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Abstract

Vertebrate vision critically depends on an 11-c¢/s-retinoid renewal system known as the visual
cycle. At the heart of this metabolic pathway is an enzyme known as retinal pigment epithelium
65 kDa protein (RPE65), which catalyzes an unusual, possibly biochemically unique, reaction
consisting of a coupled all-#rans-retinyl ester hydrolysis and alkene geometric isomerization to
produce 11-cis-retinol. Early work on this isomerohydrolase demonstrated its membership to the
carotenoid cleavage dioxygenase superfamily and its essentiality for 11-c/s-retinal production

in the vertebrate retina. Three independent studies published in 2005 established RPE65 as the
actual isomerohydrolase instead of a retinoid-binding protein as previously believed. Since the
last devoted review of RPE65 enzymology appeared in this journal, major advances have been
made in a number of areas including our understanding of the mechanistic details of RPE65
isomerohydrolase activity, its phylogenetic origins, the relationship of its membrane binding
affinity to its catalytic activity, its role in visual chromophore production for rods and cones, its
modulation by macromolecules and small molecules, and the involvement of RPE65 mutations in
the development of retinal diseases. In this article, | will review these areas of progress with the
goal of integrating results from the varied experimental approaches to provide a comprehensive
picture of RPE65 biochemistry. Key outstanding questions that may prove to be fruitful future
research pursuits will also be highlighted.

Keywords

retinal pigment epithelium; visual cycle; isomerase; isomerohydrolase; non-heme iron enzyme;
photoreceptors; inhibitor; carbocation

1. Introduction and Scope

The retinal pigment epithelium 65 kDa protein (RPE65) is a critical component of the
vertebrate visual system, playing a non-redundant role in the visual cycle metabolic pathway
that regenerates visual chromophore, 11-cis-retinal, for rod and cone visual pigments.
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School of Medicine, Irvine, CA 92697 Phone: 949-824-6954, pkiser@uci.edu.
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Within this pathway, RPE65 catalyzes the hallmark #rans-c/s isomerization reaction, taking
all-trans-retinyl esters as substrates and converting them, through hydrolysis and alkene
isomerization, into 11-c/s-retinol. Owing to this dual catalytic activity, RPE65 is known

as an isomerohydrolase, although terms such as retinoid isomerase and retinol isomerase
are also in use. Interest in this enzymatic activity can be traced back to the late 1800’s

with the work of Boll and Kiihne on the mechanism of visual pigment regeneration in the
frog retina (Boll, 1876; Kuhne, 1878). The involvement of vitamin A derivatives in visual
pigment photochemistry was elucidated by George Wald and his colleagues who also first
described a basic sketch of the visual cycle (Hubbard and Wald, 1952; Wald, 1933, 1968).
Work during the 1980s and 90s biochemically established the existence of an isomerase
system in the RPE that operates on a retinoid in the alcohol oxidation state (Bernstein et al.,
1987; Bernstein and Rando, 1986; Canada et al., 1990; Stecher et al., 1999), which was later
determined to be all-#rans-retinyl ester (Moiseyev et al., 2003; Trehan et al., 1990). However,
it was not until the late 1990’s, through studies on Rpe65 knockout mice (Redmond et al.,
1998), that an essential role for RPE65 in the isomerohydrolase step of the visual cycle
began to be revealed. Controversies regarding its precise function in the visual cycle were
laid to rest by three studies published in 2005 demonstrating that RPE65 is the actual
isomerohydrolase (Jin et al., 2005; Moiseyev et al., 2005; Redmond et al., 2005) as opposed
to a mere retinyl ester-binding protein. For further details of the early history of research on
RPEG65 and the visual cycle in general, the reader is referred to prior reviews on this subject
(Kiser and Palczewski, 2010; Ripps, 2008; Wright et al., 2015).

The RPEG5 protein is also of major clinical interest owing to its involvement in retinal
diseases as well as its identification as a target for pharmacologic inhibition. RPE65 was
one of the first genes to be linked to the development of recessive Leber congenital
amaurosis (LCA) and non-syndromic recessive retinitis pigmentosa (RP) (Gu et al., 1997;
Marlhens et al., 1997), which triggered early efforts to develop a gene therapy for these
conditions (Acland et al., 2001). These efforts culminated in the FDA-approval of the
AAV-based RPE65 gene therapy (the first such approval for an inherited disease), voretigene
neparvovec-rzyl, for the treatment of LCA/RP resulting from biallelic loss of function
RPEG65 gene mutations (Russell et al., 2017). For more details on the topic of RPE65 gene
therapy, the reader is referred to several recent articles (e.g. Garafalo et al., 2020; Maguire et
al., 2021).

Interestingly, the normal operation of RPE65 within the visual cycle pathway was shown
to be critical for susceptibility of the retina to light damage (Grimm et al., 2000; Wenzel
et al., 2001) and has been hypothesized to be a driver of disease progression in Stargardt
disease and possibly age-related macular degeneration (reviewed in Travis et al., 2007).
These findings have prompted efforts from several academic and industrial laboratories
to develop therapeutic RPE65 inhibitors. Although the ultimate clinical utility of these
inhibitors remains to be seen, they have proven to be valuable tools for understanding the
enzymology of RPE65 as well as its physiological functions in the retina as described in
detail later in this article.

Since the last devoted review of the RPEG5 protein appeared in this journal in 2010 (Kiser
and Palczewski, 2010), major advances have been made in understanding nearly all aspects

Prog Retin Eye Res. Author manuscript; available in PMC 2023 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kiser

Page 3

of RPEG5 structure and function. In this article, | will provide an update on progress

made in understanding RPE65 biochemistry and enzymology, its phylogenetic origins, its
pharmacology and role in visual cycle physiology, and its involvement in retinal disease with
an emphasis on studies published within the last decade.

2. Overview of the Classical Visual Cycle

To provide a context for RPE65 functionality in the retina, | will provide a brief overview
of the vertebrate visual cycle. For more details, the reader is referred to prior comprehensive
reviews (Kiser et al., 2014; Lamb and Pugh, 2004, 2006; Saari, 2012).

The mechanism of initial light detection and the continuous regeneration of this detection
system within the vertebrate eye constitute a conserved, vitamin A-dependent biochemical
system known as the visual cycle or retinoid cycle. The cycle begins when light passing
through the photoreceptor layer of the retina is absorbed by opsin-based visual pigments,
which include the rod pigment rhodopsin and the cone opsin pigments. Common to all of
these photoreceptive molecules is the vitamin A-derived visual chromophore 11-c/s-retinal,
which is covalently attached via a Schiff-base linkage to an interior lysyl residue of the
opsin moiety (Palczewski, 2006; Zhong et al., 2012). Light absorption by the chromophore
results its photoisomerization to an all-frans configuration, which triggers conformational
changes in the opsin necessary for initiation of phototransduction (Hofmann et al., 2009).
The light-activated visual pigment hydrolytically decays, potentially after passing through
additional photointermediates, to yield free all-frans-retinal, which must be rapidly cleared
and replaced with fresh 11-cis-retinal in order for vision to remain continuous and to avoid
the intrinsically toxic effects of free retinal or constitutive opsin signaling activity. The
recycling of all-frans-retinal back into 11-c¢/s-retinal is accomplished through several steps
catalyzed or otherwise facilitated by enzymes, transporters and retinoid-binding proteins
located in photoreceptors and the adjacent retinal pigment epithelium (RPE) (Figure 1).

Briefly, all-trans-retinal released from bleached visual pigments is reduced within the
photoreceptor outer segments by retinol dehydrogenase 8 (RDH8), among other all-trans-
RDHs, and trafficked to the RPE where it is esterified by lecithin:retinol acyltransferase
(LRAT) (Batten et al., 2004). The resulting all-frans-retinyl esters (mainly palmitoyl esters)
can be stored in lipid droplet-like organelles called retinosomes or further processed
(Imanishi et al., 2004a). The “hallmark” trans-cis isomerization step of the renewal phase of
the visual cycle is catalyzed by RPE65 (Jin et al., 2005; Moiseyev et al., 2005; Redmond

et al., 2005). Specifically, RPE65 converts all-frans-retinyl esters, through a concurrent
hydrolysis and isomerization reaction, into 11-cis-retinol and a free fatty acid. This reaction
is biochemically notable for its involvement of two distinct chemical transformations,
isomerization and hydrolysis, which has led to RPE65 being termed an isomerohydrolase
reflecting its dual catalytic function. The 11-c/s-retinol formed by RPEG5 is subsequently
oxidized within the RPE by 11-c/s-retinol dehydrogenase enzymes (RDH5 and other 11-cis-
RDHSs) (Jang et al., 2001) and then shuttled back to the photoreceptor outer segment to
regenerate ground-state visual pigments, thus completing the cycle.

Prog Retin Eye Res. Author manuscript; available in PMC 2023 May 01.
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3. RPEG65 Phylogenetics: A Carotenoid Cleavage Enzyme Turned
Isomerohydrolase

RPEG65 belongs to a superfamily of enzymes known as carotenoid cleavage dioxygenases
(CCDs), a discovery made following the cloning of the first functionally characterized CCD
enzyme from Zea mays, known as viviparous-14 (VP14) (Schwartz et al., 1997). Realization
of this homologous relationship of RPE65 to a known carotenoid-metabolizing enzyme (Tan
et al., 1997) together with the visual cycle blockade found in Rpe65~~ mice (Redmond et
al., 1998) provided the first clues as to the function of RPEG5 in retinoid metabolism.

CCDs are broadly distributed in nature, involved in diverse physiological processes, and
likely have an ancient history in generating retinal chromophore for both type 1 and type 2
opsin proteins (Ernst et al., 2014; Giuliano et al., 2003; Wyss, 2004; Zhong et al., 2012).
These enzymes are characterized by a conserved 7-bladed p-propeller fold and a set of
His/Glu residues that coordinate an Fe(ll) prosthetic group (Kloer et al., 2005). As is evident
from their name, CCDs typically catalyze oxygenolysis of carotenoids at specific alkene
sites, although some cleave the non-aromatic alkene bond of phenylpropanoids such as
resveratrol and isoeugenol (Kamoda and Saburi, 1993; Kiser, 2019). This catalytic activity
is dependent on ferrous iron as shown in the first biochemical characterization of Zea mays
VP14 (Schwartz et al., 1997).

Besides RPE65, most vertebrate genomes encode two additional CCDs, which are known
as beta carotene dioxygenases (BCO) 1 and 2 (von Lintig et al., 2021) (Figure 2). These
enzymes catalyze the cleavage of carotenoids or apocarotenoids by O, at their 15-15” and
9-10 (and/or 9°-10") double bonds, respectively. In marked contrast, the isomerohydrolase
reaction catalyzed by RPE65 does not appear to require an O, co-substrate and is non-redox
in nature. This intriguing change in catalytic activity, which is likely to have been a key
event in the development of a visual system capable of operating in scotopic conditions
(Lamb, 2013), has prompted efforts by different groups to understand when RPE65 first
appeared during evolution.

It was clear early on that RPEG65 is universally found in all jawed vertebrates and is a highly
conserved protein both in terms of amino acid sequence identity as well as sequence length.
Phylogenetic studies conducted in the late 2000’s suggested the presence of an RPE65
ortholog in the tunicate Ciona intestinalis (Ci-RPEG5) (Takimoto et al., 2006; Takimoto et
al., 2007), which is an invertebrate organism but with several proto-vertebrate characteristics
(Corbo et al., 2001; Delsuc et al., 2006). These findings consequently suggested that

the visual cycle developed in advance of rod photoreceptors, which are thought to have
originated in the vertebrate last common ancestor during the Cambrian era (Asteriti et

al., 2015). An important limitation of this investigation was its lack of direct functional
demonstration of isomerohydrolase activity in this supposed RPE65 ortholog. Additionally,
Ci-RPEB5 exhibited only marginally greater sequence identity to human RPEG5 (36.5%)
than to human BCO1 (36.3%), in sharp contrast to the highly conserved nature of vertebrate
RPEG65 orthologs.

Prog Retin Eye Res. Author manuscript; available in PMC 2023 May 01.
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The issue of RPE6G5 evolutionary origins was reexamined a few years later by two different
groups. A phylogenetic analysis carried out by Albalat revealed that Ci-RPE65 did not group
among vertebrate RPE65 sequences (Albalat, 2012). Poliakov, Redmond, and colleagues,
using similar phylogenetic methods, arrived at the same conclusion that Ci-RPEG65 is not

a true RPEG5 ortholog (Poliakov et al., 2012). These investigators also directly showed

that Ci-RPEBGS5 is in fact a carotenoid cleaving enzyme rather than an isomerohydrolase.

A later analysis of cephalochordate genomes also did not reveal any potential RPE65
orthologs, strongly suggesting that RPE65 was absent in the chordate last common ancestor
(Poliakov et al., 2017). Poliakov and colleagues went on to demonstrate the presence of
functional RPE65 and LRAT orthologs in the sea lamprey (Petromyzon marinus), which
belongs to the cyclostome vertebrate lineage that diverged from jawed vertebrates about

550 Ma (Miyashita et al., 2019; Poliakov et al., 2012). Recently, Dong and Allison

have demonstrated that Pacific Hagfish (Eptatretus stoutii), belonging to the other major
lineage of jawless vertebrates, also express RPE65 within their retinal (non-pigmented)
epithelial cells (Dong and Allison, 2021). Taken together, these studies have shown that
RPEG65 activity characteristic of the classical visual cycle is an innovation unique to the
vertebrate lineage. However, it remains unclear whether RPE65 and the other classical
visual cycle components evolved in advance of, or contemporaneously with, rhodopsin and
rod photoreceptors. Additionally, the exact number and sequence of gene duplications and
subsequent subfunctionalization and neofunctionalization events that occurred at the base of
the vertebrate lineage remains unclear (Poliakov et al., 2020). For example, phylogenetic
analyses conducted to date have not unambiguously resolved the relationships between the
vertebrate CCD clades, which may suggest that these three lineages arose close in time from
a common ancestral sequence, possibly through whole genome duplication(s) that occurred
early in vertebrate evolution (Dehal and Boore, 2005).

