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ABSTRACT
Modulators of the visual cycle have been developed for treatment
of various retinal disorders. These agents were designed to inhibit
retinoid isomerase [retinal pigment epithelium-specific 65 kDa
protein (RPE65)], the rate-limiting enzyme of the visual cycle,
based on the idea that attenuation of visual pigment regeneration
could reduce formation of toxic retinal conjugates. Of these
agents, certain ones that contain primary amine groups can also
reversibly form retinaldehyde Schiff base adducts, which contrib-
utes to their retinal protective activity. Direct inhibition of RPE65 as
a therapeutic strategy is complicated by adverse effects resulting
from slowed chromophore regeneration, whereas effective reti-
nal sequestration can require high drug doses with potential
off-target effects. We hypothesized that the RPE65-emixustat
crystal structure could help guide the design of retinaldehyde-
sequestering agents with varying degrees of RPE65 inhibitory

activity.We found that addition of an isopropyl group to the central
phenyl ring of emixustat and related compounds resulted in
agents effectively lacking in vitro retinoid isomerase inhibitory
activity, whereas substitution of the terminal 6-membered ring
with branched moieties capable of stronger RPE65 interaction
potentiated inhibition. The isopropyl derivative series produced
discernible visual cycle suppression in vivo, albeit much less
potently than compounds with a high affinity for the RPE65 active
site. These agents were distributed into the retina and formed
Schiff base adductswith retinaldehyde. Except for one compound
[3-amino-1-(3-isopropyl-5-((2,6,6-trimethylcyclohex-1-en-1-
yl)methoxy)phenyl)propan-1-ol (MB-007)], these agents conferred
protection against retinal phototoxicity, suggesting that both direct
RPE65 inhibition and retinal sequestration are mechanisms of
potential therapeutic relevance.

Introduction
Visual function in vertebrates relies on a vitamin A–derived

molecule called retinaldehyde, which is the chromophore of rod
and cone visual pigments (Hubbard andWald, 1952). The efficacy
of retinaldehyde in triggering light perception depends on it
existing in an 11-cis configuration coupled to rod and cone
opsins through a protonated imine (Schiff base) bond. Absorp-
tion of light by 11-cis-retinylidene stimulates its isomerization
to an all-trans configuration with resultant conformational
changes in the opsin molecule, allowing it to trigger photo-
transduction (Palczewski, 2006; Hofmann et al., 2009).

The photoactivated visual pigment eventually releases all-
trans-retinaldehyde, which terminates signal transduction
and leaves the opsin molecule insensitive to further light stimu-
lation.Restoration of light sensitivity depends upon the conversion
of all-trans-retinaldehyde back into 11-cis-retinaldehyde
(Wald, 1968). The classic version of this process, known as the
visual cycle, is carried out by enzymes and retinoid-binding
proteins located within and between the retinal pigment
epithelium (RPE) and photoreceptor outer segments (Fig.
1A) (Kiser et al., 2014).
Despite its essential function in initiating vision, retinaldehyde

