalytic mechanism involving dimerization and
domain swapping. Such structural studies can help determine how different mutations in the
same protein cause heterogeneous phenotypes. The purpose of this review is to summarize
the molecular mechanism by which LRAT acylates retinol to support the retinoid cycle and
vision and discuss whether known human mutations of LRAT validate the putative
molecular mechanism of acyl transfer revealed by X-ray diffraction. It also summarizes our
current knowledge of LRAT-induced visual loss and retinal degeneration in animal models
and human patients.

2. CHARACTERIZATION OF LRAT
2.1. Retinoid Cycle

The retina is the light-sensing neurovascular tissue in humans, located in the posterior
portion of the eye adjacent to the apical processes of the RPE. Rod and cone photoreceptor
cells of the retina are required to initiate vision under low illumination (rods) and perceive
color under higher illumination (cones). Located within rod and cone cell outer segment
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membranes are the visual pigments, consisting of a protein moiety (opsin) and the vitamin
A-derived chromophore, 11-cis-retinal. The two are covalently bound by a Lys side chain
amino group via a protonated Schiff base.” Photoisomerization of 11-c/s-retinyldene to an
all-trans conformation is the event that initiates the biochemical cascade constituting
phototransduction. After conformational changes produce an active form of opsin, signaling
is terminated by phosphorylation and the binding of arrestin.8 Importantly, the resulting
pigment can no longer be activated by light. Work by Kiihne and Wald®10 laid the
foundation for our understanding of visual photochemistry, which takes place within two
integrated cellular systems, retinal photoreceptor cells and the RPE. The pathway required
for isomerization of all-frans-retinal to 11-c/s-retinal is termed the retinoid cycle, which
recycles the chromophore needed to maintain vision (Figure 2A).>11 The process initially
requires dissociation of all-frans-retinal from opsin, accomplished by hydrolysis of the
Schiff base linkage. All-trans-retinal is subsequently reduced in photoreceptor cells by
NADPH-dependent retinol dehydrogenases (RDHSs) to produce all-rans-retinol, also known
as vitamin A. All-trans-retinol is then shuttled to the RPE by interphotoreceptor retinoid-
binding protein (IRBP), where it is esterified by LRAT to form fatty acid retinyl esters.12
These fatty acid esters are substrates for isomerization by the RPE-specific 65 kDa retinoid
isomerase (RPEG5) that produces 11-c/s-retinol, the conformation needed to bind opsin.
Prior to transport from the RPE to photoreceptors, 11-cis-retinol is oxidized to 11-c/s-retinal
by 11-cisretinol dehydrogenase (11-c/s-RDH). Thus, the retinoid cycle represents a
multienzyme pathway for the continuous replenishment of the visual chromophore.11
Mutations in nearly all genes contributing to the retinoid cycle can cause congenital and
progressive defects in vision.13

2.2. LRAT Enzymology

LRAT was initially described as a retinyl ester synthase,1415 an enzyme that can generate
fatty acid retinyl esters from vitamin A in a cellular or solubilized free state.16.17 LRAT was
subsequently characterized at the molecular level as a 25.3 kDa enzyme responsible for
retinyl ester formation, needed for both vitamin A storage and a critical reaction in the
retinoid cycle.18 LRAT is strongly expressed in the liver and eye, specifically in the RPE as
the major storage site in the eye for vitamin A (or all-frans-retinol) fatty acid esters. The
esters are stored in RPE subcellular lipid droplets, also called retinosomes.19-22 Vitamin A is
delivered to the eye by plasma retinoid-binding protein (RBP4) via the RBP4 receptor,
stimulated by retinoic acid 6 (STRA®6), and expressed on the basolateral surface of the
RPE.23.24 The clinical importance of LRAT was initially recognized for its role in the
intestine and liver,14:15 with only minor appreciation for its function in the retinoid cycle
until mutations in the gene were associated with early onset retinal dystrophy.2> The gene
was later discovered to have three exons mapped to chromosome 4q31.2 (Figure 3A) (EC
2.3.1.135, OMIM 604863).26 The catalytic mechanism of LRAT was recently elucidated
through kinetic and crystallization studies of the LRAT-like protein family.27.28

