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A2E

N-retinylidene-N-retinylethanolamine
ABCA4

ATP-binding cassette transporter 4
CRALBP

retinaldehyde-binding protein 1
HPLC

high-performance liquid chromatography
LC-MS

liquid chromatography—mass spectrometry
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LRAT

lecithin:retinol acyltransferase
OCT

optical coherence tomography
ONL

outer nuclear layer
RDH8

retinol dehydrogenase 8
RPE

retinal pigment epithelium
RPE65

retinal pigmented epithelium-specific 65 kDa protein or retinoid isomerase.
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Abstract

all-trans-Retinal, a retinoid metabolite naturally produced upon photoreceptor light activation, is
cytotoxic when present at elevated levels in the retina. To lower its toxicity, two experimentally
validated methods have been developed involving inhibition of the retinoid cycle and
sequestration of excess of all-trans-retinal by drugs containing a primary amine group. We
identified the first-in-class drug candidates that transiently sequester this metabolite or slow
down its production by inhibiting regeneration of the visual chromophore, 11-cis-retinal. Two
enzymes are critical for retinoid recycling in the eye. Lecithin:retinol acyl transferase (LRAT) is
the enzyme that traps vitamin A (all-trans-retinol) from the circulation and photoreceptor cells to
produce the esterified substrate for retinoid isomerase (RPE65) which converts all-trans-retinyl
ester into 11-cis-retinol. Here we investigated retinylamine and its derivatives to assess their
inhibitor/substrate specificities for RPE65 and LRAT, mechanisms of action, potency, retention
in the eye, and protection against acute light-induced retinal degeneration in mice. We
correlated levels of visual cycle inhibition with retinal protective effects and outlined chemical
boundaries for LRAT substrates and RPEG65 inhibitors to obtain critical insights into therapeutic

properties needed for retinal preservation.
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Introduction

Highly expressed in rod and cone photoreceptor cells of the retina, visual pigments are G
protein-coupled receptors (GPCRs) comprised of an opsin apo-protein combined with a
universal chromophore, 11-cis-retinal, through a protonated Schiff base (Palczewski, 2006;
Palczewski et al., 2000). Upon absorption of a photon of light, the retinylidene chromophore is
photoisomerized to an all-trans configuration with subsequent activation of the photoreceptor.
Spontaneous hydrolysis of the Schiff base bond subsequently liberates all-trans-retinal from the
opsin. Because visual pigments are densely packed at a local concentration up to 5 mM (Nickell
et al., 2007), an intense stream of photons can result in high levels of all-trans-retinal. Even at
low micromolar concentrations, this aldehyde is toxic (Chen et al., 2012; Maeda et al., 2009a;
Maeda et al., 2008), and primarily affects photoreceptor cells as demonstrated by novel imaging

techniques (Maeda et al., 2014).

To restore photoreceptor sensitivity to light, a constant supply of 11-cis-retinal is required, and
vertebrates employ a metabolic pathway called the retinoid (visual) cycle by which all-trans-
retinal is enzymatically re-isomerized back to the 11-cis configuration (Kiser et al., 2014). This
process is facilitated by two non-redundant enzymes, lecithin:retinol acyltransferase (LRAT) and
retinoid isomerase, a retinal pigmented epithelium-specific 65 kDa protein (RPE65) (Jin et al.,
2005; Moiseyev et al., 2005; Ruiz et al., 1999) (Fig. 1). Retinylamine was the first described
potent inhibitor of RPE65 (Golczak et al., 2005b). This retinoid is retained in the eye by the
action of LRAT that produces its amidated precursors, and then the resulting retinyl amides are
slowly hydrolyzed to evoke long-lasting suppression of retinoid isomerase activity (Golczak et al.,
2005a). This mechanism revealed the possibility of targeting hydrophobic drugs to the eye and

retaining them within the ocular tissue (Palczewski, 2010).

An operative visual cycle is critical for sustaining continuous vision and maintaining the health of

photoreceptor cells (Batten et al., 2004; Redmond et al., 2005). Proper homeostasis of retinoid
5
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metabolism supports visual function under a variety of lighting conditions. However, certain
environmental insults including prolonged exposure to intense light in combination with an
unfavorable genetic background can overcome the adaptive capabilities of the visual cycle and
thus compromise retinal function (Maeda et al., 2008; Travis et al., 2007). A clinical example is
Stargardt disease, an inherited form of juvenile macular degeneration that results in progressive
vision loss associated with mutations in the photoreceptor-specific ATP-binding cassette
transporter (ABCA4) that causes a delay in all-trans-retinal clearance (Azarian et al., 1998;
Tsybovsky et al., 2010). The resulting increased concentrations of all-trans-retinal exert a direct
cytotoxic effect on photoreceptors (Maeda et al., 2009b) in addition to contributing to formation
of side-products such as N-retinylidene-N-retinylethanolamine (A2E) and retinal dimer (Fishkin

et al., 2005; Mata et al., 2000; Parish et al., 1998).

Because retinylamine was highly protective against retinal degeneration in mice after short
exposure to bright light, direct interaction and persistent suppression of RPE65 by retinylamine
may not be the only protective mechanism involved (Maeda et al., 2012; Maeda et al., 2009a;
Maeda et al., 2008). An alternative explanation is trapping the excess of all-trans-retinal with
primary amines (Maeda et al., 2012; Maeda et al., 2014). Aldehyde-selective chemistry was
used to reversibly conjugate all-trans-retinal with primary amine containing compounds
structurally unrelated to retinylamine (Maeda et al., 2012). Several potential therapeutic
compounds were identified that exhibited protective effects against retinal degeneration in
animal models. However, potential improvements upon this approach could involve a search for
molecules with extended half-lives in vivo, hijacking an eye-selective mechanism for their
uptake and retention, and further lowering the concentration needed to achieve a therapeutic

effect.