can cause retinal toxicity, a feature implicated in diseases
including Stargardt macular dystrophy and age-related macular
degeneration (AMD) (Chen et al., 2012; Maeda et al., 2012). This
toxicity stems in large part from its aldehyde functionality, which
is reactive toward certain cellular nucleophiles (Ben-Shabat et al.,
2002). At concentrations easily achieved in vivo under strong
lighting conditions, retinaldehyde induces apoptosis in cultured
cell lines (Maeda et al., 2009a; Chen et al., 2012).Mice deficient in
ATP-binding cassette transporter A4 (ABCA4) and retinol de-
hydrogenase 8 (RDH8), key proteins involved in retinaldehyde
clearance, are also susceptible to light-induced retinal degenera-
tion (Maeda et al., 2008). These mice accumulate autofluorescent
material in their retinas, known as lipofuscin, that is partially
composed of retinaldehyde-phosphatidylethanolamine adducts,
such as N-retinylidene-N-retinylethanolamine (A2E) (Sparrow
et al., 2003).
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Among strategies for preventing retinaldehyde toxicity,
inhibition of the visual cycle was one of the first investigated
and has been advanced to clinical testing (Fig. 1A). This
approach is based on the observation that retinal pigment
epithelium-specific 65 kDa protein (RPE65)–null mice fail to
develop retinal lipofuscin and A2E (Katz and Redmond, 2001).
RPE65 catalyzes the rate-limiting trans-cis isomerization step
of the visual cycle (Redmond et al., 1998, 2005). Inhibition of
its activity was proposed to slow visual pigment regeneration,
with less retinaldehyde being released during light exposure,
thereby reducing lipofuscin formation (Maiti et al., 2006). This
pharmacological concept was realized with the development
of retinylamine, a transition state analog of the retinoid
isomerization reaction (Golczak et al., 2005). A nonretinoid
derivative of retinylamine, emixustat [ACU-4429 (3-amino-1-
(3-(cyclohexylmethoxy)phenyl)propan-1-ol)], was developed
later (Bavik et al., 2015), entering clinical trials for the
treatment of dry AMD (Kubota et al., 2012, 2014). It is
currently being evaluated as a treatment of other conditions,
including diabetic retinopathy (NCT02753400).

Both retinylamine (Maeda et al., 2011) and emixustat
(Zhang et al., 2015) exert a second mechanism of protection
against retinaldehyde toxicity whereby their primary amine
groups reversibly react with retinaldehyde to form a Schiff
base conjugate, thus quenching its reactivity (Fig. 1A).
Manageable amounts of retinaldehyde are subsequently re-
leased over time to re-enter the visual cycle. This sequestra-
tion concept has been extended to include nonretinoid primary
amine drugs that completely lack RPE65 inhibitory activity
(Maeda et al., 2011).
Although compounds exhibiting either of these mechanisms

of visual cycle modulation have the potential to ameliorate
disease processes, their mechanisms of action make them
inherently susceptible to producing untoward effects. Nycta-
lopia and dyschromatopsia, two adverse effects reported in
emixustat clinical trials (Kubota et al., 2012, 2014), are direct
extensions of visual cycle suppression. Long-term suppression
of visual cycle activity is also linked to cone photoreceptor
pathology inmice (Rohrer et al., 2005;Maeda et al., 2009b). On
the other hand, the potentially high doses of primary amine

Fig. 1. Strategies for selective modulation of the retinoid cycle. (A) Emixustat modulates visual cycle function both by inhibition of 11-cis-retinol
production through direct binding to the RPE65 active-site pocket, as well as by temporary sequestration of retinaldehyde through the formation of a
Schiff base conjugate. Both modes of action can theoretically suppress the formation of toxic conjugates between retinaldehyde and cellular constituents
that trigger retinal degeneration. Enzymes and retinoid-binding proteins of the visual cycle pathway are shown in blue- and peach-colored text,
respectively. 11cRAL, 11-cis-retinal; 11cROL, 11-cis-retinol; CRALBP, cellular retinaldehyde-binding protein; CRBP1, cellular retinol-binding protein 1;
tRDH, 11-cis-retinol dehydrogenase; IRBP, interphotoreceptor retinoid-binding protein; LRAT, lecithin:retinol acyltransferase; RAL, all-trans-
retinaldehyde; RE, all-trans-retinyl ester; ROL, all-trans-retinol; RAL, all-trans-retinol dehydrogenase. (B) Structure of the emixustat-binding region of
the RPE65 active-site cavity. Ligands and water molecules are shown as full-scale van der Waals spheres with carbon, nitrogen, and oxygen atoms
colored orange, blue, and red, respectively, whereas the binding pocket is shown as a Connolly surface. The arrow emphasizes the relatively snug fit of
the phenyl ring in the vicinity of carbon 5 (C5) to the active-site pocket. The water-filled polar (left) and apolar (right) binding pockets are delineated with
blue and red dashed lines, respectively, on opposite sides of the emixustat cyclohexyl ring. This figure was generated using coordinates deposited under
the Protein Data Bank accession code 4RSC in PyMOL (Schrödinger, LLC). (C) Structure-guided strategies to promote or block either of the twomodes of
visual cycle modulation exerted by emixustat. In the left panel, addition of a bulky hydrophobic substituent to the central phenyl ring should sterically
prevent binding of the emixustat derivative to the RPE65 active-site pocket while simultaneously preserving RAL sequestration activity. In the right
panel, design of inhibitors that occupy unused pockets within the RPE65 active-site cavity could improve potency and thus enable more selective RPE65
inhibition at lower drug concentrations.