LRAT-like proteins comprise a vertebrate subfamily of thiol proteases that function as
phospholipid-metabolizing enzymes.2? The family consists of LRAT and HRAS-like tumor
suppressors 1-5 (HRASLS 1-5, respectively). The subfamily shares a common structural
fold and a Cys-His-His catalytic triad responsible for transferring an acyl group from the
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sn-1 or sn-2 position of phosphatidylcholine (PC) to an acyl acceptor (Figure 2B). LRAT
catalyzes the acyl transfer only from the s7-1 position of PC, donating a fatty acid group
from this position to a retinoid acceptor. Also unique to LRAT with respect to other acyl
transferases is the fact that it does not require activation of a fatty acyl group attached to
coenzyme A via a thioester bond. High-resolution data from HRASLS2 and HRASLS3 led
to the mechanistic characterization of both enzymes as well as LRAT and other LRAT-like
family members27:30 and confirmed the double-displacement reaction mechanism
established by Shi et al.,17:31 in which the LRAT catalytic Cys residue is acylated and
subsequently transfers the acyl intermediate to retinol to create retinyl esters.

2.3. High-Resolution Structures of LRAT Chimera and LRAT-like Proteins Confirm
Membrane Binding and Dimerization

High-resolution crystal structures of HRASLS2 and HRASLS3 provided insight into the
common catalytic triad as well as the two conformational states of the catalytic Cys-113
within the active site of the LRAT-like protein family. To facilitate crystallization, the C-
terminal a helix was removed. This helix anchors the protein onto the ER membrane,
ensuring the proximity of the active site to this cellular structure.

Homology modeling identified a stretch of primary sequence unique to LRAT hypothesized
to be a crucial structural motif needed for the acyl-receiving specificity of retinol (Figure
3B). The X-ray crystal structure confirmed the hypothesis, as the unique primary sequence
folds into a structural motif responsible for domain swapping, allowing LRAT to retain its
sn-1 regiospecificity for the PC acyl donor that produces esters with retinol.28 Domain
swapping is the process by which two identical proteins exchange parts of their structure to
form a highly ordered oligomer.32 Removal of this primary sequence prevented LRAT from
catalyzing the fatty acid esterification of retinol. To further confirm the importance of this
motif, insertion of the sequence into HRASLS3 allowed that enzyme to adopt LRAT
specificity, capable of sn-1-specifc transfer of acyl moieties from PC to retinol. The structure
confirmed homodimerization as well, displaying two globular catalytic domains separated
by a pair of three-stranded antiparallel g strands. The LRAT-specific domain exists within
these antiparallel g strands as a 8 hairpin motif, allowing them to interact with each other.
This result provides firm evidence that the specificity of LRAT is determined by this LRAT-
specific domain. The finding also supports the concept that LRAT functions as a
homodimer,33 as the HRASLS3-LRAT fusion protein shares active sites between its two
individual subunits (Figure 4). Comparison with the monomeric HRASLS3 structure
confirms that a helix 3 translocates to complete the a/g fold of the second protomer.
Catalytic Cys-113 is embedded in an a helix; thus, each active site in both protomers is
formed by residues from the partner polypeptide. The chimeric protein catalytic sites are
embedded in a hydrophobic pocket containing Leu-45, -62, and -120, Val-65, Tyr-22, and
Pro-39, whereas the active site of monomeric HRASLS3 is exposed to the aqueous
environment of the cytoplasm. This exposure of the active site explains why HRASLS3 can
transfer acyl acceptors to water, creating a fatty acid. Thus, analysis of the structure proves
that domain swapping between the two monomers provides access to the substrate directly
from the lipid interface, expelling water and allowing an acyl group to be transferred to
retinol.
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The known mutations associated with LCA14 are distributed throughout the primary
sequence (Figure 3B), which may explain the wide range of phenotypes observed in this
disease (Table 2). For example, frameshift mutations tend to have a more obvious impact on
protein dysfunction. Alternatively, visualizing the two-dimensional structure of a single gene
transcript allows one to understand how specific mutations might impact the function of
LRAT by correlating the location of the defect(s) to the active site (Figure 3C). There are
two point mutations close to the catalytic Cys-113, which might disrupt the catalytic triad,
preventing proper nucleophilic activation and a relative increase in the pK, of the residue. In
addition, domain swapping between two molecules of LRAT can provide clues about why
mutations outside the active site severely impact the activity of LRAT. Further investigation
of these molecular mechanisms will require combined muta-genesis and functional studies
as well as the corresponding crystal structures of the mutants.