In this study, we investigated many derivatives of retinylamine to assess their substrate/inhibitor
binding specificities for RPE65 and LRAT, the mechanism(s) of their action, potency, retention

6
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in the eye and protection against acute light-induced retinal degeneration in mice. Such
information could be critical for understanding the modes of action for current and future visual

cycle modulators.

Material and Methods

Chemicals and synthesis.

Unless otherwise stated, solvents and reagents were purchased from Sigma (St. Louis, MO).
QEA-A-002 and QEA-A-003 were obtained from Toronto Research Chemicals Inc. (Toronto,

Canada). Other aldehydes were synthesized as described in Supplemental Methods.

Syntheses of primary alcohols and amines were performed by previously described procedures
(Golczak et al., 2005a; Golczak et al., 2005b). *H NMR spectra (300, 400 or 600 MHz) and **C
NMR spectra (100 or 150 MHz) were recorded with Varian Gemini and Varian Inova

instruments.

Because retinal is much more stable than retinylamine or retinol, all novel retinoid derivatives
were synthesized and stored in their aldehyde forms and then were converted to primary
alcohols/amines just prior to compound screening. The general scheme of synthesis began with
building the B-ionone ring analogs, and was followed by elongating the polyene chain with an
Aldol condensation, a Wittig-Horner reaction or Suzuki coupling (Supplemental Methods).
Synthesized retinal analogs were categorized as QEA, TEA, and PEA based on their polyene
chain length (Fig. 2A). Among 35 synthesized aldehydes, four — QEA-E-001, QEA-E-002, QEA-
F-001, and QEA-F-002 were unstable and decomposed before proper NMR spectra were
completed. Structures and purities of all other compounds were confirmed by *H and **C NMR

as well as by mass spectrometry (Supplemental Methods).
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RPE microsomal preparations.

Bovine RPE microsomes were isolated from RPE homogenates by differential centrifugation as
previously described (Stecher and Palczewski, 2000). The resulting microsomal pellet was
resuspended in 10 mM Bis-Tris propane/HCI buffer, pH 7.4, to achieve a total protein
concentration of ~5 mg-ml~*. Then the mixture was placed in a quartz cuvette and irradiated for
6 min at 4 °C with a ChromatoUVE transilluminator (model TM-15; UVP) to eliminate residual
retinoids. After irradiation, DTT was added to the RPE microsomal mixture to achieve a final

concentration of 5 mM.

LRAT activity assays.

Two pl of a synthesized primary alcohol or amine dissolved in DMF (final concentration 10 uM)
and 2 yl of 1,2-diheptanoyl-sn-glycerol-3-phosphocholine (water, final concentration 1 mM) were
added to 200 pl of 10 mM Bis-Tris propane/HCI buffer, pH 7.4, containing 150 ug of RPE
microsomes and 1% (v/w) BSA. The resulting mixture was incubated at 37 °C for 1 h. The
reaction was quenched by adding 300 pl of methanol. Most reaction products were extracted
with 300 pl of hexanes, except for products from the QEA-C-006 and QEA-G groups which were
extracted by adding 300 ul of ethyl acetate and 300 pl of water. Reaction products were
separated and quantified by normal phase HPLC (Agilent Sil, 5 pm, 4.6 mm x 250 mm) in a
stepwise gradient of ethyl acetate in hexanes (0 — 15 min, 10%; 20 - 30 min, 30%) at a flow rate
of 1.4 ml-min™. Because for each tested compound, both the substrate and product showed
almost same UV absorption maximum, quantification was based on equivalent UV absorption

by the substrate and product at the absorbance maximum specific for a given compound.

Retinoid isomerase activity assays.
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Two pJl of the synthesized primary amine (in DMF, final concentration ranging between 1 and
100 uM) was added to 10 mM Bis-Tris propane/HCI buffer, pH 7.4, containing 150 ug of RPE
microsomes, 1% BSA, 1 mM disodium pyrophosphate and 20 uM apo-retinaldehyde-binding
protein 1 (CRALBP). The resulting mixture was pre-incubated at room temperature for 5 min.
Then 1 pl of all-trans-retinol (in DMF, final concentration 20 uM) was added. The resulting
mixture was incubated at 37 °C for 15 min to 2 h. The reaction was quenched by adding 300 I
of methanol, and products were extracted with 300 pl of hexanes. Production of 11-cis-retinol
was quantified by normal phase HPLC with 10% (v/v) ethyl acetate in hexanes as the eluent at
a flow rate of 1.4 ml-min~’. Retinoids were detected by monitoring their absorbance at 325 nm
and quantified based on a standard curve representing the relationship between the amount of

11-cis-retinol and the area under the corresponding chromatographic peak.

Mouse handling and compound administration.

Abca4"Rdh8™" double knockout mice were generated as previously described (Maeda et al.,
2008). Mice were housed in the Animal Resource Center at the School of Medicine, Case
Western Reserve University, where they were maintained either under complete darkness or in
a 12-h light (=300 lux)/ 12-h dark cycle. All tested primary amines were suspended in 100 pl of
soybean oil with less than 10% (v/v) DMSO and were administered by oral gavage with a 22-
gauge feeding needle. Experimental manipulations in the dark were done under dim red light
transmitted through a Kodak No. 1 safelight filter (transmittance >560 nm). All animal
procedures and experiments were approved by the Institutional Animal Care and Use
Committee of Case Western Reserve University and conformed to recommendations of the
American Veterinary Medical Association Panel on Euthanasia and the Association of Research

for Vision and Ophthalmology.
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Induction of acute retinal degeneration in Abcad”"Rdh8™ mice.