To gain insights into the molecular changes that enabled neofunctionalization of the RPE65
gene lineage, Albalat and Poliakov and colleagues used two different approaches to identify
RPEG65-specific residues that could confer differential activity relative to BCO1/BCO2.
Albalat identified 12 such residues based on their conservation in RPE65 orthologs relative
to BCO1/BCO2 proteins and their involvement in RPE65-associated RP/LCA. Poliakov and
colleagues found 7 residues based on a divergence comparison to BCO2 proteins. Most

of the residues identified in the latter study are found outside of the active site pocket
leading the authors to speculate that changes at these positions indirectly fine-tune active
site residues to allow for RPE65-specific functions. Residues identified by Albalat are
mostly located within the beta-propeller core or clustered on the outside of the helical cap
near the membrane binding surface. Notably, the agreement between these studies on the
exact residues that are adapted for RPE65 functions is poor, likely reflecting the different
methodologies and specific sequences used to make the determinations (Figure 2B).

RPEB65-specific residues and those common to vertebrate CCDs in general can also be
identified by considering the shared and derived character states among the three groups
of vertebrate CCDs. Figure 2A presents an alignment of the consensus sequences for
RPE65, BCOL1, and BCO2 along with a structurally characterized metazoan-like archaeal
CCD from Nitrosotalea devanaterra (NaCCD) (Daruwalla et al., 2020) included as an
outgroup sequence to polarize the character set (Figure 2C). In this representation, capital
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letters in the consensus sequences indicate highly or absolutely conserved residues (/.e.

all positive matches of the consensus residue within the alignment column based on

the BLOSUMG62 matrix) across diverse gnathostomes and cyclostomes, lower case letters
indicate incompletely conserved consensus residues, and “x” represents a position that fails
to meet the plurality rule for consensus residue assignment.

RPEG65 shares a number of conserved sequence motifs with its carotenoid-cleaving paralogs.
These include: 1) the 4-His/3-Glu iron binding motif (blue and magenta stars in Figure 2A,
respectively) that unites the CCD superfamily, 2) a highly conserved ‘FDG’ motif (Poliakov
et al., 2009) that is positioned near the iron center, 3) the ‘PDPC(K)’ motif (Poliakov et al.,
2017) conserved in metazoan CCDs and partially conserved in MaCCD, which constitutes
the initial region of a long flexible sequence believed to help mediate membrane binding
(Hamel et al., 1993b; Kiser et al., 2009), and 4) an extended chordate-specific sequence that
mediates dimerization in RPE65 (Kiser et al., 2012).

The alignment also reveals a number of character states that are specific to RPE65 (/.e.
RPEB65 synapomorphies). Here, an ‘RPE65-specific’ character is defined as one that is

/. absolutely conserved in one state among the examined RPE65 orthologs, /. highly

or absolutely conserved (i.e. meeting the capitalization criteria described above) in states
different from that of RPEG5 in both BCO1 and BCO2 orthologs with no instances of the
RPEG65 character state present in the BCO1/BCO2 sequences used for the analysis, and /7.
present in a state other than the one found in RPEG5 in MaCCD. Of note, NinaB was not
used as the outgroup sequence for this analysis since it also possesses C11-C12 isomerase
activity, which may reflect convergent evolution of the NinaB and RPE6G5 sequences to
achieve this common activity. This simple but stringent definition pinpoints characters
under strong selective pressure for differential functions (catalytic or otherwise) between
RPEG65 and BCO1/BCO2 proteins. The RPE65 synapomorphies that meet this definition are
Leu®0, GIn®4, Thr86, Leul68, Val240, phe264 Trp268. Thr3l7 | eu?39, Val®24 (red triangles in
Figure 2A). Alignments including other invertebrate CCD sequences such as Ci-RPE65 or
Ci-BCO1 showed that the identified RPE65-specific characters are robust to the choice of
outgroup, with the possible exception of Leul68 where the equivalent site in Ci-BCO1 is
also found in the Leu character state. At least some of these RPE65-specific character states
are likely to underlie the unique substrate specificity and isomerization capacity found in
the RPEG5 lineage. The structural and functional relevance of these residues will be further
considered in Sections 5.5 and 6.

4. RPEG65 Cellular Biology

4.1 Retinal Cell Specificity of RPE65 Expression

Consistent with its assigned name, the expression of RPE65 has been found to be restricted
to the RPE in many studies (Bavik et al., 1992; Hamel et al., 1993a; Hemati et al., 2005;
Jacobson et al., 2007; Kiser, 2010; Nicoletti et al., 1995; Redmond, 2009; Seeliger et

al., 2001). However, RPE6G5 expression has also been reported in cone photoreceptors at
both the mRNA (Ma et al., 1998) and protein (Tang et al., 2011a; Tang et al., 2011b;
Znoiko et al., 2002) levels, which led to speculation that RPE65 may be involved in cone-
specific visual cycle pathways. This hypothesis was directly tested in a study by Kolesnikov
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and colleagues using transgenic mice expressing RPE65 under control of a cone-specific
promoter (Kolesnikov et al., 2018). Despite achieving high-level transgenic expression of
RPEG65 within cones, electrophysiological recordings from these mice did not reveal any
augmentation of cone photoresponses and in fact showed a slight delay in dark adaptation.
The authors concluded that RPE65 does not serve a functional role in cone-specific visual
chromophore regeneration pathways.

All studies reporting RPE65 expression in cones relied on the ‘PETLET’ rabbit polyclonal
antibody (Redmond and Hamel, 2000), which was generated against residues 150-164 of
the human/bovine RPEG5 sequence. Although specificity of this antibody for RPE65 was
reported (Redmond and Hamel, 2000; Znoiko et al., 2002), the fact that it is polyclonal
raises the possibly that it could recognize non-RPEG5 antigens. Using monoclonal RPE65
antibodies, we and others have not observed the presence of RPE65 in cone photoreceptors
of mixed BL6/129 or BALB/c mice (Hemati et al., 2005; Kiser, 2010). It was suggested that
RPEG65 expression level in cones is dependent on the mouse strain used for experiments,
with C57BL/6 and BALB/c mice having the highest and lowest (non-detectable) cone
expression, respectively (Tang et al., 2011b). However, this idea is in conflict with the
original study describing cone photoreceptor RPE65 expression, which reported strong
RPEG65 signals in the cones of BALB/c mice (Znoiko et al., 2002). Additionally, the cone
photoreceptor reactivity in these studies exhibited variable localization in different species,
which is unexpected for an enzyme with a putatively conserved function in the retina (Tang
etal., 2013).

Given the conflicting immunohistochemical data on RPE65 expression in the neural retina, it
is informative to consider results from orthogonal methods that inform on RPE65 expression
in cone photoreceptors. In particular, the availability of retinal gene expression data obtained
by single-cell RNA sequencing (RNAseq) has helped clarify the distribution of RPEG5 in
the retina. Studies in both humans (Cowan et al., 2020) and mice (Hoang et al., 2020;

Voigt et al., 2019) have shown that RPE65 is expressed in virtually all RPE cells at a
relatively high level whereas expression in cones was not above background levels. A

novel Rpe65CTeERTZ mouse line has also provided information on Rpe65 expression in the
retina (Choi et al., 2021). In this mouse line, an inducible Cre recombinase (CreERT2)

is co-translationally expressed with Rpe65 under control of the native Rpe65 promoter.

We crossed this mouse with the mT/mG Cre reporter strain (Muzumdar et al., 2007),

which undergoes an irreversible switch in expression from red fluorescence protein (mT) to
green fluorescence protein (mG) following Cre-mediated LoxP recombination. This reporter
system concept, which is widely used in the neuroscience community (Guenthner et al.,
2013), thus serves as a sensitive test for Rpe65 promoter activity, since Cre expression
driven by the native promoter at any time during the induction period leads to permanent
fluorescent marking of the cell. Consistent with the RNAseq data mentioned above, we did
not observe fluorescent marking of cone photoreceptors in any of the retinal sections or
wholemounts examined (Figure 3).

Considered together, the current data strongly suggest that RPE65 expression in the eye is
confined to the RPE. The variously localized signals associated with cone photoreceptors in
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prior immunohistochemical studies may be the result of off-target antigen recognition by the
polyclonal antibody preparation used in those studies.

4.2 Subcellular Localization and Dynamics

Within the RPE, the RPEG5 protein is localized to the cytoplasm of the cell body and is
excluded from the apical processes (Huang et al., 2009). RPE65 has long been understood
to associate with RPE microsomal membranes derived from smooth endoplasmic reticulum
(Bavik et al., 1992; Hamel et al., 1993a) although the exact nature of this interaction

has been a highly contentious subject (reviewed in Kiser and Palczewski, 2010). Data
available to date indicate that the intrinsic affinity of RPE65 for membranes arises from 1)
hydrophaobic and cationic patches on its surface (described in detail in Section 5.4) and 2)
cysteine palmitoylation at position 112 which provides an additional hydrophobic anchor to
the protein (Kiser et al., 2009; Kiser and Palczewski, 2010; Takahashi et al., 2009; Uppal
et al., 2019a; Uppal et al., 2019b). Notably, cysteine palmitoylation at the equivalent site in
BCO2 has also been reported (Uppal et al., 2020).

In many databases (e.g. OMIM), RPEG5 is annotated as existing in membrane-bound and
soluble forms (MRPE65 and sRPE65) which differ in their palmitoylation status. This
nomenclature was introduced by an influential (but now largely disproven) study purporting
that RPE65 membrane localization and activity are controlled through a “palmitoylation
switch” mechanism (Xue et al., 2004). Under the assumption that these two forms of
RPEG65 are physiological, it was previously speculated that “sRPE65” could play a role

in mobilizing retinyl esters or retinol from retinosomes delivering them for metabolism in
the smooth ER (Imanishi et al., 2004b; Lamb and Pugh, 2004; Lyubarsky et al., 2005).

This hypothesis is appealing considering the fact that retinyl esters massively accumulate

in Rpe65~~ mice (Redmond et al., 1998) driven by the continual influx of retinol from the
circulation (Qtaishat et al., 2003), which is suggestive of a mobilization defect. However,
fluorescence microscopy (Imanishi et al., 2004a) and proteomic/lipidomic (Orban et al.,
2011) studies of bovine RPE retinosomes revealed that RPE65 does not appreciably
associate with the retinosomes, contrary to the idea that it might bind and extract retinoids
from this organelle. It thus remains an outstanding question why retinyl esters accumulate at
such high levels in Rpe65~~ mice (Imanishi et al., 2004a; Redmond et al., 1998), and to a
lesser extent in Rpe65hypomorphs (Li et al., 2015; Sheridan et al., 2017).

A related unresolved question is how stored retinyl esters are eventually returned or
reformed in the smooth ER for metabolism by RPE65. Studies on traditional lipid droplets
containing triglycerides or cholesterol esters have identified three pathways for liberation
of the stored lipids (Welte and Gould, 2017): 1) surface-associated hydrolases that extract
and cleave core lipids thus releasing them into the cytosol (Zimmermann et al., 2004), 2)
autophagy of the storage bodies (lipophagy) in which endocytic acid hydrolases mediate
release of the lipid (Singh et al., 2009), and 3) direct release of core lipids into the organelle
membranes via contact sites (Olzmann and Carvalho, 2019). Since RPEG65 involvement as
a direct lipid droplet hydrolase appears to be ruled out by the data described above, its
involvement in retinosome homeostasis may be more indirect. For example, the processing
of retinyl esters by RPE65 and subsequent protected shuttling of 11-¢/s-retinoid by other
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visual cycle components could be critical for limiting retinoid access to the powerful
acyltransferase activity of LRAT (Figure 1) thus allowing their efflux or elimination from
the RPE or retina.

Despite the flaws of the “palmitoylation switch” study, the ideas that RPE65 palmitoylation
and localization are dynamically regulated have received support from a few studies over
the past decade. Recent studies by Uppal and colleagues have revisited the issue of RPE65
palmitoylation using mass spectrometry-based approaches (Uppal et al., 2019a). These
investigators found that dynamic palmitoylation of RPE65 at Cys112 plays a crucial role in
its proper localization to endoplasmic membranes with the extent of palmitoylation being
affected by the activity of LRAT. However, it was shown in prior work that treatment

of native bovine RPE microsomal membranes with the thioester-cleaving compound,
hydroxylamine, does not appreciably solubilize RPE65 (Golczak et al., 2010). Additionally,
it was shown that loss of LRAT activity does not impact RPE65 membrane association (Jin
et al., 2007). A potential unifying explanation for these collective findings is that Cys112
palmitoylation could be involved in the initial trafficking of RPE65 to the endoplasmic
reticulum membrane but is less essential for maintenance of RPE65 membrane affinity,
which instead could be mediated primarily by its intrinsic structural elements. Uppal and
colleagues also found evidence for RPE65 palmitoylation at Cys146, although RPE65
crystal structures show this residue being buried within a rigid region of the protein and
hence poorly accessible for an acyl transfer reaction.

Another study examined the role of the Usher syndrome 1B-associate myosin motor protein,
MYOT7A, on RPEG65 expression and localization (Lopes et al., 2011). The authors found that
wild-type mice exhibit a change in RPEG5 localization upon light exposure. Specifically,
RPEB5 is localized throughout the RPE cell body under dark conditions but relocates

to the central, smooth endoplasmic reticulum-rich, portion of the RPE cell upon light
exposure. This relocation was not observed for Myo7a-mutant mice. Moreover, RPE65
levels were significantly lower in Myo7a-mutant mice as compared to wild-type controls,
leading to elevations in all-trans-retinyl ester levels as well as resistance to light-induced
retinal damage. The authors suggested that altered RPE65 trafficking in Myo7a-mutant
mice may target the protein for degradation. MYOT7A is known to play a key role in the
transport of membranous structures including melanosomes and phagosomes and it has been
proposed that its function may extend to transport of smooth ER membrane structures,
similar to the function of MYQOS5 (Williams and Lopes, 2011). Further study on the precise
subcellular structures and mechanisms involved in this light-dependent RPEG5 translocation
phenomenon are needed to elaborate its function.