ABBREVIATIONS: ABCA4, ATP-binding cassette transporter A4; A2E,N-retinylidene-N-retinylethanolamine; AMD, age-related macular degeneration;
compound 1, 2-propylpentyl methanesulfonate; compound 2, (R)-2-(3-hydroxy-3-(3-((2-propylpentyl)oxy)phenyl)propyl)isoindoline-1,3-dione; compound 4c, 3-
bromo-5-isopropylphenol; compound 5a, 1-bromo-3-(cyclohexylmethoxy)-5-isopropylbenzene; compound 5b, 1-bromo-3-isopropyl-5-((2-propylpentyl)oxy)
benzene; compound 5c, 1-bromo-3-isopropyl-5-((2,6,6-trimethylcyclohex-1-en-1-yl)methoxy)benzene; compound 6a, 3-(cyclohexylmethoxy)-5-
isopropylbenzaldehyde; compound 6b, 3-isopropyl-5-((2-propylpentyl)oxy)benzaldehyde; compound 6c, 3-isopropyl-5-((2,6,6-trimethylcyclohex-
1-en-1-yl)methoxy)benzaldehyde; compound 7a, 3-(3-(cyclohexylmethoxy)-5-isopropylphenyl)-3-hydroxypropanenitrile; compound 7b,
3-hydroxy-3-(3-isopropyl-5-((2-propylpentyl)oxy)phenyl)propanenitrile; compound 7c, 3-hydroxy-3-(3-isopropyl-5-((2,6,6-trimethylcyclohex-1-en-1-yl)-
methoxy)phenyl)propanenitrile; compound 8, 3-hydroxy-3-(3-hydroxyphenyl)propanenitrile; compound 9, 1-bromopentan-2-one; compound 10, 3-
hydroxy-3-(3-((2-oxopentyl)oxy)phenyl)propanenitrile; compound 11, ethyl-3-((3-(2-cyano-1-hydroxyethyl)phenoxy)methyl)hex-2-enoate; compound 12,
ethyl 3-((3-(2-cyano-1-hydroxyethyl)phenoxy)methyl)hexanoate; DMF, dimethylformamide; emixustat (ACU-4429), 3-amino-1-(3-(cyclohexylmethoxy)
phenyl)propan-1-ol; eq., equivalent; ERG, electroretinogram; ESI-HRMS, Electrospray ionization-high resolution mass spectrometry; HPLC,
high-performance liquid chromatography; MB-001, (R)-3-Amino-1-(3-((2,6,6-trimethylcyclohex-1-en-1-yl)methoxy)phenyl)propan-1-ol; MB-004,
(R)-3-amino-1-(3-((2-propylpentyl)oxy)phenyl)propan-1-ol; MB-005, 3-amino-1-(3-(cyclohexylmethoxy)-5-isopropylphenyl)propan-1-ol; MB-006, 3-
amino-1-(3-isopropyl-5-((2-propylpentyl)oxy)phenyl)propan-1-ol; MB-007, 3-amino-1-(3-isopropyl-5-((2,6,6-trimethylcyclohex-1-en-1-yl)methoxy)phenyl)
propan-1-ol; MB-008, 3-((3-(3-amino-1-hydroxypropyl)phenoxy)methyl)hexan-1-ol; nBuLi, n-butyl lithium; RDH8, retinol dehydrogenase 8; RPE, retinal
pigment epithelium; RPE65, retinal pigment epithelium-specific 65 kDa protein, retinoid isomerase; THF, tetrahydrofuran.