3. HUMAN RETINOPATHIES CAUSED BY LRAT MUTATIONS
3.1. Clinical Features of LRAT-LCA

Retinal dystrophies make up a chronic and progressive group of visual disorders often
categorized as either isolated or syndromic diseases. LCA caused by mutations in the LRAT
gene (LCA14; OMIM 613341) is often termed an early onset retinal dystrophy leading to
debilitating blindness with an autosomal recessive inheritance.34-3¢ Congenital or early
infantile blindness, the key characteristic of LCA, is defined by early vision loss, nystagmus,
amaurotic pupils, and a greatly diminished or absent electro-retinogram (ERG). The
phenotypic heterogeneity associated with LCA14 is striking (Table 2). Typically, severe
forms of the disease become evident in the first year of life,3” whereas less severe forms can
be categorized as juvenile RP, with patients displaying initial visual acuity of 20/70 with
progressive degeneration.3°:38

LRAT mutations structurally affect the human retina. Retinas often reveal a normal optic
disc, narrowing of the vasculature, and “salt and pepper” RPE changes.2> However, much
like other clinical forms of LCA, patients with LRAT mutations may have retinas that
initially appear normal, but a wide variety of abnormalities have been observed. These
include macular coloboma due to chorioretinal degeneration, foveal atrophy, “bone spicule”
retinal pigmentation, subretinal flecks that appear like retinitis punctate albescens, a
“marbled” fundus, pigmented nummular patches combined with pigmented epithelial
atrophy, and several optic disc abnormalities, including drusen, papilledema, vessel
attenuation, and neo-vascularization.3:3%:37

ERG responses of patients with LCA14 also vary depending on the severity and length of

existing disease. Thompson et al.2> described three patients with retinal dystrophy, one of
whom (396delAA) was diagnosed at the age of 3 and had no ERG responses by the age of
15. Patients with early and severe forms of LCA14 typically have delayed ERG threshold

responses and reduced amplitudes.
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3.2. Diagnosis

Congenital or early infantile blindness due to LCA is a clinical diagnosis with the following
features: marked visual impairment presenting in infancy, a severely reduced photopic ERG,
a positive oculo-digital sign, and a family history consistent with autosomal recessive
inheritance.3” Although these findings are not diagnostic, individuals with LCA also may
exhibit sluggish pupillary reactions, a pendulous nystagmus, more than five diopters of
hyperopia, photophobia, and keratoconus, a non-inflammatory-mediated ectasia of the
central cornea.

Genomic testing and clinical manifestations have led to flowchart proposals using the
presence or absence of photophobia, night blindness, hyperopia, retinal abnormalities, and
visual acuity that aid in the diagnosis of LCA.3% However, there is no relationship between
disease severity and genotype. Reproducible and quantifiable measures of disease severity in
patients, combined with a predicted structural basis of disease, could help establish a
predictable clinical course. For example, visual acuity in patients with LRAT mutations
covers a wide range from minimal light perception to 20/50 vision. Over the past 10 years,
molecular genetic techniques have improved as high-throughput technologies have become
more precise, promoting further characterization and easier diagnosis of genetic diseases.
Multigene testing panels can now reveal known mutations in genes associated with LCA, but
unfortunately, a large portion of patients lack a known specific mutation (Figure 1). Arrayed-
primer extension (APEX) analysis has been used to identify new causative loci in LRAT,3
indicating that even more unknown mutations remain to be discovered.*0 APEX exemplifies
an approach that can help reconcile the heterogeneity in LCA gene candidates with the wide
range of phenotypes.