5. Structural Biochemistry of RPE65

5.1 Overview

The crystal structure of RPE65 was first resolved in 2009 revealing the details of its
active site structure and oligomeric state (Kiser et al., 2009). Like other CCD superfamily
members, RPEG5 adopts a 7-bladed p-propeller fold capped on its top face by a mostly
alpha-helical dome that covers the catalytic iron center and forms the substrate binding
pocket. Notable features of the RPEG5 structure include 1) an iron center coordinated
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by a 4-His/3-Glu motif with marked structural similarity to carotenoid-cleaving CCDs, 2)
the presence of a hydrophobic/cationic patch on the protein exterior that is believed to
mediate the binding of RPEG5 to phospholipid membranes, 3) a predominantly hydrophobic
tunnel leading from the hydrophobic patch into the interior of the protein forming the
presumed active site, and 4) the formation of a dimeric assembly mediated by a sequence
insertion uniformly present in vertebrate CCDs (Figure 2). These features have served

as foci for further study by crystallography and complementary structural approaches as
detailed in the next section. It is notable that to date only RPE65 obtained from a native
source, bovine RPE microsomes, has been amenable to crystallization despite efforts by
our laboratory, and presumably other laboratories, to crystallize heterologously expressed
protein. This experimental restriction has prevented direct mutagenesis studies that are
typically performed to elucidate structure-function relationships. To help circumvent this
difficulty, our laboratory has focused on using information from RPE65 homologs and
chimeras to provide insights into the roles of specific residues in RPEG5 catalysis as well as
the structural effects of pathogenic mutations (see Section 11).

5.2. RPEG65 Molecular Architecture and Iron Center

The original RPEB5 crystal structure determination in space group P65 revealed that RPE65
adopts a 7-bladed p-propeller fold with single-strand extensions on blades VI and VIl and a
two-strand extension on blade 111 (Kiser et al., 2009) (Figure 4A). Sitting on top of this beta
propeller core is a group of 7 alpha-helices, 2 short beta-sheets and other irregular secondary
structure elements that together form the membrane-binding surface and catalytic active

site of the enzyme (Figure 4B). Like many other non-heme iron proteins, RPEGS5 likely
acquires its iron cofactor from buffered intracellular iron stores (Foster et al., 2014), which
are abundant in the RPE (He et al., 2007). The iron center sits at the interface of these two
structural regions being coordinated by the strictly conserved 4-His/3-Glu motif introduced
in Section 3. The inner sphere is composed of the 4 His residues (180, 241, 313, and 527),
with the latter three forming hydrogen bonding interactions with Glu residues 148, 417, 469,
which form an anionic outer sphere (Figure 4C). A noteworthy feature of the coordination
system is that each blade of the propeller structure contributes exactly one element to

the iron coordination sphere. The primary sphere His ligands thus occupy four positions
within the iron coordination sphere with a geometry that can be described as an incomplete
octahedral or square/trigonal pyramidal structure. The iron center geometry and coordination
state is further influenced by the nearby Val!34 side chain which is oriented with one of

its methyl groups positioned close (~4.6 A) to the iron trans to His313, effectively blocking
coordination at this site. While the presence of a non-protein ligand bound to iron trans

to His®27 was apparent from the original RPE65 structure determinations, its identify was
initially ambiguous.

The RPEBGS5 iron center has been further investigated by X-ray absorption spectroscopy
(XAS) which revealed a 5-coordinate (or distorted 6-coordinate) Fe!' center with an average
Fe-His bond length of 2.15 A (Kiser et al., 2012). The presence of Fe!! in the native enzyme
structure is consistent with prior biochemical work showing a dependence of RPEG5 activity
on ferrous iron (Moiseyev et al., 2006). Crystals structures and XAS data from highly
diverse RPE65 homologs have shown that the structure of the iron center is highly conserved
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across the entire superfamily (Daruwalla et al., 2020; Kloer et al., 2005; Messing et al.,
2010; Sui et al., 2017). Consequently, it has become clear that the isomerohydrolase activity
of RPEG5 did not arise from a fundamental change to the iron center structure. The XAS
data together with later crystallographic studies have shown that the iron center is frequently
found in complex with the carboxylate group of a palmitate ligand, indicating that the iron
center has been repurposed in RPEB5 to bind and polarize the ester moiety of retinyl ester
substrates, described in more detail in Section 5.5. This observation implies that other CCDs
could also display hydrolase activity upon encounter of an appropriate substrate, although
such activity remains to be demonstrated.

The identification of alternative RPE65 crystallization conditions has facilitated more
recent detailed investigations into its structure. The originally identified crystallization
conditions produced a high percentage of merohedrally twinned crystals of limited value
for investigating novel structural features (Golczak et al., 2010). Recently, we have found
new, highly reproducible conditions that eliminate the twinning susceptibility and routinely
give rise to crystals diffracting to < 2 A resolution (Blum et al., 2021). Additionally, novel
crystallization conditions have helped resolve previously poorly ordered regions of the
protein. For example, crystallization of RPE65 under alkaline conditions with low molecular
weight polyethylene glycols revealed an alternative A~terminal conformation with the chain
packed against a cusp formed by the fifth blade of the beta-propeller (Zhang et al., 2015).
The improved electron density for this region showed an apparent loss of the initiator Met
residue and its replacement with an acetyl group, thus indicating that RPEG5 is subject to
N-terminal methionine excision with subsequent acetylation of the following Ser residue,
both of which are common protein modifications (Giglione et al., 2004; Ree et al., 2018).

Dimeric Structure

In all crystal structures of RPE65 determined to date, the protein is found as a dimeric
assembly mediated primarily by the vertebrate-associated two-strand extension of the third
propeller blade (Figure 4D). The dimer has a number of properties that suggest it is relevant
in vivo. First, it is two-fold symmetrical and symmetrical assemblies are known to be

the rule in physiological homooligomeric protein complexes (Goodsell and Olson, 2000).
Second, the dimeric arrangement places the membrane-binding residues and active site
entrances on the same face of the assembly as required for it to be functionally significant.
Third, the dimer forms independent of crystallization conditions or space group symmetry
which argue against it being a crystallization artifact. Finally, computational analyses of

the ~1,563 A2 dimer interface with the PISA (Krissinel and Henrick, 2007) and EPPIC
(Bliven et al., 2018) servers both indicate the dimeric structure is thermodynamically stable.
Functionally, the presumed enhanced membrane affinity of the dimer as compared to the
monomer could promote the necessary extraction of retinyl ester substrates thus enhancing
catalytic activity. Such parallel dimer arrangements are commonly observed for monotopic
membrane proteins (Allen et al., 2019; Bracey et al., 2004).

A prior size-exclusion chromatography (SEC) experiment suggested that detergent-
solubilized RPEG5 is monomeric in solution (Kiser et al., 2009). However, in retrospect, too
much weight was probably given to this experiment given the propensity of SEC to produce
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inaccurate absolute molecular weight estimates. Future SEC coupled with multi-angle light
scattering (SEC-MALS) or analytical ultracentrifugation experiments are required to provide
an accurate assessment of the RPE65’s oligomeric state in solution. Additional studies

will be required to confirm whether the dimeric assembly exists under /in vivo conditions.
Knowledge of the RPE6G5 oligomeric state could help explain some of its biochemical
properties and contribute to our understanding of the pathology associated with a dominant-
acting RPE65 mutation (see Section 11.3).

Interaction with the Membrane

RPEG65 is well known to bind phospholipid membranes and is best thought of as a
monotopic integral membrane protein based on its preferential extraction with detergents
and the requirement of phospholipid membranes for its activity (Golczak et al., 2010;
Nikolaeva et al., 2009). The original structural studies of RPE65 identified a patch of
surface-exposed hydrophobic and positively charged amino acid side chains located near the
entrance to the active site tunnel of the protein that could serve to anchor the protein to

the smooth ER membrane. Similar hydrophobic patches have been found in all carotenoid-
cleaving CCD structures determined to date whereas their sizes and constituent residues
are variable (Daruwalla et al., 2020; Kloer et al., 2005; Messing et al., 2010). In RPEG5,
the surface-exposed hydrophobic patch is formed by residues 109-126, 196-202, 234-236,
and 261-272, although their precise conformations were originally not well determined
owing to disorder and consequent weak electron density support. It is notable that the
detergent-solubilized RPEG5 used for the original crystallization study was catalytically
inactive, which may have been caused, at least in part, by detergent-induced destabilization
of the membrane-binding regions.

To gain further insights into the roles of the membrane-binding residues in supporting
RPEG65 activity, we crystallized a catalytically active form of RPE65 obtained directly from
bovine RPEG5 microsomes solubilized with low levels of detergent (Kiser et al., 2012). The
resulting lipid embedded crystals featured an unusual crystal packing arrangement in which
sheets of RPE65 molecules were separated by a ~20-30 A gap extending in two dimensions
throughout the crystal with no direct protein—protein contacts between sheets (Figure 5A).
These gaps were postulated to be filled with mixed micelles or bilayer-like lipid—detergent
sheets lacking defined electron density owing to their fluidity. The arrangement of RPE65
molecules in the unit cell with their membrane-binding surfaces facing the lipid/detergent-
filled gap is consistent with this interpretation. In this native-like membrane environment,
the membrane-binding residues were well ordered and exhibited novel conformations that
likely support the catalytic function of the protein. As compared with the originally
determined RPEB5 structure, residues 196-202 were flipped by ~90° allowing them to
adopt a more ideal p-sheet structure packing against blade Il of the p-propeller (Figure.
5B). This conformation positions the Phe1% side chain deeper into the active-site tunnel.
Additionally, residues 263-271 adopted an unwound conformation in the lipid-embedded
structure, resulting in loss of their alpha-helical structure found in the original structure

and positioning of the Phe254 and Trp268 side chains close to the active-site entrance. This
loss of alpha-helical structure is consistent with circular dichroism spectroscopy studies that

Prog Retin Eye Res. Author manuscript; available in PMC 2023 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kiser

Page 13

found similar structural differences in membrane-bound vs. detergent-solubilized RPE65
(Nikolaeva et al., 2011).

An analysis of the RPE65-membrane interaction with the OMP server (Lomize et al., 2012)
predicts that the protein is embedded in the lipid bilayer at a depth of ~4 A with the dimer
axis oriented parallel to the membrane normal. As described in more detail in Section 5.5.,
this membrane penetration is likely essential to allow the extraction of retinyl esters from the
membrane in the correct orientation.

The structure of residues 109-126 remained poorly defined in the lipid-embedded RPE65
crystal, although a stretch of weak electron density originating from these residues that
runs parallel to the membrane surface suggests this region could be appropriately positioned
to contribute to RPE65 membrane binding. Indeed, the ‘PDPC(K)’ sequence motif whose
Cys112 residue is palmitoylated as described in Section 4.2., constitutes the N-terminal
region of this loop providing further evidence that this sequence is in contact with the
membrane. It was previously suggested that residues 109-126 could adopt an amphipathic
a-helical structure with a prominent hydrophobic face that would promote membrane
binding (Hamel et al., 1993b; Kiser et al., 2009). Notably, this region has never been
clearly resolved in any structure of RPEG5 reported to date, despite the use of a wide
range of crystallization conditions and alternative detergents. These findings suggest that
residues 109-126 could be intrinsically disordered. In support of this proposal, we recently
determined the crystal structure of an archaeal CCD enzyme containing a homologous
sequence with strong identity to that of sequence 109-126 of RPE65 and found it to be
poorly ordered despite the protein having been crystallized in the absence of detergents
(Daruwalla et al., 2020). Alternatively, residues 109-126 may become helical only when
embedded in a lipid membrane. AlphaFold (Jumper et al., 2021) and RosettaFold (Baek

et al., 2021) both model residues 115-124 as an alpha-helix but with very low confidence,
again suggesting that this region may be unstructured or highly mobile. The identification of
NaCCD as an RPE65 homolog with a mostly conserved ‘PDPC(K)’ loop that is amenable
to mutagenesis and heterologous expression may provide an ideal model system to further
examine the structure and membrane-binding roles of this nebulous sequence element.

5.5. How Retinyl Esters Bind to the RPE65 Active Site to be Cleaved and Isomerized

The active site of RPEG5 is composed of an elongated tunnel that begins at the membrane-
binding surface extending along the junction between the beta propeller domain and the
helical cap (membrane-proximal region) past the iron center, ending in a curved pocket
within the protein interior (distal region). This tunnel also serves a second function in
providing the passageway for retinyl ester substrate to be extracted from the lipid bilayer.
Because the iron center is located deep within the protein, the retinyl ester must be desorbed
from the membrane into the enzyme to be processed, which necessitates penetration of the
enzyme into the acyl core of the lipid bilayer (Forneris and Mattevi, 2008). The RPE65
active site tunnel is well suited to promote retinyl ester partitioning from the membrane
owing to its predominantly hydrophobic character. The diameter of this tunnel is too
narrow to allow the ester to enter the active site in a bent, hairpin conformation but is

of an appropriate length (~30 A) to accommodate the retinyl palmitate substrate in an
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extended conformation (also ~30 A). The binding of retinyl ester substrate in an extended
conformation is also consistent with the close relationship of RPE65 to BCO1 and BCO2,
which must be able to accommodate long and mainly linear (apo)carotenoid molecules in
their active sites. However, it remained ambiguous, following the initial RPE65 structure
determination, whether it is the retinoid moiety or the acyl chain that enters the protein first
and thus how the substrate is oriented in the active site during catalysis. Multiple attempts
by us to obtain RPEG5 in complex with retinoids failed likely due to the very poor aqueous
solubility of these compounds.

A resolution to the substrate orientation question came from structural studies of RPE65

in complex with the retinoid mimetic compounds, emixustat and MB-001, where both

the retinoid mimetic as well as a co-purified palmitate molecule were simultaneously
located within the RPEG5 active site (Kiser et al., 2015). Emixustat is a non-retinoid
inhibitor of RPEG5 that was developed as a potential therapeutic for various retinal

diseases (see Section 9 for further details). Despite its non-retinoid nature, emixustat
exhibits strong correspondence to the retinoid backbone structure consistent with it having
been derived from retinylamine, which is a rationally design transition state inhibitor

of the isomerohydrolase based on its hypothesized carbocation intermediate (Golczak et
al., 2005h) (see section 9.1.). Emixustat retains the positively charged primary amine
functionality of retinylamine but its backbone structure is effectively one methylene group
shorter than retinylamine making it an even closer analog of the putative C15 retinyl

cation intermediate (Figure 6A). To restore greater retinoid character to this molecule, we
substituted the terminal cyclohexyl moiety with a beta-ionone ring to give a molecule known
as MB-001 (Figure 6A). Both emixustat and MB-001 have much greater water solubility as
compared to retinoids and exhibit high affinity for the RPE65 active site as shown by their
greater /n vitro RPEG5 inhibitory activity (Figure 6B and Table 1), which are the attributes
that allowed their successful use for structural studies. Both emixustat and MB-001 are also
more effective visual cycle suppressors than retinylamine /n vivo (Figure 6C).