After dark adaptation for 24 h, 4-week-old male or female Abcad”"Rdh8 mice with pupils
dilated by 1% tropicamide were exposed to fluorescent light (10,000 lux; 150 W spiral lamp,
Commercial Electric) for 1 h in a white paper bucket (Papersmith), and then kept in the dark for
an additional 3 d. Development of retinal degeneration was then examined by ultra-high
resolution spectral-domain OCT (SD-OCT,; Bioptigen) and ERGs as previously described

(Maeda et al., 2009b; Zhang et al., 2013).

Analysis of retinoid composition in mouse tissues.

Two mg of primary amines were administered by oral gavage to 4-week-old Abcad”’ "Rdh8™""
mice, which then were kept in the dark for 24 h. Mice then were euthanized, and their livers
were homogenized in 1 ml of 10 mM sodium phosphate buffer, pH 7.4, containing 50%
methanol (v/v). The resulting mixture was extracted with 4 ml of hexanes. Extracts were dried in
vacuo, and reconstituted in 300 pl of hexanes. One hundred pl of this solution was analyzed by

HPLC as described above for the LRAT activity assay.

Visual chromophore recovery assay.

After bright light exposure resulting in 90% photoactivation of rhodopsin, mice were kept in
darkness for 2 h to 7 d. Then animals were sacrificed and their eyes were collected and
homogenized in 10 mM sodium phosphate buffer, pH 7.4, containing 50% methanol (v/v) and 40
mM hydroxylamine. The resulting mixture was extracted with 4 ml of hexanes. Extracts were
dried in vacuo, reconstituted in 300 ul of hexanes and 100 ul of extract was injected into an

HPLC for analysis with 10% (v/v) ethyl acetate in hexanes.

10
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Statistical analyses.

Data representing the means + s.d. for the results of at least three independent experiments
were compared by the one-way analysis of variance Student’s t test. Differences with P values

< 0.05 were considered as statistically significant.

Results

Design and synthesis of novel retinal analogs.

To find primary amines that could serve as substrates of LRAT without imposing a strong
inhibitory effect on retinoid isomerization, we designed and synthesized a series of retinoid
analogs (Fig. 2A. and Supplemental Methods). Prior to this study, the only known primary
amine acting as a substrate for LRAT was retinylamine (Golczak et al.,, 2005a). Thus
retinylamine was chosen as a starting model for further chemical modifications. Although LRAT
was shown to have a broad substrate specificity (Canada et al., 1990), chemical boundaries that
determine the substrate selectivity for this enzyme had not been clarified. In contrast, the crystal
structure of RPE65 was elucidated in detail (Kiser et al., 2012; Kiser et al., 2009) revealing a
narrow tunnel that leads into the active site of this enzyme. Indeed, a relatively small structural
modification of the retinoid moiety could effectively abolish binding of an inhibitor to this enzyme.
Thus, we hypothesized that a subset of primary amines and LRAT substrates would not inhibit

RPEG5 enzymatic activity.

In vitro screening to identify the boundary between substrates of LRAT and RPE65

inhibitors

Properties of retinoid derivatives were examined with two standard enzymatic assays, the

acylation by LRAT and retinoid isomerization by RPE65. To identify substrates of LRAT,
11
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aldehydes were first reduced by sodium borohydrate to their corresponding primary alcohols
that then were used directly in the esterification assay (Fig. 2B). The alcohols were incubated
with RPE microsomes that served as a source of LRAT enzymatic activity. Products of the
enzymatic reaction as well as the remaining substrates were extracted with organic solvents
and analyzed by HPLC. The ratio between a substrate and its esterified form was used to
measure enzymatic activity, based on equivalent UV absorption of the substrate and product at
their specific UV maximum wavelengths. Compounds classified as ‘good’ LRAT substrates
converted at least 50% of their available alcohol substrates into corresponding esters under
these experimental conditions, whereas marginal LRAT substrates were converted at less than
5%. Alcohols with a 5-50% conversion ratio were classified as weak substrates. An example is
shown in Fig. 3A for QEB-B-001. Among 35 tested compounds, 23 were categorized as good
and 9 as weak substrates; 3 compounds were not esterified by LRAT (Table 1 and Fig. 2C).
Based on these data, we conclude that the conformation of the B-ionone ring is a critical
structural feature for LRAT substrate recognition. Importantly, various modifications within the 8-
ionone ring, including incorporation of heteroatoms, deletion of methyl groups or addition of
functional groups did not significantly alter ester formation. Moreover, elongating double bond
conjugation along the polyene chain or deletion of a C9 and/or a C13 methyl group also was
allowed. In contrast, exchange of the C13 methyl with a bulky t-butyl group strongly inhibited
substrate binding. Interestingly, the C9 methyl could be replaced with a variety of substituents
including a t-butyl, benzene and its derivatives or even an alkyl chain bridging to C7 which
resulted in a rigid configuration of the polyene chain. Reduced enzymatic activity was observed
with ionylidene analogues of fewer than 12 carbons in length (Table 1 and Supplemental Table

1).