132 Kiser et al.

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


compounds needed for effective retinaldehyde-sequestration
activity have the potential to produce off-target effects (Maeda
et al., 2011).
Crystal structures of RPE65 in complex with emixustat

and a derivative called MB-001 [(R)-3-Amino-1-(3-((2,6,6-
trimethylcyclohex-1-en-1-yl)methoxy)phenyl)propan-1-ol] have
revealedmolecular interactions governing the binding affinity
of these compounds (Kiser et al., 2015; Zhang et al., 2015). We
hypothesized that these structures could inform strategies to
modify the affinity of emixustat derivatives toward the RPE65
active site with maintenance of retinaldehyde-sequestering
activity. To experimentally test this hypothesis, we synthe-
sized emixustat derivatives with various degrees of predicted
affinity for the RPE65 active site and characterized their
effects on the visual cycle and ability to protect against retinal
phototoxicity.

Materials and Methods
Analysis of the RPE65 Emixustat-Binding Site

The atomic coordinates for an RPE65-emixustat complex structure
were downloaded from the Protein Data Bank (accession code 4RSC).
The structure was visualized and analyzed using PyMOL (Schro-
dinger LLC, New York, NY) and COOT (Debreczeni and Emsley,
2012). Cavity volumes were estimated by manually filling the
cavities with water molecules in PyMOL and calculating the volume
of the resulting pseudomolecule using theMolinspirationWeb server
(http://www.molinspiration.com/services/volume.html). The same
Web service was used to estimate the volumes of selected moieties
within MB compounds.

Synthetic Chemistry

2-Propylpentyl Methanesulfonate (1). An oven-dried 100-ml,
two-necked, round-bottomed flask equipped with a magnetic stir bar was
sealed under argon with two rubber septa. The flask was charged with
anhydrous CH2Cl2 (32 ml), 2-propylpentan-1-ol (2.5 g, 19.2 mmol, 1.0 eq.),
andtriethylamine (2.9g, 28.7mmol, 1.5 eq.).This solutionwascooled to0°C,
and then methanesulfonyl chloride (2.4 g, 21.1 mmol, 1.01 eq.) was added
dropwise. The reaction mixture was warmed to room temperature over a
period of 2 hours. An aqueous solution of 1NHCl was added and the layers
separated. The organic layer was dried over Na2SO4 and concentrated
under reduced pressure. Purification by silica gel column chromatography
(EtOAc/hexanes, 10:90) afforded 3.3 g (83%) of the desired compound 1 as a
pale-yellow oil [1HNMR (500MHz, CDCl3) d 4.12 (d, J5 5.5 Hz, 2H), 3.00
(s, 3H), 1.74 (p, J5 5.5 Hz, 1H), 1.42–1.26 (m, 8H), 0.99–0.84 (m, 6H); 13C
NMR (125 MHz, CDCl3) d 72.65, 37.45, 37.32, 33.06, 19.87, 14.40].

(R)-2-(3-Hydroxy-3-(3-((2-propylpentyl)oxy)phenyl)propyl)-
isoindoline-1,3-dione (2). A dried round-bottomed flask equipped
with a stir barwas sealed under argon. Itwas chargedwith succinimide-
protected phenol, prepared as described (Kiser et al., 2015) (4.3 g,
14.4 mmol, 1.0 eq.) in 85 ml of anhydrous dimethylformamide (DMF).
Anhydrous Cs2CO3 (6.4 g, 19.7 mmol, 1.4 eq.) was added to a stirred

solution of phenol. Compound 1 (3.4 g, 16.4 mmol, 1.1 eq.) was added to
the phenolate solution, and the reaction mixture was stirred at 60°C
under argon for 24hours. The reactionmixturewaspartitioned between
EtOAc and 25% NH4Cl (aqueous), and the aqueous layer was further
extracted with EtOAc. The combined organic layers were washed with
brine, dried over anhydrous MgSO4, and concentrated under reduced
pressure. Purification by silica gel column chromatography (EtOAc/hexanes,
30:70) afforded 2.3 g (40%) of the desired compound 2 as a colorless oil
[1H NMR (500 MHz, CDCl3) d 7.86–7.82 (m, 2H), 7.74–7.70 (m, 2H),
7.18 (t,J5 7.9Hz, 1H), 6.91–6.89 (m, 1H), 6.88 (d, J5 7.8Hz, 1H), 6.73
(dd, J5 8.2, 2.3Hz, 1H), 4.66 (dd,J5 8.1, 5.2Hz, 1H), 3.91 (t,J5 6.5Hz,
2H), 3.80 (d, J 5 5.6 Hz, 2H), 2.12–2.06 (m, 2H), 1.81–1.74 (m, 1H),
1.45–1.30 (m, 8H), 0.94–0.88 (m, 6H); 13C NMR (125 MHz, CDCl3) d
168.94, 159.70, 145.29, 134.17, 132.18, 129.55, 123.46, 117.77, 113.76,
111.77, 71.41, 70.91, 37.71, 37.69, 35.05, 33.87, 20.14, and 14.60].