We observed that these retinoid mimetics bind within the proximal region of the active

site whereas the palmitate molecule was found in the distal cavity with its carboxylate
moiety forming a coordinate bond with the Fe!! center (Figure 7). /n silico retinoid docking
experiments were also consistent with this substrate orientation (Kiser et al., 2015). Based
on this model, the acyl moiety of the ester is extracted out of the membrane and then
“snakes” its way through the active site to reach its final catalytically relevant binding

site within the distal pocket. The substrate binding process could be explained through the
hydrophobic effect where displacement of water from within the hydrophobic distal cavity
by the retinyl ester acyl chain could provide an energetic force to drive substrate abstraction
from the membrane. The higher affinity binding of all-frans-retinyl palmitate to RPE65 in
comparison to the corresponding hexanoate and acetate esters are consistent with the notion
that the acyl chain plays an important role in driving substrate uptake (Maiti et al., 2005).
This model further predicts that retinyl esters with acyl chains longer than palmitate are
expected to be poorer substrates due to potential misalignment of the retinyl ester with
respect to the catalytic groups. These ideas could be further tested by examining the /n vitro
isomerohydrolase activity of RPE65 towards a series of retinyl ester substrates of varying
acyl chain length (Nikolaeva et al., 2009).
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The carboxylate moiety of the palmitate ligand interacts with the iron center viaa ~2 A
monodentate coordinate bond giving the iron a 5-coordinate trigonal bipyramidal structure,
consistent with the XAS studies described in Section 5.2. This interaction provided direct
structural support for the previously hypothesized role of iron acting to promote the retinyl
ester hydrolysis step of the isomerohydrolase reaction. Hence, it appears that the iron
center was repurposed, essentially without structural modification, from its original role

as a dioxygen-activating cofactor in alkene-cleaving CCDs to a Lewis acid catalyst in
RPEG65 enzymes. Such use of redox-active metals for Lewis acid function is by no means
unprecedented in nature (Valdez et al., 2014).

The proximal active site has two obvious features that could enable it to promote retinoid
isomerization (Figure 8A). First, the cavity exhibits a pronounced bent shape, which is
expected to promote the torsional movements of the retinoid necessary for it to change
configuration from fransto cis. Indeed, in silico retinoid docking experiments showed

that if the polyene double bond planarity restraints are artificially removed, the retinoid
prefers to dock into the active site in an 11-cis-like conformation indicating that steric
factors are important for promoting isomerization of the C11-C12 bond (Kiser et al., 2015).
This idea was further supported by structure determination of NaCCD in complex with an
apocarotenoid product of catalysis (Daruwalla et al., 2020). The proximal active site region
of NaCCD, where the bound apocarotenoid is located, has striking similarities to that of
RPEG65, but is linear in structure as required to accommodate the all- frans-apocarotenoid
substrate (Figure 8B). Comparison of the two active site structures revealed a key role for
Tyr275 in generating the bent geometry observed for RPEG5, versus the homologous Phe2>2
residue in MaCCD, which adopts a different side chain conformation as required for a linear
substrate binding pocket.

Second, the proximal region exhibits an overall anionic electrostatic potential along with
strategically placed Phel03 and Thrl47 residues that form a constriction within the binding
pocket precisely at the location where the C11-C12 bond is expected to reside in the
RPEG65-retinyl ester Michaelis complex. These residues are arranged on opposite sides of
the tunnel and are positioned appropriately within the negatively charged environment to
stabilize a putative retinyl cation intermediate formed during the isomerohydrolase reaction.
This proposal is supported by previous mutagenesis studies, which showed that Phel03 and
Thrl47 are key determinants of 11-cisversus 13-cis isomerization selectivity (Chander et al.,
2012; Redmond et al., 2010; Takahashi et al., 2014). Interestingly, Phel03 and Thrl47 are
highly conserved residues in BCO enzymes as well as NaCCD (Figure 2) and the crystal
structure of NaCCD revealed that this enzyme also exhibits strong negative electrostatic
potential in its proximal active site cavity (Figure 8B) (Daruwalla et al., 2020). This
structural and electrostatic similarity support the idea that the reactions catalyzed by RPE65
and its carotenoid-cleaving relatives could involve a common cationic reaction intermediate
(Poliakov et al., 2020) that is stabilized electrostatically (Warshel et al., 2006). It also
suggests that CCDs in the metazoan/metazoan-like clade have an intrinsic capacity to acts as
alkene isomerases — a capacity that manifests only if the active site geometry is conducive to
such a transformation. For example, the insect CCD NinaB is predicted to have a proximal
active site structure similar to that of RPE65 and has independently acquired C11-C12 trans-
cfsisomerization activity coupled with C15-C15’ alkene cleavage activity (Oberhauser et al.,
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2008). BCOL1 is also capable of simultaneously cleaving and isomerizing 9-c/s-beta-carotene
to form all-trans-retinal as the dominant product as opposed to the 1:1 mixture of 9-c/sand
all-frans-retinals expected for a pure double bond cleavage reaction (Maeda et al., 2011;
Nagao and Olson, 1994).

The partially conserved structure of the retinoid/(apo)carotenoid binding site in RPE65

and its carotenoid-cleaving relatives raises the question of what distinguishing active site
adaptations enable the unique substrate specificity and catalytic activity of RPE65. Insights
into this question can be gained be considering the locations of the RPE65-characteristic
residues delineated in Section 3. A majority of these residues are seen to cluster near

the opening of the active site cavity as well as within the palmitoyl-binding pocket of

the distal cavity. In the proximal cavity, these residues, which include Val?49, Phe264, and
Trp2%8, are major contributors to formation of the beta-ionone binding site nearby the
critical Tyr27® residue mentioned above. Indeed, Tyr2’ nearly meets the definition of an
RPEG65-specific character, missing it only due incomplete conservation at the equivalent
position in the BCO2 clade. 11e192 is adjacent to Val?40 and its specialization is likely

a consequence of co-evolution with Val?40, Again, these molecular adaptations appear

to serve the purpose of generating an appropriately shaped active-site cavity to promote

the trans-cis isomerization reaction. Notably, these residues are among those that were
observed to adopt differing conformations between the inactive and active RPEG5 structures
(see Section 5.4) providing further support for their functional importance (Kiser et al.,
2012). Within the distal binding pocket, a cluster consisting of Leu80, Leu#3%, and Val®24
engage in van der Waals interactions with the bound palmitate ligand. In many cases,

these aliphatic residues are substituted for aromatic residues in the carotenoid-cleaving
enzymes likely reflecting the differing binding requirements of an aliphatic acyl chain and
a carotenoid polyene. GIn® does not directly line the active site but instead flanks, along
with Leu®0, the highly conserved ‘FDG’ motif described in the Section 3. It is tempting

to speculate that specialization of its flanking residues could in some way confer RPE65-
specific function to the ‘FDG’ motif, although a comparison of the RPE65 and NaCCD
structures does not reveal any major structural differences for this sequence. Thr86 is located
adjacent to GIn® and its characteristic state in RPE65 again likely reflects co-evolution
with GIn84. The remaining two RPE65-characteristic residues, Leu®® and Thr3l7, are more
distantly removed from the active site and their relevance to RPEG5 catalytic activity is not
immediately clear.

6. Current View of the Isomerohydrolase Reaction Mechanism

The fundamental aspects of the isomerohydrolase reaction were worked out through elegant
isotope labeling experiments, many of which were conducted prior to RPE65 being
identified as the responsible catalyst (Kiser and Palczewski, 2010). The results of these
studies are briefly summarized in Figure 9. A finding established early on and confirmed
by several groups is that the oxygen atom bonded to C15 of the retinyl ester is lost during
the isomerohydrolase reaction (Law and Rando, 1988; McBee et al., 2000; Redmond et al.,
2010). This is accompanied by an inversion of the pro-chirality of C15 upon addition of the
nascent hydroxyl moiety. Later experiments using 180-labeled water demonstrated that the
hydroxyl group found in the 11-c/s-retinol product originates from bulk water (Kiser et al.,
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2009). Thus, the reaction strictly speaking is consistent with the definition of a hydrolysis
reaction (with coupled geometric isomerization) as defined by the Enzyme Commission
(EC) classification system:

AB+H0 — A;5,0H + BH

with Ajso denoting an isomerized form of the A moiety of the substrate molecule, in

this case the retinoid, and B denoting the carboxyl leaving group. The nature of this
hydrolysis reaction is, however, rather different from a typical biological ester hydrolysis
which involves cleavage of the acyl-oxygen bond. Instead it is the C15 alkyl-oxygen

bond that is cleaved in the isomerohydrolase reaction (Figure 9). While apparently rare in
biological systems, O-alkyl cleavage is well established in non-biological organic chemistry
and generally occurs when the positive charge that develops on the alkyl carbon can be
delocalized or otherwise stabilized. Such a situation is relevant to the retinyl ester as a

C15 retinyl cation can be resonance stabilized through delocalization within the polyene

pi electron system. Indeed, it is well known that retinyl esters undergo O-alkyl cleavage
reactions in the presence of acids to form retinyl cation intermediates, e.g. the Carr-Price
reaction (Blatz and Pippert, 1968a). Based on these similarities, it was proposed that the
retinyl cation could be a key intermediate in the isomerohydrolase reaction that possesses
the reduced bond order necessary for the geometric isomerization reaction to take place
(Kiser et al., 2014). Additionally, the thermodynamically uphill #rans-cisisomerization has
been proposed to be driven by the energy released by ester hydrolysis (Deigner et al., 1989).
However, it is important to note that the efficiency of 11-c/s-retinol production is dependent
on the presence of retinoid-binding proteins suggesting that product release from the enzyme
may in fact be rate-limiting (McBee et al., 2000; Saari et al., 2001; Stecher et al., 1999;
Winston and Rando, 1998).

Other intermediates besides the retinyl cation have also been proposed. These include a
retinyl radical-cation (Poliakov et al., 2011) and a retinyl-nucleophile adduct (Deigner et

al., 1989). The latter was ruled out based on the absence of cysteine or other suitably
nucleophilic side chains in the RPEG5 active site cavity. The former intermediate was
proposed based on the observed inhibition of RPEG5 activity by free radical spin trap
compounds such as a-Phenyl-N-tert-butylnitrone (PBN) (see Section 9.1). Although such an
intermediate cannot be completely ruled out, the PBN spin adduct was not spectroscopically
verified, and it remains less clear how such an intermediate could be formed as compared

to the straightforward mechanism of carbocation generation that accompanies C-alkyl
hydrolysis. Additionally, it is known that RPEG5 is subject to inhibition by diverse
hydrophobic molecules (Stecher and Palczewski, 2000) and the relatively high concentration
of PBN necessary for effective RPE6G5 inhibition is in line with a presumably low affinity
binding to RPEG5 (Poliakov et al., 2011) (Table 1).

The fact that RPE65 belongs to an oxygenase superfamily raises the possibility that its
catalytic mechanism could involve O,, even though such a role is not apparent from
consideration of the isotope labeling results described above or the non-redox nature of the
overall reaction. We examined this possibility by carrying out the isomerohydrolase reaction
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in O,-depleted and O,-saturated buffers using Synechocystis apocarotenoid oxygenase
(SynACO) as an internal oxygen-dependent control (Sui et al., 2015). As expected, SynACO
activity was markedly impaired following argon-purging but was rescued and in fact
augmented by reintroduction of O, into the reaction buffer. By contrast, when RPE65
activity was measured following the same deoxygenation treatment, the amount of 11-¢/s-
retinol formed was only marginally reduced (~14%), and the reduced activity was not
restored by reintroduction of O, into the reaction mixture. Moreover, O, supplementation
of the reaction mixture without prior deoxygenation actually depressed RPEG5 activity by
~30% possibly due to oxidation of the iron cofactor, which is required to be in its ferrous
form to be catalytically competent (Moiseyev et al., 2006). Considered together with prior
biochemical data (Kiser et al., 2009; Law and Rando, 1988; McBee et al., 2000; Redmond
et al., 2010), these results strongly indicate that RPE65 does not depend on O to exert its
catalytic activity.

Knowledge of the mode of retinyl ester binding to the RPEG5 active site has allowed

a detailed mechanistic hypothesis of the isomerohydrolase reaction to be developed that
reconciles much of the structural and biochemical data on RPE6G5 obtained to date. The
proposed reaction follows an A 1 Sy1 mechanism (Smith and March, 2001) with the
carbocation intermediate undergoing geometric trans-cis isomerization (Figure 10). Given
the observed curved shape of the proximal active site, conferred in part by the RPE65-
characteristic residues and Tyr2’® described in Section 5.5, the retinoid moiety likely

binds in a conformation in which steric factors promote frans-cis isomerization. The ester
functionality binds close to the iron allowing its carbonyl oxygen to engage in a coordinate
bond, which polarizes the ester making it a good leaving group. The developing positive
charge on C15 during ester dissociation is likely stabilized by the Glul48 carboxylate group
as mimicked by the observed interaction of this residue with the emixustat/MB-001 primary
amine functionality. Delocalization of the retinyl cation onto the C11 atom is facilitated by
the overall negative electrostatic potential of the proximal active site together with specific
aromatic-cation and dipolar interactions involving Phel93 and Thrl47, which as mentioned
earlier, are well positioned to stabilize the carbocation intermediate at the retinoid C11 atom.
This stabilization lowers the C11-C12 bond order allowing molecular rotation to a c/s-like
configuration. Repositioning of the C15 atom facilitates nucleophilic attack of nearby water
molecule, which, following a proton transfer, generates the nascent 11-cis-retinol molecule.
Given that the RPEG5 active site is effectively a cul-de-sac, the 11-c¢/s-retinol product must
first dissociate back into the membrane followed by palmitic acid.