Primary amines of compounds derived from the aldehydes were subsequently tested for their

ability to inhibit the RPE65-dependent retinoid isomerization reaction in a dose- and time-

12
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dependent manner as exemplified by QEB-B-001 (Fig. 3B). Amines were incubated with RPE
microsomes in the presence of all-trans-retinol and the 11-cis-retinoid binding protein, CRALBP.
Progress of the enzymatic reaction was monitored by HPLC separation of retinoids and
guantification of 11-cis-retinol with a decrease of 11-cis-retinol production reflecting inhibition of
RPE65 by a tested amine. Compounds with an ICso below 10 uM were defined as strong
inhibitors, those with an 1Cso between 10-100 pM were categorized as moderate inhibitors and
compounds with an ICso above 100 pM were viewed as non-inhibitors (Table 1). Among the 32
amines serving as substrates of LRAT, 11 exhibited strong inhibition of RPE65, 4 showed
moderate inhibition, and 17 did not affect this isomerization reaction. Those amines exhibiting
no inhibition had two common features: an altered B-ionone ring structure characterized by the
absence of methyl groups and the presence of one bulky group such as a t-butyl or benzyl
group at the C9 position. For example, QEA-B-001-NH, was a good LRAT substrate but a
modest or non-inhibitor of RPE65 (Fig. 3). Compounds containing only one of these
modifications (QEA-A-006-NH, and QEA-B-003-NH,) showed moderate inhibition of RPEG5,
implying a synergistic effect of both changes in RPEG5 inhibitory effect (Table 1). This moderate
inhibition could be enhanced by shortening the polyene chain length (TEA amines) or
diminished by introducing an extra positive charge into the tested compounds (QEA-G amines)

(Supplemental Table 1).

Protective effects of primary amines against light-induced retinal degeneration

Our in vitro screening identified 17 candidates which could be acylated by LRAT and yet did not
inhibit RPEG5. For practical reasons, only eight of these lead compounds (QEA-B-001-NH,, B-
002-NH;, C-001-NH,, C-003-NH,, C006-NH,, E-002-NH,, TEA-B-002-NH,, and CO00-2-NH;)
along with retinylamine as a control were selected for further testing in Abca4”"Rdh8 mice, an

animal model for light-induced retinal degeneration (Maeda et al., 2008) (Table 2). Additionally,

13
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two novel amines with moderate inhibition of RPE65 (QEA-A-006-NH, and QEA-B-003-NH,)
and one with strong inhibition (QEA-A-005-NH,) were added to the first test group for
comparison. Mice were treated by oral gavage with 2 mg of a test compound and then kept in
the dark for 24 h prior to being exposed to bright light (~10,000 lux) for 1 h (Maeda et al., 2012).
Retinal damage was assessed with OCT by measuring the thickness of the outer nuclear layer
and also by determining 11-cis-retinal levels in the eye (Fig. 4). Additionally, extracts of livers
obtained from treated mice were analyzed by HPLC to estimate the amounts of corresponding

amides (Fig. 4D).

Among tested compounds, only inhibitors of RPE65 including QEA-A-005-NH, and retinylamine
provided significant protection against light-induced retinal degeneration (Table 2). Remaining
compounds characterized as weak inhibitors did not prevent retinal deterioration. One possible
explanation is that instability of these compounds in vivo caused their failure to protect. Despite
being substrates for LRAT, seven compounds (QEA-A-006-NH,, B-002-NH,, B-003-NH,, C-003-
NH,, C-006-NH,, E-002-NH,, and TEA-B-002-NH,) were not efficiently amidated in vivo as
shown by lack of accumulation of their amide forms in mouse liver. Whether these compounds
were removed from the biological system before or after amidation by LRAT is not clear.
Nonetheless, inadequate levels of primary amines in vivo would have resulted from either
scenario. Thus, it was not surprising to observe retinal degeneration in OCT images of mice
treated with these amines (Fig. 4A and 4B). In contrast, compounds QEA-B-001-NH,, C-001-
NH,, and TEA-C-002-NH; that did not inhibit RPE65 were efficiently converted into amides in
vivo as was apparent form their intense amide peaks present in liver. Notably, none of these
compounds protected against retinal degeneration either. Levels of 11-cis-retinal quantified 3
days after light exposure indicated that only 50% of photoreceptors remained as compared to
those in control healthy mice (Fig. 4C). The relatively high levels of residual 11-cis-retinal in

examined samples may indicate that the disorganization of the ONL seen in OCT images did

14
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not reflect the death of all photoreceptor cells. Additionally, rod outer segments of the
compromised photoreceptors loaded with rhodopsin could persist in the retina for some time
before they are cleared. Although QEA-B-001-NH, was stored as amides in the liver, its inability
to prevent light-induced retinal degeneration could be attributed to an insufficient concentration
of free amine in eyes needed to sequester the excess all-trans-retinal produced by

photobleaching.

Functional relationship between inhibition of the visual cycle and retinal protection

As indicated above, inhibition of RPEG5 can protect the retina against light-induced damage.
However, a fundamental question is to what extent does RPE65 enzymatic activity need to be
affected to achieve this therapeutic effect. To answer this question, we measured the rate of the
visual chromophore recovery in wild type (WT) mice pretreated with retinylamine and exposed
to light illumination that activated ~90% of rhodopsin yet failed to trigger retinal degeneration. As
demonstrated in Fig. 5A, mice without treatment had recovered ~85 + 5 % of the pre-bleached
11-cis-retinal level in the eye at 6 h, whereas mice exposed to light 2 h after administration of
0.2 mg of retinylamine recovered only 50 £ 13%. Importantly, animals treated with the same
amount of retinylamine but exposed to light 24 h later exhibited a much slower recovery of 11-
cis-retinal in the eye, namely only 22 + 5.0% of the pre-bleached level (Fig. 5B). When the
retinylamine inhibitory effect was investigated over a broader time period (Fig. 5C), 24 h post-
administration was found to be the time point with the strongest inhibition regardless of a 5-fold
difference in the retinylamine dose. The inhibitory effect observed for the 0.2 mg dose
decreased by day 3, resulting in 61 + 2.2% of recovered 11-cis-retinal, and nearly disappeared
by day 7. In contrast, 0.5 mg of retinylamine still strongly affected the rate of 11-cis-retinal

regeneration at day 7, allowing only a partial recovery (56 + 9.1%).