(R)-3-amino-1-(3-((2-propylpentyl)oxy)phenyl)propan-1-ol
[(R)-MB-004]. Anoven-dried one-necked, round-bottomed flask equipped
with a magnetic stir bar was charged with compound 2 (2.3 g, 5.9 mmol,
1.0 eq.), 150ml of EtOH, andN2H4.H2O (1.6ml, 50.9mmol). The reaction
mixture was stirred at room temperature for 24 hours, clarified by
passage through filter paper, and the resulting filtrate was concentrated
under reduced pressure. Purification by silica gel column chromatography
(NH4OH/MeOH/CH2Cl2, 4:20:80) afforded 1.18 g (75%) of the final
product as a colorless oil [1H NMR (500 MHz, CD3OD) d 7.24 (t, J 5
7.9Hz, 1H), 6.94 (s, 1H), 6.92 (d,J5 7.8Hz, 1H), 6.81 (d, J5 8.3Hz, 1H),
4.76 (t,J5 6.6Hz, 1H), 3.86 (d,J5 5.4Hz, 2H), 3.01–2.87 (m, 2H), 1.96 (q,
J5 6.9 Hz, 2H), 1.80 (p, J5 5.7Hz, 1H), 1.49–1.34 (m, 8H), 0.96–0.90 (m,
6H); 13C NMR (125 MHz, CD3OD) d 160.99, 147.46, 130.50, 118.86,
114.39, 112.95, 73.26, 71.76, 39.11, 39.05, 38.85, 34.93, 21.06, 14.78;
Electrospray ionization-high resolutionmass spectrometry (ESI-HRMS):
m/z calculated for C17H30NO2

1 [M1H]1: 280.22711, found: 280.22708].

3-Bromo-5-isopropylphenol (4c). A 50-ml round-bottomed flask
containing 16.48 ml of CARBOWAX polyethylene glycol 400 (Dow,
Midland, MI) was charged with 30% aqueous H2O2 (2.52 ml,
12.36 mmol, 1.5 eq.), and the resulting solution was stirred for
5 minutes at room temperature. Then, (3-bromo-5-isopropylphenyl)

Scheme 1. Synthesis of (R)-MB-004.

Scheme 2. Synthesis of MB-005, MB-006, and MB-007.

Scheme 3. Reagents for the synthesis of compounds 3 and 4c. Compound
3 was prepared as described (Crombie et al., 2001).

Rational Design of Visual Cycle Modulators 133

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://www.molinspiration.com/services/volume.html
http://jpet.aspetjournals.org/


boronic acid (2 g, 8.24 mmol, 1 eq.) was added (note: reaction is highly
exothermic) and stirred at room temperature open to air for a period of
2 hours. Upon completion of the reaction, themixturewas extracted by
diethyl ether twice. The organic layers were combined, washed with
brine, and dried over anhydrousNa2SO4, and the solventwas removed
under reduced pressure (Gohain et al., 2014); purification by flash
chromatography on a silica gel column (EtOAc/hexanes, 95:5) afforded
1.65 g, (93%) of the desired phenol 4c as a white solid [1H NMR
(500 MHz, CDCl3) d 6.95 (s, 1H), 6.83 (s, 1H), 6.63 (s, 1H), 4.79 (s, 1H),
2.82 (sept, J 5 7.0 Hz, 1H), 1.21 (d, J 5 6.9 Hz, 6H); 13C NMR
(125 MHz, CDCl3) d 156.30, 152.72, 122.68, 122.48, 116.25, 112.62,
34.12, 23.83] (Somai Magar and Lee, 2014).