4. RETINAL DEGENERATION CAUSED BY LRAT DEFICIENCY
4.1. Murine Models

Similar to the Rpe65~ mouse, the Lrar’~ mouse does not generate 11-cis-retinal (Figure
5A), and cis-retinal administration can restore both rod responses and cone loss.#14° LRAT
gene expression was initially disrupted by targeted recombination, generating a homozygous
knockout mouse.#8 Despite these Lrar’~ mice possessing only trace amounts of fatty acid
retinyl esters in liver, lung, and kidney, they displayed increased concentrations of these
esters in adipose tissue as compared with wild-type mice, due to an acyl-CoA-dependent
mechanism.47:48

Lrar’~ knockout mice develop retinal degeneration, measured by the lengths of rod outer
segments that were ~35% shorter than those of wild-type mice by 8 weeks of age. These
mice also had fast-progressing degeneration®® (Figure 5B). Such mice exhibited severely
diminished levels of fatty acid retinyl esters in the eye (in contrast to overaccumulation of
these esters in Rpe65'~ mice) and blood, whereas the level of the substrate for LRAT, all-
trans-retinol, was reduced only slightly.#8 Selective ablation of the LRAT gene in the RPE of
mice also resulted in a significant reduction in retinyl ester production.® £rar’~ mice were
studied by electrophysiological methods under multiple conditions, and the data
demonstrated that ERG amplitudes had elevated thresholds and smaller amplitudes,
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suggesting severely attenuated rod and cone function probably due to a lack of visual
chromophore and loss of photoreceptor cells.

A different Lrar’~ mouse model, generated in cases in which the nea/loxP cassette was
removed to analyze the susceptibility to vitamin A deficiency, featured a 10-fold decrease in
serum retinol levels as well as undetectable retinol levels in most tissues.?! Retinyl ester
levels in the livers and lungs of these Lrar’~ mice were <0.2% of those measured in wild-
type mice.?1 Both mouse models provide evidence that retinol metabolism depends on
LRAT function, and loss of LRAT activity in the RPE results in retinal degeneration from a
lack of functional chromophore production.

Interestingly, recent work on short-wavelength opsin (S-opsin) in the Lrar’~ mouse revealed
a possible mechanism underlying photoreceptor degeneration. Fu et al. demonstrated that
cone photoreceptor degeneration in the model is dependent not only upon the presence of
LRAT and a functioning retinoid cycle but also upon the presence of S-cone opsin.52:53
Ablation of S-opsin actually slowed cone degeneration.>*

5. CURRENT THERAPIES AND DIAGNOSTICS

5.1. Oral Pharmacologic Intervention

The current goal for pharmacological treatment of LRAT-associated LCA involves the
replacement of the missing chromophore, 11-c/s-retinal. Murine and canine models of LCA
treated with 9-cis-retinyl acetate display partial preservation of photoreceptor
architecture.#2:45.55.56 The 9-cis-retinyl acetate compound is preferred over 11-cis-retinal,
because the 11-cisisomer is an unstable aldehyde making laboratory manipulation difficult.
9-cis-Retinyl acetate is converted in the body to 9-cis-retinal, which eventually combines
with rhodopsin and can photo-isomerize to initiate the phototransduction cascade.?’ Phase
1b clinical trial results were published in 2014 wherein replacement of the chromophore was
tested with 9-c/s-retinyl acetate administered orally for 7 days at either 10 or 40 mg/m? each
day for 1 week. Of the 14 patients treated, 10 (71%) exhibited improvement in their
Goldmann visual fields, 6 (43%) displayed improved visual acuity, and self or parent reports
revealed an improvement in daily living.%8 Two years after 9-cis-retinoid administration had
been discontinued, 11 subjects (79%) had returned to their baseline Goldmann visual field
test results and 10 (71%) to their former baseline visual acuity. The results of this study are
promising because 9-cis-retinyl acetate appeared to be effective, well-tolerated, and safe, as
evidenced by the improved visual function and absence of adverse side effects.