15
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Once the time course of retinylamine’s inhibitory effect was established, we investigated the
correlation between the level of inhibition and the protective effect on the retina. Four week old
Abca4”"Rdh8™" mice were treated by oral gavage with 0.1, 0.2, and 0.5 mg of retinylamine,
respectively, and kept in the dark for 24 h. Mice then were bleached with 10,000 lux bright light
for 1 h. Measured as described above, the recovery of visual chromophore was inhibited by
about 40%, 80%, and 95%, respectively by these tested doses (Figs. 5B and 5C). Bleached
mice were kept in the dark for 3 d, and then imaged by OCT (Figs. 6A and 6B). Mice treated
with only 0.1 mg of retinylamine developed severe retinal degeneration, similar to that observed
in mice without treatment, whereas mice treated with 0.5 mg retinylamine showed a clear intact
ONL image. The average ONL thickness in the latter group was 51.1 £ 5.8 um, well within the
range of healthy retinas. Concurrently, OCT imaging revealed that mice treated with the 0.2 mg
dose were partially protected. Their average ONL thickness was 34.4 + 17.4 um. In an
equivalent experiment, mice were kept in the dark for 7 days prior to quantification of visual
chromophore levels. Mice treated with 0.2 mg of retinylamine showed the same 11-cis-retinal
levels (445 = 37 pmol/eye) as control mice not exposed to light (452 + 43 pmol/eye), whereas
mice treated by oral gavage with a 0.1 mg dose and untreated animals had 323 + 48 pmol/eye
and 301 + 8 pmol/eye, respectively, suggesting damage to the retina (Fig. 6C). Furthermore,
mice treated with the 0.2 mg and 0.5 mg doses of retinylamine showed the same ERG scotopic
a-wave responses, whereas animals provided with 0.1 mg of the compound revealed attenuated
ERG responses similar to those of untreated controls (Fig. 6D). Thus, the 0.1 mg dose failed to
protect against retinal degeneration under the bright light exposure conditions described in this

study.

Discussion
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Development of safe and effective small molecule therapeutics for blinding retinal degenerative
diseases still remains a major challenge. Ophthalmic drugs comprise a special category of
therapeutics. Their site of action is limited to a relatively small organ protected by both static and
dynamic barriers including different layers of the cornea, sclera, and retina and blood-retinal
barriers in addition to choroidal blood flow, lymphatic clearance, and dilution by tears (Gaudana
et al., 2010). Thus, designing efficient drug delivery systems, especially those directed to the
posterior segment of the eye, has been a major problem. This challenge certainly applies to
therapeutics administrated systemically. Oral delivery is definitely the most feasible noninvasive
and patient-preferred route for treating chronic retinal diseases. But inadequate accessibility to
targeted ocular tissues after oral administration often requires high drug doses that cause
unwanted systemic side effects. Examples are acetazolamide and ethoxzolamide, carbonic
anhydrase inhibitors and anti-glaucoma drugs that have been discontinued due to their systemic

toxicity (Kaur et al., 2002; Shirasaki, 2008).

Recently, the first-in-class drug candidates were discovered that transiently sequester the toxic
all-trans-retinal metabolite produced in excess under adverse conditions. These compounds do
not inhibit enzymes, channels or receptors but instead react with all-trans-retinal to form a Schiff
base and thus reduce peak concentrations of this potentially toxic aldehyde. Because this
reaction is readily reversible, there is no discernable diminution in the total amount of all-trans-
retinal needed to replenish the visual chromophore. Present at high micromolar levels, all-trans-
retinal is uniquely concentrated in the eye and constitutes an ideal target for primary amine-
containing drugs that do not interact with cellular machinery and processes. But to be an
effective drug, the primary amine also must be delivered to and be retained in the eye. Primary
amines can be amidated with fatty acids by LRAT and retained in the eye, but then the similar
substrate/product profile shown by another key enzyme of retinoid cycle, RPE65 can produce

the undesirable side effect of severely delayed dark adaptation. In this study, we performed
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enzymatic tests that delineated the chemical boundaries for LRAT substrate and RPE65
inhibitor specificities. Next, we tested the role of LRAT enzymatic activity in ocular tissue uptake
and in establishing an equilibrium between primary amines and their acylated forms together
with their retention in vivo. A similar protocol was employed to assess the inhibition of RPE65
and corresponding levels of visual chromophore production and the duration of their
suppression. Finally, we used the Abca4”’"Rdh8 mouse model of Stargardt disease to assess
the ocular tissue uptake and mechanism of action of several retinoid-derived amines in vivo.
These new compounds were examined for their therapeutic protection against bright light-
induced retinal damage. This extensive search has yielded a new class of compounds for

treatment of retinal degeneration.