1-Bromo-3-(cyclohexylmethoxy)-5-isopropylbenzene (5a). An oven-
dried 50-ml, pear-shaped Schlenk flask equippedwith amagnetic stir bar was
sealedunderargonwitharubberseptum(threecyclesofevacuationfollowedby
argon backfilling). The flask was charged with copper iodide (514.2 mg,
2.7 mmol, 0.15 eq.), 8-hydroxyquinoline (784.2 mg, 5.4 mmol, 0.3 eq.), and
anhydrous potassiumphosphate tribasic (7.65 g, 36.0mmol, 2.0 eq.). The flask
was then evacuated and backfilled with argon (three cycles). Commercially
available 1,3-dibromo-5-isopropylbenzene 4 (5 g, 18.0 mmol, 1.0 eq.) and
cyclohexylmethanol (R1OH:15ml)were thenaddedat roomtemperature via a
syringe. The rubber septum stopper was replaced with a screw cap, and the
reactionmixturewas placed in a preheated oil bath and stirred at 110°C.After
24hours, the reactionmixturewasallowedto cool to40°Candwas thendiluted
with hexanes (30ml). After stirring 5minutes at room temperature, the slurry
was passed through filter paper, and the filter cakewaswashedwith hexanes.
The filtrate was concentrated under reduced pressure (Niu et al., 2009).
Purificationby flashcolumnchromatographyonasilicagelwith100%hexanes
afforded2.2g(40%)ofthedesiredether5aasacolorlessoil [1HNMR(500MHz,
CDCl3) d 6.94 (s, 1H), 6.85 (s, 1H), 6.69 (s, 1H), 3.71 (d, J5 6.2 Hz, 2H), 2.81
(sept,J57.1Hz, 1H), 1.89–1.82 (m, 2H), 1.82–1.67 (m, 4H), 1.37–1.15 (m,3H),
1.22 (d, J 5 6.8 Hz, 6H), 1.09–1.00 (m, 2H); 13C NMR (125 MHz, CDCl3) d
160.22, 152.24, 122.68, 121.97, 114.73, 112.40, 73.79, 37.83, 34.28, 30.02, 26.64,
25.93, 23.90].

1-Bromo-3-isopropyl-5-((2-propylpentyl)oxy)benzene (5b).
The same procedure was followed as described for 5a. In brief, the
argon-filled flask was charged with copper iodide (514.2 mg),
8-hydroxyquinoline (784.2 mg), and anhydrous potassium phosphate
tribasic (7.65 g). The flask was then evacuated and backfilled
with argon (three cycles). Commercially available 1,3-dibromo-5-
isopropylbenzene 4 (5 g) and 2-propylpentan-1-ol (R2OH: 15 ml) were
added. Purification by flash column chromatography on silica gel with
100% hexanes afforded 1.95 g (33%) of the desired ether 5b as a
colorless oil [1H NMR (500 MHz, CDCl3) d 6.94 (s, 1H), 6.86 (s, 1H),
6.69 (s, 1H), 3.79 (d, J 5 5.6 Hz, 2H), 2.83 (sept, J 5 7.2 Hz, 1H), 1.79
(quint, J5 5.6Hz, 1H), 1.47–1.31 (m, 8H), 1.23 (d, J5 6.9Hz, 6H), 0.92
(t, J 5 6.9 Hz, 6H); 13C NMR (125 MHz, CDCl3) d 160.27, 152.21,
122.67, 121.92, 114.80, 112.35, 71.16, 37.67, 34.30, 33.82, 23.91, 20.14,
14.58].