Although the retinyl cation appears to be the most plausible intermediate in comparison

to others that have been proposed to date, it still remains hypothetical and requires
spectroscopic validation. Given the presumed transient nature of the intermediate, more
detailed studies will likely require the use of model proteins that can be produced in large
quantities necessary for stopped-flow or rapid freeze-quench absorbance (Blatz and Pippert,
1968a), fluorescence (Blatz and Pippert, 1968b), NMR (Kildahl-Andersen et al., 2003) or
other advanced spectroscopic techniques.
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7. Role of RPEG5 in the Biosynthesis of Meso-xeaxanthin

The macula region of the primate retina exhibits a characteristic yellow color that is due
to the accumulation of three different carotenoid species: lutein, zeaxanthin, and meso-
zeaxanthin (Arunkumar et al., 2020). These compounds are believed to improve visual
performance and protect the retina from blue light damage (Krinsky et al., 2003). Because
primates, like other metazoan species, lack the ability to synthesize carotenoids de rnovo,
these compounds must be obtained from dietary sources. Dietary sources of lutein and
zeaxanthin are well known and include green leafy vegetables, mangos, cantaloupe, corn,
and eggs among many others (Krinsky et al., 2003). By contrast, /meso-zeaxanthin, an
achiral diastereomer of zeaxanthin, has been suggested not to be present in significant
amounts in foods commonly consumed by humans, although this idea is not without
controversy (Nolan et al., 2013). It has been suggested that /meso-zeaxanthin can be derived
from zeaxanthin or lutein via either oxidation/reduction or isomerization mechanisms,
respectively, but the enzymes potentially involved in these pathways had remained elusive
(Krinsky et al., 2003).

In 2017, Shyam, Bernstein and colleagues reported that RPE65 possesses a second
enzymatic activity, catalyzing a lutein double bond migration to form meso-zeaxanthin
(Shyam et al., 2017). These investigators showed that overexpression of RPE65 in
mammalian cell cultures conferred an ability to convert lutein but not zeaxanthin into
meso-zeaxanthin, although the catalytic efficiency was apparently very low relative to

the canonical isomerohydrolase activity of RPE65. The authors also studied the role of
RPEG65 in forming meso-zeaxanthin /n vivo by injecting an emixustat-like RPE65 inhibitor
(ACU-5200) in the yolk sac of a developing chicken embryo at embryonic days 17 and

19. The authors observed a dose-dependent reduction in meso-zeaxanthin levels in the RPE/
choroid of the drug-treated embryos. Future research devoted to replicating and extending
these studies will be important to help evaluate the physiological relevance of this meso-
zeaxanthin biosynthetic pathway and the catalytic mechanism by which it is achieved.

8. RPEBG65 Protein Interactions

In some of the earliest studies on RPE65, it was recognized that this protein tends to

form complexes with other proteins within the smooth endoplasmic reticulum (Bavik et

al., 1992). One of the best characterized is the interaction of RPE65 with the RDH5
dehydrogenase enzyme that functions just downstream of RPE65 in the visual cycle pathway
(Golczak et al., 2010; Hemati et al., 2005; Simon et al., 1995; Trudel et al., 2006).

This biochemical relationship suggests that the RPE65-RDHS5 interaction is functionally
important for efficient transfer of retinoids and adequately rapid generation of 11-c/s-retinal.
In addition to RDH5, RPEG5 has also been documented to form complexes with CRALBP
and RGR-opsin (Bhattacharya et al., 2002; Golczak et al., 2010). Elucidation of the
functional importance of these interactions has recently taken on an elevated importance
given the renewed interest in the roles these proteins play in visual chromophore production
for cone photoreceptors (Kolesnikov et al., 2021; Morshedian et al., 2019; Zhang et al.,
2019).
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Another set of proteins that RPE65 has been shown to interact with or otherwise be
modulated by are the fatty acid transport proteins (FATPs) belonging to the SLC27 protein
family (DiRusso et al., 2005). A yeast two-hybrid screen identified the cytosolic C-terminal
sequence of FATP1 as a direct RPE65 binding partner (Guignard et al., 2010). FATP1 is
expressed in the RPE and localizes to the smooth ER where RPEG5 resides suggesting

the interaction could be physiological. FATP1 inhibited the isomerohydrolase activity of
RPEG65, which could be mediated by a direct interaction or through its modulation of retinyl
ester composition. The role of FATP1 in modulating RPE65 activity was further studied in
loss- and gain-of-function mouse models. Faf1~~ mice exhibited attenuated ERG b-wave
recovery after photobleaching compared to wild-type mice but had no detectable difference
in visual cycle kinetics (Chekroud et al., 2012). Interestingly, overexpression of human
FATP1 in the RPE of mice caused visual cycle kinetic changes and altered ocular retinoid
profiles, including an overaccumulation of all-#rans-retinyl esters within retinosomes, along
with an increased susceptibility to light-induced retinal degeneration (Cubizolle et al.,
2017). FATP1 is known to be involved in the formation of lipid droplets (Xu et al., 2012),
which may explain the increased retinosome content in these mice (Olzmann and Carvalho,
2019). The increased susceptibility to retinal phototoxicity in FATP1-overexpressing mice
is somewhat unexpected given that FATP1 was previously found to inhibit RPEG5 activity,
which would be expected to be protective against light-induced retinal degeneration (Grimm
et al., 2000). This light damage susceptibility was explained by the 25% greater number
photoreceptors and 35% longer photoreceptor outer segments in the FATP1-overexpressing
mice as compared to wild-type controls, which provides a greater amount of rhodopsin to
mediate light damage (Cubizolle et al., 2017).

FATP4 has also been characterized in detail by Jin and colleagues for its ability to modulate
RPEG5 activity. This protein was identified as an RPE65 suppressor through cDNA library
screening (Li et al., 2013). Parenthetically, the fatty acid elongation enzyme ELOVL1

was also identified as a modulator in this study although it hasn’t been characterized in
further detail to date. FATP4, like FATP1, is expressed in the RPE and partially co-localizes
with RPEG5 in the smooth ER. FATP4 was also shown to be the most abundant FATP
expressed in the RPE, at least at the mRNA level. Fatp4~~ mice exhibited more rapid visual
cycle kinetics, which enhanced their susceptibility to light-induced retinal degeneration.
Interestingly, the enhancement of visual cycle activity conferred by loss of FATP4 activity
could be leveraged to augment visual function and cone photoreceptor viability in a mouse
model of LCA2 that harbors the loss-of-function Arg®1Trp RPE65 mutation, suggesting
that FATP4 inhibition could be a viable approach to improving vision in individuals with
RPEG65-associated retinopathy (Li et al., 2020). Unlike FATP1, FATP4 is not known to
directly interact with RPEG5. Instead, it was suggested that FATP4 could compete with
RPEG65 for all-trans-retinyl palmitate binding or generate products such as all- trans-retinyl
lignocerate that could compete with all-#rans-retinyl palmitate for binding to RPE65 but
not serve as viable substrates. Long acyl chain retinyl esters, such as retinyl lignocerate,
generated by FATP4 are unlikely to serve as viable RPE65 substrates given the active site
constraints mentioned in Section 5.5. However, these compounds could still accumulate in
storage droplets, similar to the retinosome accumulation that was observed in the FATP1
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overexpression mouse model, which would sequester the retinoid outside of the circulating
visual cycle pool and reduce visual chromophore production.

The apparently transient and low-affinity interactions of RPE microsomal proteins with
RPEG65 together with the sensitivity of RPE6G5 activity to detergents needed for purification
of putative complexes have hampered efforts to characterize the structures of these
complexes at high resolution. The advent of detergent-free solubilization methods using
styrene maleic acid co-polymer (SMA), a molecule capable of forming native lipid
nanodisks (Dorr et al., 2016), may provide a method to purify RPE65 in its native protein
and lipid environment (Sander et al., 2021).

9. The Pharmacology of RPEG65 Inhibition

9.1. Overview of RPEG65 Inhibitors Characterized to Date

Efforts to develop inhibitors of RPEG5 have their origin in two distinct research goals.

The earliest studies aimed to develop chemical biology tools to aid in understanding

the biochemistry of the retinoid isomerohydrolase reaction and the physiology of RPE65
function particularly as it relates to cone photoreceptor activity (Golczak et al., 2005b;
Muniz et al., 2009). Following the discovery that RPEB5 activity is correlated with

the formation of retinal lipofuscin, a heterogenous mixture of retinal-derived compounds
believed to drive progression of certain retinal diseases (Katz and Redmond, 2001; Kim

et al., 2004), efforts were made to develop RPEG5 inhibitors for potential therapeutic use
that could protect against retinal disease (Maeda et al., 2006; Sieving et al., 2001). It is
noteworthy that a major bisretinoid component of retinal lipofuscin, A2E, has been shown to
directly inhibit RPE65, which may underlie some of the visual impairment experienced by
individuals with Stargardt disease (Moiseyev et al., 2010).

The earliest efforts focused on retinoids and related isoprenoid compounds (Golczak et al.,
2005b; Law and Rando, 1989; Maiti et al., 2006) (Table 1). Of these, retinylamine exhibited
the most potent and efficacious RPEGS5 inhibition both /in vitro and in vivo (Golczak et

al., 2008) and has served as an important chemical biology tool for study of visual cycle
biology (Babino et al., 2015; Schonthaler et al., 2007). Retinylamine was rationally designed
to act as a transition-state inhibitor of RPE65 based on the hypothesis that the retinoid
isomerohydrolase reaction occurs through a retinyl cation intermediate (Golczak et al.,
2005b; McBee et al., 2000). Notably, this compound is subject to amidation by LRAT
(Golczak et al., 2005a) and also interacts with cellular retinol-binding protein (Silvaroli et
al., 2016) and possibly other retinoid-interacting proteins, which may have been factors that
initially obscured the identification of RPE65 as a molecular target of retinylamine (Golczak
et al., 2005b).

Retinylamine was later licensed by Acucela Inc. and used as a basis molecule to develop
the non-retinoid RPE65 inhibitor, emixustat, discussed earlier in Section 5.5 (Bavik et

al., 2015). Although not a retinoid, emixustat retains substantial structural similarity to
retinylamine including its core carbon backbone and analogously placed primary amine
functional group (Figure 6). However, emixustat is a substantially more potent RPE65
inhibitor than retinylamine both /n vitroand in vivo (Kiser et al., 2015; Zhang et al., 2015)
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(Figure 6 and Table 1). Emixustat and its derivatives remain the best characterized RPE65
inhibitors developed to date and will be discussed in detail in the next sections.

Other RPEB5 inhibitors that are chemically unrelated to retinoids have been discovered

over the past decade (Table 1). a-phenyl-N-tert-butylnitrone (PBN) and its derivatives are
free radical spin trap molecules that inhibit RPEG5, albeit relatively weakly, and protect
against light-induced retinal degeneration at least in part by slowing visual cycle kinetics
(Chander et al., 2012; Mandal et al., 2011; Poliakov et al., 2011; Stiles et al., 2015). CU239,
a ureidothiazole-containing compound identified through /n silico crystal structure docking,
is a moderately potent competitive RPEG5 inhibitor that also exhibits i vivo activity in
suppressing visual cycle activity and protecting against light-induced retinal degeneration
(Shin et al., 2018). Triacsin C, a linear nitrosohydrazine-containing molecule and established
inhibitor of fatty acyl:CoA ligases, was found to be another moderately potent competitive
inhibitor RPEG5. The non-polar tail of triacsin C may bind to the distal region of the RPE65
active site, similar to the linear detergent CgEg (Blum et al., 2021), with its nitroso group
coordinated to the iron center, thereby blocking entry of retinyl ester substrates.

Molecular Mechanism of RPE65 Inhibition by Emixustat and its Derivatives

For clarity of discussion, it is helpful to divide the emixustat molecule into three

regions: 1) the gamma-hydroxyamine functionality, 2) the central phenyl ring, and 3) the
methoxycyclohexyl moiety. The contribution of each of these regions to RPE6G5 active site
affinity has been studied extensively by in vitro and in vivo RPEG5 activity assays as well as
X-ray crystallography. As described in Section 5.5., emixustat binds in the proximal region
of the RPEB5 active site cavity nearest to the active site opening.

The gamma-hydroxyamine moiety is located deepest within the active site cavity where

it engages in electrostatic interactions with Glu#8, Thrl47 and an oxygen atom of an
iron-bound palmitate carboxyl moiety. The gamma-hydroxyamine features a chiral center at
the alcohol functional group, which has an R configuration in emixustat. Co-crystallization
of racemic emixustat with RPEG5 led to predominant binding of the /-isomer suggesting

it is the more active isomer (Figure 11A). This idea was further evaluated by synthesis and
activity testing of pure Sand Risomers of emixustat, which revealed a roughly two-fold
greater potency of the /-isomer (Zhang et al., 2015) (Figure 11B). Crystal structures of
RPEG65 in complex with the two isomers revealed somewhat more favorable hydrogen
bonding interactions involving the gamma-hydroxyamine moiety for the R-isomer which
may explain the affinity difference (Figure 11, C and D). Stronger inhibitory activity for the
R-isomers of emixustat derivatives have also been observed (Blum et al., 2021). A molecule
known as MB-002, in which the terminal amine is replaced with a hydroxyl group, is also an
effective, albeit less potent, RPE65 inhibitor (Zhang et al., 2015). Interestingly, the RPEG5
MB-002 co-crystal structure revealed that this compound can bind to both the proximal
(S-isomer) and distal (R-isomer) regions of the active site cavity, although binding in the
distal pocket may only occur at high MB-002 concentrations as used for the crystallization
experiment.