Extensive studies on animals, including rats as well as WT and Abca4”’ Rdh8” double
knockout mice that closely mimic many features of human retinal degeneration, have shown
that retinylamine exhibits a protective effect against light-induced damage by preventing the
buildup of all-trans-retinal and its condensation products (Berkowitz et al., 2009; Golczak et al.,
2005b; Golczak et al., 2008; Maeda et al., 2008). However, prolonged complete inhibition of 11-
cis-retinoid production would cause accumulation of unliganded opsin, a condition that
resembles Leber congenital amaurosis (LCA) and leads to retinal dystrophies. Thus, a partial
slowing but not a complete blockage of visual chromophore regeneration offers an optimal

therapeutic window for prevention of many degenerative retinal diseases.

Many drug side effects could be minimized by improving tissue specific drug uptake through the
use of existing nutrient transport systems. Visual functions of the eye, unlike any other tissue,
depend on vitamin A. In fact, retinoids are preferentially taken up by the eye at the expense of
other peripheral tissues (Amengual et al., 2012). This selectivity offers the opportunity of
designing compounds that employ vitamin A transport machinery and thus benefit from efficient
and active uptake into the eye, low systemic toxicity and dramatically improved
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pharmacokinetics (Moise et al., 2007). Retinylamine well illustrates this concept. This inhibitor of
RPE65 has a reactive amine group instead of an alcohol, yet like vitamin A, it can also be
acylated and stored in the form of a corresponding fatty acid amide. Solely responsible for
catalyzing amide formation, LRAT is a critical enzyme in determining cellular uptake (Batten et
al., 2004; Golczak et al., 2005a). Conversion of retinylamine to pharmacologically inactive
retinylamides occurs in the liver and RPE, leading to safe storage of this inhibitor as a pro-drug
within these tissues (Maeda et al., 2006). Retinylamides then are slowly hydrolyzed back to free
retinylamine, providing a steady supply and prolonged therapeutic effect for this active retinoid

with lowered toxicity.

To investigate whether the vitamin A-specific absorption pathway can be utilized by drugs
directed at protecting the retina, we examined the substrate specificity of the key enzymatic
component of this system, LRAT. Over 35 retinoid derivatives were tested that featured a broad
range of chemical modifications within the (-ionone ring and polyene chain (Table 1 and
Supplemental Table 1). Numerous modifications of the retinoid moiety including replacements
within the B-ionone ring; elongating the double bound conjugation as well as substitution of the
C9 methyl with variety of substituents including bulky groups did not abolish acylation by LRAT
thereby demonstrating a broad substrate specificity for this enzyme. These findings are in a
good agreement with the proposed molecular mechanism of catalysis and substrate recognition
based on the crystal structures of LRAT chimeric enzymes (Golczak et al., 2005b; Golczak et al.,
2014). Thus, defining the chemical boundaries for LRAT-dependent drug uptake offers an
opportunity to improve the pharmacokinetic properties of small molecules targeted against the
most devastating retinal degenerative diseases. This approach may not only help establish
treatments for ocular diseases but also other pathologies such as cancer where retinoid-based

drugs are used.
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Two experimentally validated methods for prevention of light-induced retinal degeneration
involve (i) sequestration of excess of all-trans-retinal by drugs containing a primary amine group,
and (ii) inhibition of the retinoid cycle (Maeda et al.,, 2012; Maeda et al., 2008). The
unquestionable advantage of the first approach is the lack of adverse side effects caused by
simply lowering the toxic levels of free all-trans-retinal. LRAT substrates persist in tissue in two
forms: free amines and their acylated (amide) forms. The equilibrium between an active drug
and its pro-drug is determined by the efficiency of acylation and breakdown of the
corresponding amide. Our data suggest that compounds that were fair LRAT substrates but did
not inhibit RPE65 were efficiently delivered to ocular tissue. However, their free amine
concentrations were too low to effectively sequester the excess of free all-trans-retinal and thus
failed to protect against retinal degeneration. In contrast, potent inhibitors of RPE65 that were
acylated by LRAT revealed excellent therapeutic properties. Therefore, it became clear that
LRAT-aided tissue-specific uptake of drugs is therapeutically beneficial only for inhibitors of the

visual cycle.

The ultimate result of our experiments was a determination of key structural features of RPE65
inhibitors that determine their function. The narrow hydrophobic tunnel leading to the active site
of RPE65 explains why introduction of a bulky group such as a t-butyl or benzyl at the C9
position should weaken the inhibitory effect. However, it was surprising to find that methyl
groups on the B-ionone ring contributed significantly to inhibitory binding (QEA-A-006-NH,). In
contrast, the conformation of the B-ionone ring had only a slight impact (TEA-A-002-NH,).
Interestingly, introduction of an extra nitrogen atom (QEA-G-001-NH, and QEA-G-002-NH,)
moderately recovered the inhibitory properties. This observation supports the previous
hypothesis that the isomerization occurs via a carbocation intermediate and that the positively-
charged compound inhibits the reaction (Golczak et al., 2005b; Kiser et al., 2012; Kiser et al.,

2009; Kiser et al., 2014).
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Finding effective treatments for ocular degenerative diseases is still an ongoing task.
Challenges in designing the most effective drugs are not limited to optimization of drug-target
interactions but also involve understanding routes of eye-specific drug absorbance and storage.
We believe that investigating the specificity of natural eye delivery systems and the mode of
action of primary amines will shed new light on the prospects and limitations associated with the

development of novel small molecule ocular therapies.
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Figure legends

Fig. 1. The retinoid (visual) cycle with therapeutic strategies against all-trans-retinal-mediated
retinal degeneration. Photoisomerization of 11-cis-retinylidene bound to opsin results in release
of all-trans-retinal from its protein opsin scaffold. All-trans-retinal is flipped by ABCAA4, to the
cytoplasmic leaflet of the disc lipid membrane and then reduced to all-trans-retinol by RDH8 and
RDH11 in the RPE. Insufficient activity of these enzymes results in over-accumulation of all-
trans-retinal and subsequent formation of precursors of A2E and retinal dimer. Importantly, all-
trans-retinal itself is cytotoxic to photoreceptors. Formation of a transient Schiff base with
primary amines can sequester the excess of this toxic aldehyde. Alternatively, cytoprotection

can be achieved by inhibiting the visual cycle to slow down the supply of all-trans-retinal.