5.2. Gene Therapy

Although nonrandomized gene replacement to treat LCA-related RPE65 deficiency resulted
in improved visual function in multiple clinical trials, retinal degeneration persisted. Initial
optimism was due to successful short-term effects resulting from recombinant adeno-
associated viral vector (rAAV-hRPE65)-mediated gene transfer in canines affected with
RPE65 deficiency.>? Initiated in 2007, clinical trials assessed the safety of using rAAV-
hRPEBGS to replace a dysfunctional RPE65 gene. Besides monitoring toxicity and side
effects, multiple parallel experiments at several institutions measured the effects of RPE65
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gene transfer on visual acuity, visual field, nystagmus, pupillary light reflexes, dark
adaptation, microperimetry, and full field sensitivity testing.60-62

Clinical trials with a follow-up of at least 4 years in adults demonstrated modest efficacy
with high safety. Both rod and cone photoreceptor-based vision improved in the treated
areas. However, such visual improvement proved to be short-term as two independent
studies revealed that retinal degeneration still progressed with optical coherence tomography
(OCT), demonstrating thinning of the photoreceptor nuclear layer,63:64 and within 6 years of
treatment, areas of reported improvement had diminished in all three patients first treated.
The authors determined that degeneration continued at the same rate as in untreated areas,
and that the improvement seen soon after treatment was transient.

rAAV gene therapy also was investigated in the same line of Lrar’~ mice that helped
establish oral pharmacologic treatment with 9-cis-retinyl acetate.5® Through intraocular
injection of rAAV carrying the LRAT gene, the authors successfully restored ERG responses
in all treated mice to ~50% of wild-type levels, comparable to their results with oral 9-c¢i/s-
retinyl acetate treatment. Unfortunately, there currently is no human gene therapy for LRAT
causative LCA. Before human gene therapy is begun in patients with LCA14, a thorough
investigation of the natural history of LCA14 is required. Analysis of gene replacement
therapy should be initiated in a large animal model akin to those employed for RPE65
replacement therapy in the Swedish Briard/Briard-beagle model (see above); however, no
equivalent Lrar’~ model exists.56 Perhaps via replacement of the dysfunctional enzyme
prior to the onset of retinal degeneration, photoreceptor integrity and cell function could be
preserved.

For gene therapy to be considered effective, it must stop photoreceptor degeneration to
preserve remaining vision. Early therapies conducted in children are likely to be more
successful. We speculate that recent progress in gene therapy for RPE65related disease can
serve as a proof of concept for LRA7-LCA. Considering the key roles that LRAT and
RPEG65 play in catalyzing subsequent retinoid transformations in the retinoid cycle, using
shared techniques to treat either condition seems logical.

6. DISCUSSION

LRAT was first characterized as a retinyl ester synthase, catalyzing the formation of fatty
acid retinyl esters from retinol and PC. The enzyme was initially discovered in the intestine
and liver, and its clinical importance was attributed only to its role in the storage of dietary
vitamin A. Soon thereafter, it was characterized at the molecular level as catalyzing a crucial
step in the retinoid cycle. The protein is highly expressed in the liver and eye, where it is
critical for dietary vitamin A storage and regeneration of the visual chromophore in the
retinoid cycle. In the eye, it is specifically expressed in the RPE, and thus, lack of functional
LRAT resulted in diminished visual chromophore and eventual retinal degeneration.
Although LRAT is not expressed to the same extent as RPE65 or cellular retinaldehyde-
binding protein (CRALBP) in both rod-dominated (rat) or cone-dominated species (ground
squirrel) (Table 3), all three proteins are essential components of a functional retinoid cycle
(Figure 2A).
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LCA is a rare hereditary dystrophy, and LRAT (LCA14) is just one of 21 known LCA-
causing genes. To truly understand how point mutations in the LRAT gene could cause such
a debilitating blindness, the enzymology and substrate specificity of LRAT required greater
elucidation. Crystal structures of members of the LRAT-like protein family and a chimera
between HRASLS3 and LRAT identified a domain that allows LRAT to adopt its specificity
for retinol as its acyl acceptor. Removal of this domain from LRAT prohibited retinol from
accepting the acyl moiety, but addition of the domain to HRASLS3 allowed the heterologous
enzyme to adopt specificity for retinol as an acyl acceptor.