The central aryl moiety is positioned at about the midpoint bend of the proximal active
site region where it engages in van der Waals interactions with several nearby side chains
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and two solvent molecules as well as pi-pi interactions with Phel93 and Tyr27>. Bulky
substitutions at the aryl moiety not surprisingly greatly impair active site binding and
weaken or abolish RPEG5 inhibitory activity (Kiser et al., 2017). A fluorine scan of the aryl
moiety showed that fluoro-substitution at the 4-position substantially improves inhibitory
activity /n vitro (Blum et al., 2021). Crystal structures of such derivatives in complex with
RPEG5 showed that the 4-fluoro moiety engages in a ~3 A en face interaction with the
Tyr275 aryl ring. Quantum chemical calculations suggest that the greater binding affinity of
these derivatives arises from favorable van der Waals interactions between the fluoro and
aryl moiety, as opposed to electrostatic effects found for some systems in which the aryl ring
is electron deficient (Li et al., 2017).

The terminal methoxycyclohexyl moiety of emixustat resides near the active site entrance
and weakly interacts with the protein as evidenced by the comparatively weak electron
density support, higher B-factors, and multiple conformations observed for this moiety
(Kiser et al., 2015; Zhang et al., 2015). The cyclohexyl binding region features an additional
unused pocket that was targeted to help stabilize the terminal moiety and improve binding
affinity (Figure 12A). A molecule known as MB-004, in which the cyclohexyl moiety

of emixustat is replaced by a dipropanyl group, was found to be a highly potent RPE65
inhibitor and exerted strong /n vivo visual cycle suppression (Kiser et al., 2017). The crystal
structure of RPEG5 in complex with MB-004 showed occupancy of a propanyl group within
the unused pocket, which was well-resolved in the electron density maps, suggesting that it
makes a substantial contribution to MB-004 affinity for the RPEG5 active site (Figure 12B).

10. Probing RPEG65 Visual Cycle Physiology with Pharmacological

Inhibitors
10.1

Introduction

The pharmacological inhibitors described in Section 9 have proven to be critical tools

for understanding the physiological roles of RPEG65 in the visual system. As compared to
genetic knockout/knockdown approaches, pharmacological inhibitors in general are more
readily applied in an acute fashion in adult animals, which minimizes the contribution of
developmental, degenerative, or compensatory effects to the observed phenotype. The advent
of potent and selective RPEG5 inhibitors has enabled this pharmacological approach to be
applied to the study of RPEG5 function in various aspects of visual system physiology,
including its role in cone photoreceptor function, inner retinal photoreception, and macular
pigment biosynthesis (discussed in Section 7).

10.2. Role of RPE65 in Cone Photoreceptor Physiology

The question of RPE65’s role in support of cone photoreceptor-mediate vision is one that
has a long history but was not fully resolved through genetic experimental approaches.

It is well established that cone ERG responses are severely attenuated or extinguished in
mice (Maeda et al., 2009; Redmond et al., 1998; Seeliger et al., 2001), dogs (Acland et

al., 2005), and humans (Jacobson et al., 2007; Jacobson et al., 2009) with loss-of-function
mutations in RPE65and that cone visual pigments fail to form in the Airf”~ Rpe65~~ mouse
model (Feathers et al., 2008; Wenzel et al., 2007) in which the photoreceptor population
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is predominantly cone-like in contrast to the normal mouse retina which is rod dominated.
Additionally, the enrichment of RPE65 expression within the portion of the RPE in contact
with the cone-rich fovea (Jacobson et al., 2007) as well as the enhanced isomerohydrolase
activity observed for RPE65 from the cone-dominant chicken as compared to orthologs
from rod-dominant rodents (Moiseyev et al., 2008) are consistent with adaptive mechanisms
whereby classical visual cycle activity can be adjusted based on the needs of the retinal
photoreceptor population.

Conversely, there is abundant biochemical and electrophysiological evidence suggesting that
the retina possesses non-RPE65-dependent mechanisms to support cone, and potentially
rod, visual pigment regeneration that are based within Mdiller glia (Mata et al., 2002;
Morshedian et al., 2019; Muniz et al., 2009; Wang et al., 2009), the RPE (Zhang et al.,
2019) or the photoreceptors themselves (Frederiksen et al., 2021; Kaylor et al., 2017). As
noted in Section 3, the emergence of ancestral bleaching cone pigments during chordate
evolution likely preceded the appearance of RPE6G5 and the classical visual cycle by several
million years which points to alternative chromophore regeneration pathway(s) that could be
retained in extant species (Kusakabe et al., 2001; Lamb, 2013).

The role of continuous RPEG5 activity in cone vision was first addressed by Schonthaler,
von Lintig and colleagues by testing the impact of retinylamine treatment on photoreceptor
function in the cone-dominated larval zebrafish retina 5 days post-fertilization (Schonthaler
et al., 2007). These investigators showed that retinylamine reduced, but did not eliminate,
11-cis-retinal regeneration following a deep photobleach. Importantly, the effect of
retinylamine was not augmented by simultaneous morpholino knockdown of RPE65a (the
ohnolog expressed within the RPE), which confirmed the dose of retinylamine used in the
study was sufficient to abolish RPE65 activity. Zebrafish are known to store 11-c/s-retinyl
esters in their RPE which could serve as a source of 11-cis-retinal under conditions where
RPEG5 is acutely inhibited. This hypothesis was investigated several years later by the same
laboratory again using retinylamine to acutely block RPEG5 activity (Babino et al., 2015).
These investigators found that 11-c/s-retinyl esters are consumed during exposure to bright
light and resynthesized in an RPE65-dependent manner during dark adaptation. Thus, the
residual visual chromophore production in zebrafish in the setting of acute pharmacological
blockade of RPEG5 activity can be attributed in part to the existence of storage forms of
visual chromophore.

Analogous studies have been carried out in Gnar”~ mice, which lack rod photoresponses
(Calvert et al., 2000), using emixustat-family compounds to acutely block RPEG5 activity
(Kiser et al., 2018). Following a brief step bleach of ~95% of the visual pigment, it

was found that acute RPE65 inhibition with emixustat does not impact the initial phase
of cone photoreceptor sensitivity recovery, which is believed to reflect intraretinal visual
cycle activity, while the slower RPE-dependent phase was significantly delayed (Figure
13A). However, when the bleaching light exposure was presented over the course of

30 min where multiple cycles of bleaching and regeneration could occur, all phases of
pigment regeneration were significantly delayed (Figure 13B). This delay suggested that
the mouse retina contains storage form(s) of 11-c¢is-retinoid that can be mobilized to
quickly regenerate cone pigment but are subject to depletion during extended bright light
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exposure. Because the normal mouse retina does not contain measurable 11-c/s-retinyl
esters as described above for zebrafish, 11-c/s-retinoids bound to CRALBP were considered
a potentially relevant source of visual chromophore. This hypothesis was further tested

in RIbpI*/~ mice that have a ~50% reduction in CRALBP expression both in Miiller

glia and the RPE (Kolesnikov et al., 2021). With the classical visual cycle intact, there

was no observable difference in cone photoreceptor dark adaptation following a strong
photobleach between wild-type and R/5p1*~ mice. However, acute blockade of RPE65
activity using MB-001 revealed a significant slowing of cone photoreceptor dark adaptation
caused by CRALBP deficiency following either acute or extended light exposure bleaching
conditions. These results demonstrated that holo-CRALBP plays a role in cone visual
pigment regeneration independent of RPEG5 function. This study also demonstrated that
genetic ablation of CRALBP expression combined with acute pharmacological blockade

of RPEG5 with MB-001 was sufficient to essentially eliminate cone photoreceptor dark
adaptation following a deep photobleach further highlighting the direct role RPE65 plays in
supplying cone photoreceptors with visual chromophore.

The impact of acute inhibition of RPE65 activity with MB-001 on cone function was

also studied in wild-type mice and cone-dominant ground squirrels (Kiser et al., 2018).
Following three days of treatment with doses of MB-001 that are sufficient to abolish
RPEG65 activity, as measured by scotopic ERG (mice) or /n vitro RPEG5 activity assays using
isolated RPE (ground squirrels), it was observed that cone dark adaptation was slowed but
not abolished in both animal models. The ground squirrel in particular retained relatively
rapid cone dark recovery as exhibited by the essentially normal cone ERG responses
obtained 10 min after a strong photobleach.

The impact of RPE65 inhibition by emixustat on cone vision was further tested in cone-
dominant zebrafish larvae through the use of optokinetic response (OKR) measurements,
which assess visual reflexes (Ward et al., 2020). Ward, Kennedy and colleagues found

that emixustat inhibited photopic, cone-based OKRs when fish were tested immediately
following a dark adaptation period whereas responses following a prolonged light adaptation
period were not affected by RPEBG5 inhibition. Interestingly, the sustained photopic response
was achieved in the face of continued low levels of 11-c/s-retinal caused by RPE65
inhibition, which is consistent with the ability of cones to mediate functional vision with

a large percentage of their visual pigments bleached (Rodieck, 1998).

Taken together, these pharmacological data are consistent with the idea that continuous
RPEG65 activity is critical to ensure that cones receive adequate visual chromophore to
support their normal function. At the same time, the data clearly demonstrate the availability
of alternative visual chromophore sources for cones. These include the 11-c¢is-retinoid
storage forms (11-cis-retinyl esters and/or holo-CRALBP depending on the species) that
are generated at least in part by RPE65-dependent classical visual cycle activity as well
as RPE65-independent mechanisms that seem, for the most part, to depend on light as the
energy source to achieve trans-cis retinoid isomerization (Chen et al., 2001; Frederiksen
etal., 2021; Kaylor et al., 2017; Morshedian et al., 2019; Ward et al., 2020; Zhang et

al., 2019). However, all of these alternative chromophore synthesis pathways ultimately
depend on RPEG5 activity to function, as the phenotypes of animal models with RPE65
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loss-of-function tell us (Acland et al., 2005; Redmond et al., 1998). As discussed in Section
4.2., this is likely due to the fact that an absence of RPE65 isomerohydrolase activity leaves
the powerful retinyl ester synthase activity of LRAT unchecked resulting in the sequestration
of ocular retinoids away from these alternative pathways.

Role of RPEG5 in Melanopsin-Based Photoresponses

In addition to the photoreceptor visual pigments, the melanopsin protein located in
intrinsically photosensitive retinal ganglion cells (ipRGCs) is another well characterized
light-sensing opsin protein that depends on 11-cis-retinal for its function (Terakita, 2005).
Melanopsin is important for entrainment of the circadian clock and also plays an important
role, along with (mainly rod) photoreceptors, in the pupillary light response (Keenan et al.,
2016; Lucas et al., 2003; Panda et al., 2003). The question has arisen as to the dependence
of melanopsin on RPEG5 and the classical visual cycle to obtain its chromophore. Again,
pharmacological inhibitors of RPEG5 activity have proven valuable tools to interrogate this
question.

Tu, Van Gelder and colleagues studied the impact of RPEG5 inhibition with retinylamine
treatment or via genetic means on pupillary light responses in mouse models with or without
an intact outer retina (Zhao et al., 2016). Whereas retinylamine treatment dramatically
reduced PLR sensitivity in wild-type mice in which the PLR is driven by both rods and
ipRGC:s, it had little impact on PLRs from rd/rd mice in which rods and most cone
degenerate. This finding suggested that the impact of acute RPEG5 inhibition on PLRs in
wild-type mice arose entirely from blockade of rod function while ipRGC responses were
spared. This finding is consistent with the biochemical features of melanopsin as a bistable
opsin capable of photic regeneration of its active state.

A related study by Zhao, Wong, and colleagues using 13-c/s-retinoic acid and PBN to inhibit
RPE65 (along with other components of the visual cycle) found that visual chromophore
synthesized in the RPE does in fact play a role in melanopsin-based PLRs during intense
illumination when the presumed rate of melanopsin bleaching outstrips its photoreversion
capacity (Zhao et al., 2016). These findings were mirrored in a follow-up study using
Rpe65~~ mice instead of PBN and 13-cis-retinoic acid, thus supporting a role for RPE65

in maintenance of melanopsin-based photoresponses under strong or prolonged illuminance
(Harrison et al., 2021). This same study also showed that CRALBP present in the Miller
glia plays an important role in transporting visual chromophore generated in the RPE across
the retina to the ipRGCs and also likely serves as a storage pool of readily mobilized
11-cis-retinal as CRALBP is well known to concentrate in the Miller glia end-feet in close
proximity to the RGCs (Saari et al., 2001). This study thus adds support to the idea that
visual chromophore found within Miller cell-expressed holo-CRALBP has its origins at
least in part in the RPE65-dependent visual cycle (Kiser et al., 2019).

Impact of RPEG5 Inhibition by Emixustat in Human Subjects

The use of emixustat in clinical studies has provided a unique opportunity to observe the
impact of selective, acute and chronic RPEG5 inhibition on the function of the human visual
system. Single doses of emixustat (from 2 to 75 mg) resulted in a graded, time-dependent
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suppression of rod ERG recovery following a strongly rod-suppressing photobleach while no
detectable impact on cone photoreceptor ERG responses was observed (Kubota et al., 2012).
Similar ERG findings have been reported with chronic dosing regimens and in various
patient populations (Dugel et al., 2015; Kubota et al., 2014; Kubota et al., 2020). The lack

of an effect on cone function may be due to either incomplete RPE65 blockade at the doses
studied and/or the availability of cone-specific sources of visual chromophore that do not
acutely depend on RPEG5 activity. An interesting common side effect of emixustat treatment
is abnormal color vision (dyschromatopsia). It was speculated that this effect could arise
from a modulatory effect of suppressed rods on color vision pathways (Kubota et al., 2012).

As mentioned in the introduction to this section, partial suppression of RPE65 has been
theorized to be therapeutically beneficial for retinopathies in which bisretinoid-based
lipofuscin plays a role in the disease pathogenesis. Geographic atrophy is one such disorder
where the impact of emixustat treatment was evaluated in a randomized, double-blind,
placebo-controlled clinical study. Unfortunately, daily emixustat treatment for 2 years did
not achieve its primary efficacy endpoint in slowing the annual growth rate of the total
geographic atrophy area (Rosenfeld et al., 2018). This molecule continues to be studied

in other diseases including Stargardt macular dystrophy (Kubota et al., 2020) and diabetic
retinopathy (Kubota et al., 2019; Kubota et al., 2021).