Fig. 2. Schematic representation of retinoid-based amines and their biological activities. (A)
Retinal analogs. For QEA, R; and R4 represent H or methyl, R, and R3 are H, hydroxyl, Rs is H,
methyl, t-butyl, benzyl or p-methoxy benzyl, Re corresponds to H, methyl or t-butyl, and X could
be C, O or N. When X is O, there is no R; group. For QEA-D and QEA-G-001, Rs represents a -
(CHy)s- bridge connecting C7 and C9. For TEA, R; and R, can be H or methyl, whereas R, and
Rs are H or hydroxyl, Rs is H or t-butyl, R¢ can be H, methyl, t-butyl or benzyl, and R;
corresponds to H or methyl. For PEA, R; and R, are H or hydroxyl. These compounds were
converted to primary amines prior to the tests. (B) Schematic representation of the experimental
design used to test the biological activity of amines. The black arrows represent the chemical
conversions of tested compounds, whereas blue arrows represent the candidate compound
selection. (C) Fraction of tested compounds that serve as substrates of LRAT. (D) Extent of

inhibition displayed by tested amines against RPE65 enzymatic activity.
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Fig. 3. Amidation of QEA-B-001-NH, and inhibition of RPE65. Primary amines were
preincubated with bovine RPE microsomes at room temperature for 10 min; then all-trans-retinol
was added and the mixture was incubated at 37 °C. (A) HPLC chromatograph showing
acylation of QEA-B-001-NH, by LRAT in RPE microsomes; chromatograms ‘a’ and ‘b’
correspond to extracts of RPE microsomes in the absence and presence of QEA-B-001-NH,,
respectively. Asterisks indicate a step change in the ethyl acetate mobile phase concentration
(from 10% to 30% hexane). Under these chromatographic conditions, the free amine of QEA-B-
001-NH, did not elute from normal phase HPLC column without addition of ammonia to the
mobile phase. (B) UV/Vis absorbance spectrum of a peak at 26 min of elution. This spectrum
corresponds to QEA-B-001-NH; amide. (C) Effect of inhibitor concentrations on the production
of 11-cis-retinol. Inhibition of RPE6G5 enzymatic activity was measured as a decline in 11-cis-
retinol production. () — QEA-B-001-NH,; (o) — retinylamine (Ret-NHy). All incubation mixtures
were quenched by addition of methanol after 1 h of incubation at room temperature. (D) 11-cis-

Retinol production in the presence of (e) — 5 uM QEA-B-001-NH;; (v) — 30 uM QEA-B-001-NH;;

(A) — 5 UM Ret-NHy; (o) — 30 uM retinylamine; (o) — control.

Fig. 4. Protective effects of selected amines against light-induced retinal degeneration. Four-
week-old Abcad” Rdh8" mice treated with tested amine compounds were kept in the dark for 24
h and then bleached with 10,000 lux light for 1 h. (A) Representative OCT images of retinas
from mice treated by oral gavage with 2 mg or 4 mg of different amines. (B) Quantification of the
protective effects of QEA-B-001-NH,, QEA-B-003-NH,, QEA-A-005-NH;, and retinylamine (Ret-
NH;) are shown by measuring the averaged thickness of the ONL. A dramatic decrease in ONL
thickness indicates advanced retinal degeneration. Ret-NH, (2 mg) and QEA-A-005-NH; (4 mg)
protected the ONLs of these mice. (C) Quantification of 11-cis-retinal in the eyes of mice kept in

dark for 7 days after bleaching. The decreased amount of 11-cis-retinal in damaged eyes
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reflects the loss of photoreceptors. (D) HPLC chromatograph showing acylation of QEA-B-001-
NHzin mouse liver; ‘a’ is a representative chromatogram of a liver extract from mice treated with
DMSO only, whereas ‘b’ corresponds to an extract from mice treated with 2 mg of QEA-B-001-

NH..

Fig. 5. Inhibitory effects of retinylamine on the visual cycle in vivo. Inhibition of the retinoid cycle
was measured by recovery of 11-cis-retinal in eyes of WT mice after exposure to bright light.
Recovery of 11-cis-retinal in the eyes of mice when retinylamine was administered 2 h (A) or 24
h (B) prior to light exposure; (o) — control; (¢) — 0.2 mg retinylamine; (¥) — 0.5 mg retinylamine;

(A) — 1.0 mg retinylamine; (+) — 0.5 mg retinylamine. Mice treated with vehicle only achieved

over 80% of 11-cis-retinal recovery by 6 h after bleaching. (C) Temporal profile of the
retinylamine effect on the retinoid cycle. Mice were treated by oral gavage with retinylamine 2 h
to 7 days before light exposure. Amounts of 11-cis-retinal in the eye were measured 6 h after
bleaching. Inhibition achieved a maximum at 24 h after bleaching and lasted more than 7 days.
Symbols represent doses of retinylamine; (o) — 0.1 mg, (¢) — 0.2 mg, and (A) — 0.5 mg. Since
inhibition of the visual cycle at the 0.1 mg dose did not offer sufficient protection against retinal
degeneration, it could be considered as a reference point for higher doses. Thus we decided to
collect data only for a time point in which the inhibitory effect was the most profound. The slow
decrease of the inhibitory effect after day 2 reflects delayed clearance of retinylamine or

retinylamide from the RPE.