Multiple point mutations that provide clues about how the enzyme might not function
properly exist within the gene. Unfortunately, such mutations in the LRAT gene produce a
wide range of disease phenotypes observed in patients with LCA, and it is not yet clear how
these mutations are linked to a specific phenotype. Further insight into the structural features
of LRAT may provide clues about how to compensate for these mutations with small
molecular agents for more individualized medical care. At this point, however, gene therapy
remains the greatest hope for preventing blindness from LRAT-associated LCA.
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CRALBP cellular retinaldehyde-binding protein
cGMP cyclic GMP
ERG electroretinogram
HRASL S2 HRAS-like tumor suppressor 2
HRASLS3 HRAS-like tumor suppressor 3
IRBP interphotoreceptor retinoid-binding protein
LCA Leber congenital amaurosis
L RAT, lecithin retinol acyltransferase
fRMI functional magnetic resonance imaging
OCT optical coherence tomography
PC phosphatidylcholine
PDE6b phosphodiesterase 6b
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Estimated LCA prevalence associated with currently identified genes. LRAT is responsible
for <1% of known LCA cases, most of which lack a causative gene. CEP290and GUCYZ2D

are the most frequently mutated genes in humans with LCA.3
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Figure2.

Schematics of the retinoid cycle and LRAT enzymatic reaction. (A) Retinoid cycle
displaying the enzymatic conversion of all-frans-retinol (atROL) to 11-cis-retinal (11-c/s-
RAL). Absorption of a photon of light (4) by the visual pigment (11-c¢/is-RAL-opsin) causes
isomerization of the active state of rhodopsin (atRAL-opsin). Hydrolysis of the Schiff base
linkage then releases free all-trans-retinal (atRAL), which is subsequently reduced to atROL
and transported across the interphotoreceptor matrix where it is esterified by LRAT in the
RPE. All-trans-retinol can also be absorbed from the bloodstream via STRAG, providing a
substrate for LRAT. (B) LRAT functions as an acyltransferase with s/+1 specificity,
transferring an acyl moiety from phosphatidylcholine (PC) to the all-frans-retinol substrate.
For more chemical and biochemical details, see refs ® and 11,
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Figure 3.

LRAT exons overlaid with known mutations. (A) LRAT exons mapped to chromosome 4,
with known mutations associated with LCA. (B) Sequences of human HRASLS3,
HRASLS3/L RAT, and LRAT chimera were aligned with T-Coffee multiple-sequence
alignment available at the EMBL-EBI server. Both the conserved His residues and the six-
amino acid stretch containing the catalytic Cys residue are colored green. The LRAT-specific
domain is highlighted in teal. Point mutations associated with LCA are highlighted in red.
(C) Two-dimensional model of an HRASLS3/LRAT protomer showing the sites of naturally
occurring mutations associated with LCA. Residues in HRASLS3/LRAT occurring
downstream of the arrowhead (—>) are hypothetical due to truncation of the C-terminal a
helix to promote solubility. Point mutations associated with LCA are highlighted in gray.
The model is based on the crystal structure of the chimeric protein.28
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Figure 4.
Membrane topology of a HRASLS3/LRAT chimera with hydrophobic exposed active sites.

(A) Ribbon representation of a HRASLS3/LRAT chimera viewed in parallel with a plasma
membrane. Red and blue ribbons represent single protomers. Theoretical placement of the
C-terminal transmembrane a helices (TMH) spanning the lipid membrane is represented by
cylinders. (B) Two perpendicular views from underneath dimeric HRASLS3/LRAT. The
bottom view presents a hydrophobic surface map with the proposed membrane interaction
surface colored red. Surfaces of the molecules are colored according to their hydrophobicity.
Red corresponds to hydrophobic residues that largely comprise the LRAT-specific domain
and membrane-interacting surface. (C) Electron density of the acylated form of HRASLS3/
LRAT embedded within the hydrophobic active site. The acyl moiety is heptanoic acid
bound to Cys-125. Gray mesh represents a 2.2 A resolution oA-weighted 2/, — ~; electron
density map contoured at 1.6c. The green mesh represents the unbiased cA-weighted £, —
F¢ electron density map contoured at 3.5¢. The figures are adapted from the crystal structure
of the chimeric protein.28
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Figure5.