11. Expanding Involvement and Mechanisms of RPE65 Mutations in
Retinal Disease

11.1. Overview of RPE65-associated Retinal Disease

The involvement of RPEG5 in retinal disease was discovered in 1997 by two groups that
identified homozygous RPE65 mutations in patients with autosomal recessive retinitis
pigmentosa (RP20, OMIM #613794) or Leber congenital amaurosis (LCA2, OMIM
#204100) (Gu et al., 1997; Marlhens et al., 1997). Over the past decade, knowledge of
pathogenic RPE65 mutations has expanded greatly. There are now nearly 200 distinct
RPEG65 mutations in the Human Gene Mutation Database including over 115 sites of
missense mutations. These and additional pathogenic missense mutations listed in ClinVar
as well as recent publications (Gao et al., 2021; Lopez-Rodriguez et al., 2021) are
summarized in Figure 14. Our understanding of the pathogenic effects of these recessive
mutations has been facilitated by the generation of mouse models including the Arg®1Trp
RPE65 mouse (Samardzija et al., 2008) and the Pro2°Leu RPE65 mouse (Li et al., 2015),
which feature variable degrees of visual cycle deficiency. Not limited to recessive RP/
LCA, RPE65 mutations have also been linked to recessive fundus albipunctatus (a disease
normally associated with RDH5 or RLBPI mutations) (Schatz et al., 2011; Yang et al.,
2017) and, in one case, to an atypical form of dominant RP (Bowne et al., 2011). In mice,
the Rd12 mutation in RPEG5 (Pang et al., 2005), which results in a premature stop site

at codon 44, has been found to exert a semidominant negative effect on visual function
possibly due to effects of the mutant transcript on translational machinery (Wright et al.,
2014). A detailed description of the disease phenotypes in RPE65-associated RP/LCA
patients is beyond the scope of this paper but has been expertly reviewed in recent
publications (Cideciyan, 2010; Kiang et al., 2020; Lopez-Rodriguez et al., 2021; Tsang and
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Sharma, 2018; Verbakel et al., 2018). Additionally, several different approaches to the rescue
of vision in RPE65-associated RP/LCA are currently under investigation, some of which
being pharmacological bypass of the defective visual cycle (Kiang et al., 2020; Maeda et al.,
2013), pharmacological stabilization of mutant RPEG5 structure (Li et al., 2014; Li et al.,
2016), recently FDA-approved RPE65 gene augmentation therapy (Russell et al., 2017), and
gene editing approaches (Jo et al., 2019; Suh et al., 2021). Some of these approaches have
recently been reviewed (Dias et al., 2018; Kiser and Palczewski, 2020; Roska and Sahel,
2018).

A variety of mechanisms may be at play in causing RPE65 protein dysfunction depending
on the specific mutation. As shown in Figure 14, most of the known functional regions of the
RPEG65 molecule have been identified as being mutated in retinal disease. Notably, the beta-
propeller fold adopted by RPEG5 likely makes this protein intrinsically sensitive to protein
folding detects as complete folding is likely required before the protein achieves a stable
structural state. Hence, some of the point mutants described in Figure 14 could cause protein
dysfunction not only through distortion of the folded protein structure but also through
alterations in folding kinetics which could lead to partially-folded, aggregation-prone (due to
exposed beta sheet edges) intermediates that are subject to proteolytic degradation.

The lack of a method for crystallization of recombinantly produced RPE65 has complicated
efforts to understand the detailed structural basis for how specific point mutation lead

to protein dysfunction. This barrier has been circumvented through the use of an
apocarotenoid-cleaving RPE65 homolog from Synechocystis (SynACO) as a model system
that is amenable to high-resolution structural analysis. Below, | highlight two studies
employing this model system that have provided insights into how both recessive- and
dominant-acting point mutations cause alterations in the RPE65 structure.

11.2. Structural Impact of a Glul48Asp-equivalent Mutation Associated with LCA2

As described in Section 5.2., the iron-coordinating His and Glu residues of CCDs are

highly structurally conserved amongst all members of the superfamily including RPE65
which enabled the use of SynACO as a model to study the impact of a second-sphere
Glul48Asp mutation on the protein structure and iron coordination (Sui et al., 2016). This
site was of particular interest since the structural role of the second sphere Glu residues was
not well-established prior to this study and the associated pathogenic mutation (Hanein et
al., 2004; Zernant et al., 2005) produced a charge-conserved substitution. Mutation of the
corresponding Glu residue of SynACO (residue 150) to an Asp residue produced a protein
that was expressed nearly as well as the wild-type protein and was readily crystallized, both
of which suggesting that the mutation does not cause a global disruption of the protein
structure. However, the catalytic efficiency of the mutant protein was reduced to ~9% of the
wild-type enzyme, demonstrating that mutation is also detrimental within the context of the
SynACO structure. The crystal structure of Glul59Asp SynACO was determined at 2.8 A
resolution. Electron density for the Asp!®0 side chain showed that it had flipped to a vacant
site opposite the iron center relative to the normal positioning of the Glul%0 side chain in the
wild-type enzyme (Figure 15). In this conformation, no hydrogen bond was formed between
Aspl®0 and His238 (equivalent to His240 in RPE65) resulting in disruption of coordination
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between His?38 and the iron center. Although the His238 side chain was well resolved, it
was oriented away from the metal, clearly demonstrating an iron coordination defect in the
mutant protein. Interestingly, a Glu1®9GIn mutant, in which a hydrogen bond interaction
with His?38 was maintained, also showed drastically reduced catalytic activity accompanied
by an iron coordination defect. This finding along with data from other biochemical studies
on RPE65 (Nikolaeva et al., 2010; Takahashi et al., 2005), indicate that the negative charge
of the second sphere Glu residues is critical for their role in supporting iron coordination by
the primary sphere His residues for CCDs in general.

11.3. Structural Insights into the Mechanism of a Dominant-acting RPE65 Mutation

To date, there has been only one RPE65 mutation linked to dominant retinitis pigmentosa
which gives rise to an Asp to Gly substitution at position 477 in the human sequence.

This mutation was originally reported in an Irish family (Bowne et al., 2011) and has since
been reported in several additional unrelated families (Hull et al., 2016; Jauregui et al.,
2020; Jaureqgui et al., 2018). The mutation causes an atypical form of RP with features of
choroideremia and variable penetrance (Kiang et al., 2020). Four different mouse models of
this disease have been generated, none of which closely mimic the human disease phenotype
(Choi et al., 2018; Kiang et al., 2020; Li et al., 2019; Shin et al., 2017).

Asp is conserved at position 477 in RPE65 from primates to sea lamprey, consistent with
an important structural or functional role for this residue. Interestingly, Gly is found at

a position equivalent to position 477 of human RPEG5 in some CCD enzymes including
human BCO1 and BCO2 as well as SynACO, indicating that Gly is tolerated for protein
structure and function in the presence of a suitable surrounding sequence. Asp*’7 is found
within a beta-turn element connecting strands 32 and 33 of the beta-propeller (Figure
16A). This loop is located distant from the active site, does not contribute to any known
functional region of the protein. Hence, the pathogenicity of the Asp4’’Gly substitution was
not obvious from its position within the three-dimensional structure. However, beta-turns
can exert pivotal roles in protein folding suggesting that the Asp*’7Gly substitution could
lead to a protein folding defect.

To probe the structural consequences of the substitution, we took advantage of the high
structural similarity between RPE65 and SynACO near position 477 to design a chimeric
protein in which residues 474-485 of RPE65 were grafted in place of the equivalent
SynACO sequence together with point substitutions at 4 additional sites that appeared
important to avoid steric clashes or maintain important interactions. The chimera and its
Asp*’’Gly mutant expressed in £. colias soluble proteins and were catalytically active
indicating that the Asp#’’Gly substitution does not have a marked effect on protein folding.

To directly examine the degree of structural preservation of the Asp*’’ loop in RPE65 and
the RPE65/SynACO chimera, we crystallized the chimera under the same conditions used
for wild-type SynACO. The structure revealed a loop structure nearly identical to that of
native RPE6G5 (Figure 16B). This finding provides key validation for use of the chimera to
infer structural consequences of the RPE65 Asp*/’Gly mutation. We then crystallized the
Asp*’Gly chimera variant again under the same conditions used for wild-type SynACO.
Strikingly, this single amino acid change resulted in the exclusive formation of two new
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crystal forms not observed in prior structural studies on SynACO. The overall structure

of the Asp*’’Gly loop region was similar to that of the Asp#’’ chimera with a few

notable differences including variability in the residue 477-containing beta-turn structure
and alterations in the structures of a few nearby residues, which were likely due to a
difference in crystal packing (Figure 16C). However, in both crystal forms, the electron
density corresponding to the Asp*’7 loop and surrounding residues was well resolved
indicating that the Asp*”’Gly substitution does not structurally destabilize this loop region.

Molecular packing in the Asp*”’Gly crystals differed in a striking way from that of the
RPE65/SynACO chimera crystals. Whereas the Asp4’’-containing loop did not engage in
protein—protein contacts in crystals of the original chimera, contacts involving this loop
were integrally involved in the crystal packing of both new crystal forms (Figure 17).
Considering both crystal forms, the Asp*’’Gly loop engages in four distinct protein—protein
interactions involving predominantly hydrophobic contacts with a few H-bonds and salt
bridges (Figure 17, B and D) and are among the major contact points responsible for

crystal formation. In all four cases, multiple van der Waals interactions involving the Gly
alpha carbon indicate that the absence of the Asp side chain crucially enabled formation

of the protein—protein contacts. The Asp*’’Gly substitution thus produced a gain of protein—
protein interaction potential by allowing the residue 477-containing loop to form contacts
with diverse molecular surfaces. From this observation it was suggested that Asp4” in
RPEG65 could serve as a hydrophilic “gatekeeper” residue that protects the aggregation-prone
477 loop from engaging in unwanted protein-protein contacts by interrupting an otherwise
continuous site of hydrophobicity. Indeed, it was observed that Asp*’’Gly RPE65 was
targeted for ubiquitination and degradation presumably because the mutant loops allowed
for novel interactions with E3 ubiquitin ligases. Other abnormal protein-protein interactions
could drive the RPE cell pathology that is observed in patients with this dominant form of
RP.

12. Conclusions and Future Directions

Substantial progress has been made over the past decade in understanding the many facets
of RPEG5 biology, biochemistry, pharmacology, and disease involvement. Nevertheless,
there are several key areas that warrant additional research. First, the role of RPE65-
containing protein complexes in the operation of the visual cycle deserves closer inspection
now that sophisticated mass spectrometry and extraction methods have been developed.
Understanding the structure of such complexes will likely help reveal how retinoids are
efficiently trafficked between visual cycle enzymes and retinoid binding proteins. With
renewed interest in the biology of RGR-opsin, it will be informative to further examine

the functional role of its interaction with RPE65. The precise intermediates involved in
RPEG65 catalysis remain to be spectroscopically characterized. Opportunities to study such
intermediates may arise with the development of new methods for high-yield expression of
RPEG65 or RPE6G5-like model enzymes. Concerning the structure of RPE65, the one region
of the protein that remains unresolved is the PDPC(K)-containing loop that is involved

in membrane binding and substrate recognition. It will be of interest to further study the
structure of this region through the use of model systems or structural biology techniques
besides X-ray crystallography. The therapeutic utility of visual cycle modulation has yet to
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be demonstrated although clinical trials involving emixustat for the treatment of Stargardt
macular dystrophy or diabetic retinopathy are ongoing. Further research is also required to
fully understand the pathogenesis of RP associated with the Asp?’’Gly substitution. One of
the most exciting future areas of research is the use of gene-editing technologies to correct
pathological RPE65 mutations as shown in proof-of-principle mouse studies (Suh et al.,
2021). The next decade promises to bring further advances in our understanding of this
all-important retinoid isomerohydrolase.
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Highlights:

. Relationships of RPE65 to carotenoid cleavage dioxygenases have been
further elucidated.

. The mechanism of the RPE65-catalyzed isomerohydrolase reaction has been
clarified.

. Potent small molecule and protein modulators of RPEG5 activity have been
developed and identified.

. Physiological roles of RPE65 in the retina have been clarified through use of

pharmacological modulators.

. Knowledge of disease-causing RPE65 mutations and their pathogenic
mechanisms has advanced.
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Figure 1. Overview of the classical visual cycle.
A). Anatomic arrangement of the outer retina showing the operation of the visual cycle

between photoreceptor outer segments (red and blue for rods and cones, respectively)

and the RPE. Also shown are the apical processes of Muller glia cells, which play non-
classical roles in the delivery of visual chromophore to photoreceptors, particularly cones.
B) Details of the classical visual cycle. Protein components of the pathway are shown in
blue with the exception of RPE65 and opsin. Non-standard abbreviations are as follows:
CRALBSP, cellular retinaldehyde-binding protein; CRBP, cellular retinol-binding protein;
IRBP, interphotoreceptor retinoid-binding protein; LRAT, lecithin:retinol acyltransferase;
PC, phosphatidylcholine; RDH, retinol dehydrogenase; RPE65, retinal pigment epithelium
65 kDa. Panel B is modified and used with permission from (Kiser et al., 2014).
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Figure 2. Sequence and phylogenetic relationship of RPE65 to carotenoid cleavage dioxygenase.

A) An alignment of RPE65, BCO1, and BCO2 consensus sequences along with the

sequence of a metazoan-like archaeal CCD, NaCCD. Residues making up the conserved
His/Glu iron coordination motif are marked with blue and red stars, respectively. The green
star indicates the location of the residue that occludes one of the potential iron coordination

sites. Red arrowheads indicate ‘RPE65-specific’ residues as defined in the main text.