Fig. 6. Protective effects of retinylamine against light-induced retinal degeneration. Mice treated
by oral gavage with different doses of retinylamine were kept in the dark for 24 h and then

bleached with 10,000 lux light for 1 h. (A) Representative OCT images of mouse retinas 3 days
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after bleaching. (B) Quantification of ONL thickness by OCT. (C) Recovery of 11-cis-retinal in
retinas of mice kept in the dark for 7 days after bleaching. The decreased amounts of 11-cis-
retinal in damaged eyes reflect the loss of photoreceptors. (D) Representative scotopic ERG
responses of mice kept in the dark for 7 days after bleaching. (¢) — 0.1 mg, (A) — 0.2 mg, and (o)

— 0.5 mg, (m) — Vehicle (DMSO).
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Table 1. Summary of primary amines as substrates for LRAT and RPEG5 in vitro.

Compound Structure LRAT Inhibition of
Substrate® RPE65°
100% Strong
NN
NH,
QEA-A-001-NH,
(retinyl amine)
QEA-A-002-NH, M/\ 100% Strong
N X
NH,
OH
QEA-A-003-NH, M 100% Strong
NN
NH,
HO
QEA-A-004-NH, 100% Strong
N PN
NH,
QEA-A-005-NH; 100% Strong
NN
NH,
QEA-A-006-NH, 100% Moderate
NN
NH,
QEA-B-001-NH, 80% None
S G NH,
QEA-B-002-NH, 30% None
NN NH,
QEA-B-003-NH, 100% Moderate
NN NH,

33

202 ‘0T |1MdV uo speuinor 134S Y e Bio'sfeulno fisdse wireyd jow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on December 23, 2014 as DOI: 10.1124/mol.114.096560

This article has not been copyedited and formatted. The final version may differ from this version.

MOL #96560

QEA-B-004-NH;

QEA-B-005-NH,

QEA-C-001-NH,

QEA-C-002-NH,

QEA-C-003-NH;

QEA-C-004-NH,

QEA-C-005-NH,

QEA-C-006-NH

\\\\NH2

\\\\NHZ

\\\\NH2

it

50%

15%

100%

100%

100%

50%

None

None

None

None

None

None
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QEA-D-001-NH;

QEA-D-002-NH

QEA-E-001-NH,

QEA-E-002-NH,

QEA-F-001-NH,

QEA-F-002-NH,

QEA-G-001-NH,

QEA-G-002-NH,

TEA-A-001-NH,

/

Y

N

T

NH;

NH,

NH,

NH,

NH,

NH,

NH»

NH

100%

100%

100%

100%

100%

100%

100%

None

None

None

None

Moderate

Moderate

Strong
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TEA-A-002-NH,

TEA-A-003-NH.

TEA-A-004-NH;

TEA-B-001-NH;

TEA-B-002-NH,

TEA-B-003-NH.

TEA-B-004-NH,

TEA-C-001-NH;

TEA-C-002-NH,

PEA-A-001-NH;

NH,
XXX NHs
HO
X NH,
OH
X NH,
NN NH,
NP NH,
‘ N N NH,
X NH,

¢
-
%

/

%

z

NS T

?

NH;

100% Strong
90% Strong
90% Strong

100% None
10% None
20% None
30% None

0 c
20% None
100% Strong
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PEA-A-002-NH, 90% Strong
N A YN
NH,
OH
PEA-A-003-NH, 90% Strong

\\\\\NH2

HO

4 LRAT substrates were assessed as percentages of their corresponding primary alcohols that

were esterified by LRAT in 1 h at 37 °C.

® *Strong’ inhibition indicates that the ICs, of the tested amine was below 10 pM; ‘moderate’
inhibition means that ICsy was between 10-100 uM; and ‘none’ signifies that the ICsq was above

100 pM.

“Not tested.
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Table 2. Protective effects of primary amines against intense light-induced retinal

degeneration in 4-week-old Abca4d” Rdh8” mice®.

Amide
Ocular
Compound Structure formation  Toxicity
protection
in liver
N e YN NH
QEA-A-001-NH, 2 Yes Strong None
(retinylamine)
NG G N
QEA-A-005-NH, NH> Yes Stron None
g
QEA-A-006-NH, NN, None None None
QEA-B-001-NH, N U N None Stron Yes
NH 9
2
EA-B-002-NH, NG N None None None
Q NH
2
QEA-B-003-NH, N AN None Weak None
NH
2
QEA-C-001-NH, N U N None Stron Yes
NH 9
2
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QEA-C-003-NH,

QEA-C-006-NH;

QEA-E-002-NH,

TEA-B-002-NH,

TEA-C-002-NH.

o
o

S N
o
N S N NH,
s
N NH,
NN
NH,

None

None

Weak

None

None

None Yes
None None
Weak None
None Yes
Strong Yes

3 Abcad”"Rdh8” mice treated with tested amines were kept in the dark for 24 h, and then

bleached with 10,000 lux light for 1 h as described in the Methods section
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Figure 6
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