LRAT knockout murine models lack functional retinoids and display photoreceptor
degradation. (A) Retinoids were extracted from whole mouse eye and separated by normal
phase high-performance liquid chromatography. The peaks shown correspond to the
following retinoids: (1) 11-cis- and 13-cis-retinyl esters, (2) all-trans-retinyl esters, (3) 4”-
syn- and anti-all-trans-retinal oximes, (4) 3’-syn- and anti-11-c/s-retinal oximes, and (5) all-
trans-retinol. The chromatogram was generated as described by Batten et al 6 with
permission from the American Society for Biochemistry and Molecular Biology. Mice were
dark adapted for 48 h prior to ocular extraction. (B) P28 and P42 WTand Lrar’'~ mutant
mouse retinas were stained for cone pigments: middle- and long-wavelength sensitive (M/L)
opsin and short-wavelength (S) opsin are located only within cone cells.%® A perinuclear ring
(white arrows) indicates the endoplasmic reticulum where M/L opsin is synthesized. The
absence of these opsins in Lrat™~ models indicates degeneration of functional cone outer
segments. Abbreviations: OS, outer segment; IS, inner segment; ONL, outer nuclear layer;
OPL, outer plexiform layer. This figure is adapted from ref 49 with approval from The
Association for Research Vision and Ophthalmology.
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Table 1

List of LCA Causative Genes and Their Respective Functions?

gene function

AIPL1 (LCA4), GUCY2D (LCAL), KCNJ13 (LCA16) visual transduction

CEP290 (LCA10), IFT20, LCA5 (LCAS5), RPGRIP1 (LCAB), TULP1 (LCA15), SPATAT7 (LCA3) ciliary transport

ALMS1, CRB1 (LCA8), CRX (LCA7), GDF6 (LCA17), PRPH2 (LCA18) photoreceptor morphogenesis
IMPDH1 (LCA11), RD3 (LCA12) guanine biosynthesis
MERTK outer segment phagocytosis
RPEG5 (LCA2), RDH12 (LCA13), LRAT (LCA14) retinoid cycle enzymes
NMNAT1 (LCA9) nucleotide metabolism

aThe following genes encode proteins: AIPL, actin-interacting-like protein 1; GUCY2D, retinal guanylyl cyclase 1; KCNJ13, inward rectifier
potassium channel 13; CEP290, centrosomal protein of 290 kDa; IFT20, intraflagellar transport protein 20; LCAS5, lebercilin; RPGRIP1, RPGR-
interacting protein-like 1; SPATA7, spermato-genesis-associated protein 7; TULP1, tubby-like protein 1; ALMS1, centrosome- and basal body-
associated protein; CRB1, crumbs 1; CRX, cone-rod homeobox; GDF6, growth differentiation factor 6; PRPH2, peripherin; IMPDH1, IMP
dehydrogenase; RD3, retinal degeneration 3; MERTK, receptor tyrosine kinase; RPEG5, retinal pigmented epithelium isomerase 65 kDa; RDH12,
retinol dehydrogen-ase 12; LRAT, lecithin:retinol acyltransferase; NMNAT1, nicotina-mide nucleotide adenylyltransferase 1.
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Table 2
Known Mutations in LRAT That Cause LCA

nucleotidechange AA mutation no. of exons phenotype source
40_41delGAInsTT  E14L 2 34
Met73fs 3
A181T Y61D 2 34
217_218del AT 73 fs 2 LCA type 2 (RPE65) 36
A316G A106T 2 34
A342G E144E 3 LCA type 14 (LRAT) 36
C371T R109C 3 67
396delAA 133 fs 3 25
427_428delCG R143VfsX3 3 68
C518T P173L 3 67
519delG 1173SfsX12 3

A525T S175R 3 retinal degeneration 25
605G—A R190H 3 67
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