Consensus sequences were generated using the program Cons. Consensus residues were
assigned based on the default plurality rule. Consensus residues are shown in uppercase
if the corresponding column in the alignment consisted of all positively matched residues
according to the BLOSUMG62 scoring matrix. The alignment was generated using Clustal

Omega (Sievers et al., 2011) and displayed using Espript3 (Gouet et al., 2003). With a

few exceptions, CCD sequences from the following organisms were used to generate the
consensus sequences: Bos taurus (cow), Mus musculus (mouse), Homo sapiens (human),
Canis lupus familiaris (dog), Ornithorhynchus anatinus (platypus), Xenopus tropicalis (frog),
Sus scrofa (pig), Felis catus (cat), Chelonia myaas (green sea turtle), Petromyzon marinus
(Sea lamprey), Latimeria chalumnae (coelacanth), Gallus gallus (chicken), Eptatretus stoutii

(hagfish). Hagfish BCO1 and BCO2 sequences were unavailable for use in consensus
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sequence generation. Additionally, the platypus BCO2 sequence was not used for consensus
sequence generation owing to its questionable accuracy. B). Venn diagram comparison

of residues identified as being “RPE65-specific” in different studies. C). Phylogeny of
metazoan CCDs generated using MrBayes (Ronquist and Huelsenbeck, 2003). NaCCD was
used as an outgroup sequence to root the tree. The scale bar indicates the average number
of substitutions per site. Numbers along the bipartitions are posterior probabilities estimated
by Markov Chain Monte Carlo using the Jones substitution matrix and assuming invgamma
among-site rate variation. The majority rule consensus tree is shown.
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Figure 3. Absence of Rpe65 promoter activity in cone photoreceptors.
A) Retinal cryo-section from a Rpe65€"ERT2 mT/mG*~ mouse treated with tamoxifen to

induce Cre activity. Green fluorescence (mG) shows cells where the Rpe65 promoter was
active resulting in Cre activity at the mT/mG locus. Red fluorescence (mT) shows cells
lacking Cre activity. The sections were co-stained with DAPI (blue) and peanut agglutinin
(PNA, magenta) to demarcate nuclei and cones, respectively. The composite fluorescence
signal is shown at the top along with the individual channels. Co-localization of the PNA
and mG signals was not observed. Conversely, the mG signal did colocalize with ezrin,

a marker of RPE cell apical cell processes (Huang et al., 2009), as described in (Choi et
al., 2021). The scale bar represents 50 um. B) A retinal flatmount from an Rpe65¢€ERTZ
mT/mG*"~ mouse treated with tamoxifen to induce Cre activity. The flatmount was co-
stained with PNA to allow visualization of cone photoreceptors and imaged with its RPE-
associated side facing the camera. The composite fluorescence signal is shown to the left
along with the individual channels. Magnified images corresponding to the indicated boxes
are shown below each wholemount image. The green fluorescent and PNA signals did not
colocalize demonstrating that Cre recombinase in not expressed in the cone photoreceptors
of this animal model. The green fluorescence shown in the magnified images originated
from RPE cells that remained attached to the neural retina during the dissection procedure.
The scale bar in the whole retina image represents 1000 um. That in the bottom zoomed
image represents 100 um. Used with permission from (Choi et al., 2021).

A Overlay B Overlay
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Figure 4. Overview of the RPE65 protein structure.
A) The RPE65 crystal structure viewed down its beta-propeller axis. The propeller blades

are marked with Roman numerals. The tripartite active site cavity is delineated with a grey
surface. The iron ion (red-brown sphere) is shown along with its 4-His/3-Glu coordination
motif (orange sticks). B) Orthogonal view of the RPE65 structure displaying the helical cap
on the top surface of the beta propeller. A cluster of hydrophobic and positively charged
residues that mediate membrane binding are shown as wheat-colored sticks. C) Structure
of the RPEG5 iron center. D). Structure of the RPE65 dimeric assembly showing the
localization of the membrane binding elements to a common face of the dimer and their
close proximity to the active site openings (indicated by curvy arrows).
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Figure 5. Molecular packing and conformational difference observed in lipid-embedded RPE65
crystals.

A) Orthogonal views down the crystallographic axes demonstrate well-packed RPE65 sheets
separated by 20-30 A gaps (grey layers) that extend in two dimensions and contain lipid-
detergent mixed-micelle sheets. The membrane binding surface of RPE65 (orange) faces the
lipid-filled sheet. B) Conformational differences in the membrane-binding surface and active
site entrance observed in lipid-embedded RPEG5 crystals and delipidated RPE65 crystals.
Arrows pointing from the delipidated (grey) to the lipid-embedded (yellow) structures

are shown to help illustrate the structural differences. Phel%, Phe264 and Trp268 in the
lipid-embedded structure form a continuous aromatic surface near the active site entrance
(denoted by the broad green arrow). Used with permission from (Kiser et al., 2012).
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Figure 6. Structural and activity relationships among retinoids and non-retinoid RPE65
inhibitors.

A) Comparison of the chemical structures of C15 retinyl cation to retinylamine, emixustat,
and MB-001 demonstrate the close relatedness of the latter two compound to the retinoid
carbon backbone, indicating their ability to serve as retinoid mimetics for structural

studies. B) Inhibitory effects of retinylamine, emixustat, and MB-001 on retinoid isomerase
activity /n vitro. Bovine RPE microsomes were used as the enzyme source for this assay.
C) Inhibitory effects of retinylamine, emixustat, and MB-001 on visual chromophore
regeneration in mice. Modified and used with permission from (Kiser et al., 2015).
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Figure 7. Structure of RPE65 in complex with the retinoid-mimetic MB-001 and palmitate.
A) Cut-away view of the RPEG5 active site showing the binding sites for MB-001 (orange

sticks) and palmitate (cyan sticks) within the proximal and distal regions of the active site
cavity defined with respect to the active site opening at the membrane binding surface
(marked by an asterisk). The iron ion is shown as a red-brown sphere. B) Detailed view

of the residues forming the different regions of the active site cavity. C) Two-dimensional
representation of the MB-001/palmitate interaction with the RPEG5 active site. Modified and
used with permission from (Kiser et al., 2015).
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Figure 8. Comparison of the active sites between RPE65 and the metazoan-like, apocarotenoid-
cleaving CCD, NdCCD.

A) Structure RPE65 in complex with MB-001 (orange sticks) and palmitate (cyan sticks)
(PDB accession code 4RSE). Residues the vicinity of the bound ligands are shown as
wheat-color sticks. The iron ion is shown as a brown sphere and waters are red spheres.
The electrostatic surface in the vicinity of the bound ligands is shown with red and

blue representing negative and positive electrostatic potential, respectively. B) Structure

of NMaCCD in complex with an apocarotenoid product (orange sticks). Note the conserved
negative electrostatic potential found within the retinoid/apocarotenoid binding sites of both
proteins as well as the presence of buried water molecules in the central region of both
active sites. Also note the conformational difference between Tyr2’ in RPE65 and Phe252
in MaCCD that produces significantly different shapes near the substrate entrance as well
the presence of the ‘RPE65-specific’ residues, Phe264 and Trp258, near Tyr2/®, which also
contribute to the active site geometry. Modified and used with permission from (Daruwalla
etal., 2020).

Prog Retin Eye Res. Author manuscript; available in PMC 2023 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kiser Page 55
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pro-(R)-C15

Figure 9. Summary of isotope-labeling studies performed on the RPE65-catalyzed
isomerohydrolase reaction.

Note the unusual cleavage of the C15-O bond as opposed to acyl bond cleavage more
commonly observed in biological ester hydrolysis reactions. Used with permission from
(Kiser et al., 2015).
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Figure 10. Proposed mechanism of the RPE65-catalyzed isomerohydrolase reaction.
Individual steps are described in Section 6 of the main text. Modified and used with

permission from (Kiser et al., 2015).
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Figure 11. Analysis of emixustat enantiomer binding to and inhibition of RPEG5.
A) RPEG5 crystals obtained in the presence of racemic emixustat show preferential binding

of the (R) stereocisomer. B) /n vitro RPEBS5 activity assays demonstrate a roughly two-

fold greater potency of the /R isomer of emixustat as compared to the Sisomer. Crystal
structures of RPE65 in complex with pure AR-emixustat (C) and pure S-emixustat (D)
demonstrate more a more favorable hydrogen bonding pattern for the former stereoisomer,
thus explaining its greater inhibitory potency. The mesh in panels A, C, and D represents
unbiased ocA-weighted omit mFo-DFc electron density contoured at 3 RMSD. Dashed lines
indicate hydrogen bonds with bond lengths given in Angstroms. Modified and used with
permission from (Zhang et al., 2015).
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Figure 12. Comparison of emixustat and MB-004 binding to the RPEB5 active site.
A) The cyclohexyl ring of emixustat is located close to a water-filled pocket within the

membrane-proximal region of the active site pocket. Owing to its bulkiness, the cyclohexyl
moiety is unable to occupy a nearby apolar pocket (red arrow). B) One half of the

MB-004 dipropyl moiety occupies the aforementioned hydrophobic cavity forming non-
bonded contacts with residues lining the pocket. The other half of this moiety resides in
approximately the same position as the cyclohexyl moiety of emixustat. Ligands are shown
as van der Waals spheres with carbon, nitrogen and oxygen atoms colored orange, blue and
red, respectively. Used with permission from (Kiser et al., 2017).
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Figure 13. Effects of acute RPE65 inhibition by emixustat on mouse cone dark adaptation in
Vivo.

A) The recovery of cone b-wave flash sensitivity following a 90% bleach was compared
between vehicle- and emixustat-treated GnatZ ™~ mice The late, RPE visual cycle-driven
phase of cone dark adaptation was suppressed by emixustat. By contrast, the early, Miller
cell-driven phase of the cone dark adaptation curve was unaffected indicating the presence
of visual chromophore sources that are not acutely dependent on RPEG5 activity. B) Impact
of RPE65 inhibition by emixustat on /7 vivo Gnatl™~ mouse cone photoreceptor responses
during and after prolonged exposure to background light. Cone b-wave sensitivity was
monitored during a 30 min exposure to bright (300 cd/m2) white background light (gray
bar), and then for 35 min in darkness. Compared to vehicle controls, cones from mice treated
with emixustat were equivalently desensitized by the background light but had largely
suppressed subsequent dark adaptation. Modified and used with permission from (Kiser et
al., 2018)
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Figure 14. Two-dimensional topology diagram of RPE65 mapped with corresponding residues
showing sites found to be mutated in retinal disease.

Dashed lines indicate residues involved in iron coordination.
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SynACO, showing the interaction
coordinating His238 residue

equivalent mutation on the structure of the CCD iron center. A)

view of the iron center of an RPE65 homolog
of Glu1®0 (equivalent to Glul48 in RPE65) with the iron-

the active site. The blue mesh in both panels represents the final cA-weighted 2Fo-Fc maps

His238 resulting in a loss of its interaction with the iron ion and lower iron occupancy in
contoured at 1 RMSD. Modified and used with permission from (Sui et al

(equivalent to His?4 in RPE65). B) The Glul®9Asp mutation alters the conformation of

Impact of a Glu148Asp

Figure 15.
Stereo-

2016).
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Figure 16. Location of the Asp#”” residue within the RPES5 structure and creation of an RPE65/
SynACO chimera system for structural study of the Asp477GIy mutation.

A) Location of the Asp#/7-containing loop within the three-dimensional structure of RPEG5.
B) Structure of the Asp*’7 loop region in RPE65/SynACO chimera (blue to green gradient)
compared to bovine RPEB5 (grey). Auxiliary substituted residues in the chimera and the
corresponding residues in bovine RPEG65 are colored light orange and grey, respectively. The
Leu residue substituted at position 44 is omitted for clarity. The Asp#/7 position is marked
by an asterisk. Top residue labeling refers to the ACO/RPEG5 sequence while the numbers
on bottom (in grey) refer to the native RPE65 sequence. Note the structural equivalence
between the two proteins in this region. C) Comparison of the same loop region of the
RPE65/SynACO chimera Asp*’’Gly mutant to the original chimera structure shows only
modest structural differences indicating that the Gly substitution does not grossly destabilize
the Asp*’’ loop region. Modified and used with permission from (Choi et al., 2018).
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Figure 17. Involvement of the Asp*’” loop in crystal packing of RPE65/SynACO chimera
Asp477GIy mutant.

A) Molecular packing in the trigonal crystal form revealing an interaction of the Asp*/’Gly
loop and surrounding residues (shown as van der Waals spheres) with the other molecule

in the asymmetric unit (contact I), which in turn also interacts with a symmetry-related
molecule through the region surrounding the Asp*’’Gly loop (contact I1). B) Details of the
interactions formed between the Asp?/’Gly loop and its interaction partners. Dashed lines
indicate van der Waals contacts (width proportional to number of atomic contacts), solid
blue lines indicate hydrogen bonds and solid red lines indicate salt bridges. C) Molecular
packing in the monoclinic crystal form mediated by the Asp#’’Gly loop and surrounding
residues. Contact 111 occurs between the two molecules of the asymmetric unit whereas
contact IV involves a symmetry-related molecule. These two contacts are related by a
slight rotation. D) Interactions formed between the Asp*’’Gly loop and residues from its
interacting partners in the monoclinic crystal form. In all four contacts, the introduction of
an Asp side chain at position 434 would result in steric clashes which explains why these
two crystal forms were only observed for the Asp*’’Gly mutant. Used with permission from
(Choi et al., 2018).

Prog Retin Eye Res. Author manuscript; available in PMC 2023 May 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Kiser

Table 1.

Select RPEG5 inhibitors and their /n vitro potencies

R

Compound In vitro ICgq
n aen o Chemical Structure towards Reference
RPE65
3 L. ) =5 \/'*‘w)*\x
13-cis-retinoic acid j\ >100 uM (Golczak et al., 2008)
] OH
\){ ”-a/l\x/-“\:/l\xx“-
all-trans-retinylamine @ ) e 0.65-2.03 pyM (Golczak et al., 2008)

(Kiser et al., 2015)

& R:91-175 nM (native RPE microsomes)
. o -NHy or 4.4 nM (heterologously expressed (Bavik et al., 2015; Kiser et al., 2017; Zhang
Emixustat C[/ ah RPE65) etal., 2015)
S:150 nM
.
- MNH.
MB-001 [\'ff 0’“\“)\5:” ’ 396 M (Kiser et al., 2015)
s
s /\.O/[\.\,lf\r“\, NH;
MB-004 rJ & 106 M (Kiser et al., 2017)
Fo
e DI;:.,L\ . ~NH;
Compound 24 r,T gH 50 nM (Blum et al., 2021)
ANy N
Triacsin C W 500 nM (Eroglu et al., 2016)
PBN 61-100 pM (Mandal et al., 2011; Poliakov et al., 2011)
CuU239 6 UM (Shin et al., 2018)
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