1-Bromo-3-isopropyl-5-((2,6,6-trimethylcyclohex-1-en-1-
yl)methoxy)benzene (5c). An oven-dried 100-ml, three-necked,
round-bottomed flask equipped with a magnetic stir bar was sealed
under argon. The flask was charged with phenol 4c (1.83 g, 8.5 mmol,
1 eq.) and anhydrous potassium carbonate (4.71 g, 34mmol, 4 eq.). The
flask was evacuated, filled upwith argon twice, and then chargedwith
dry acetone (60 ml). Compound 3 (1.85 g, 8.5 mmol, 1.2 eq.) was then
added to this mixture. After reflux under argon atmosphere for
24 hours, the reaction mixture was cooled to room temperature and
then filtered and concentrated under reduced pressure. Purification
by flash chromatography on a silica gel column (100% hexanes)
afforded 2.4 g (80%) of the desired ether 5c as a colorless oil [1H
NMR (500 MHz, CDCl3) d 6.96 (s, 1H), 6.93 (t, J5 2.0 Hz, 1H), 6.75 (t,
J 5 1.9 Hz, 1H), 4.39 (s, 2H), 2.83 (sept, J 5 6.9 Hz, 1H), 2.05 (t, J 5
6.3 Hz, 2H), 1.70 (s, 3H), 1.68–1.62 (m, 2H), 1.53–1.48 (m, 2H), 1.23 (d,
J 5 6.9 Hz, 6H), 1.04 (s, 6H); 13C NMR (125 MHz, CDCl3) d 160.12,
152.08, 136.07, 132.83, 122.50, 121.92, 114.63, 112.61, 64.66, 39.24,
34.15, 34.10, 32.88, 28.43, 23.77, 19.82, 19.27].

3-(Cyclohexylmethoxy)-5-isopropylbenzaldehyde (6a). An
oven-dried 50-ml, two-necked, round-bottomed flask was equipped with
amagnetic stir bar and sealed under argon. The flask was charged with
the aryl bromide 5a (2.5 g, 8.0 mmol, 1.2 eq.) in anhydrous tetrahydro-
furan (THF) (8 ml). The reaction mixture was cooled to 0°C, and a 3 M
solution of isopropylmagnesium bromide in 2-Met-THF (3.3 mmol, 0.5
eq.) was added over 5 minutes and stirred for an additional 10minutes.
Then a 2.16M solution of n-butyl lithium (nBuLi) in hexanes (6.7mmol,
1.0 eq.) was added dropwise over 10minutes while the temperaturewas
maintained below 5°C. The resulting mixture was stirred at 0°C for
1 hour, cooled to210°C, and dry DMF (670 ml, 8.9 mmol, 1.3 eq.) in dry
THF (9ml) was added dropwise over 10minutes. The resultingmixture
was warmed to room temperature over 1 hour, then added to a 0.5 M
citric acid solution (30 ml). After 10-minute stirring, the phases were
separated, and the aqueous phase was extracted one additional time
with toluene. The combined organic phases were concentrated, and water
was removed azeotropically with toluene (Gallou et al., 2008). Purification
by flash chromatography on a silica gel column (Et2O/hexanes, 7:93)
afforded 1.9 g (90%) of the desired aldehyde 6a as a colorless oil
[1H NMR (500 MHz, CDCl3) d 9.94 (s, 1H), 7.32 (s, 1H), 7.19 (s, 1H),
7.05 (s, 1H), 3.80 (d, J 5 6.3, 2H), 2.95 (sept, J 5 7.2, 6.8 Hz, 1H),
1.92–1.85 (m, 2H), 1.84–1.67 (m, 4H), 1.36–1.17 (m, 3H), 1.28 (d, J5
6.9 Hz, 6H), 1.12–1.02 (m, 2H); 13C NMR (125 MHz, CDCl3) d 192.72,
160.10, 151.52, 137.92, 121.84, 120.66, 110.20, 73.87, 37.83, 34.12,
30.03, 26.63, 25.93, 23.92].

3-Isopropyl-5-((2-propylpentyl)oxy)benzaldehyde (6b). The
same procedure was followed as described for 6a. At 0°C, a 3 M
solution of isopropylmagnesium bromide in 2-Met-THF (2.9 mmol, 0.5
eq.) was added to a solution of the aryl bromide 5b (2.27 g, 6.94 mmol,
1.2 eq.) in anhydrous THF (6.94 ml). Then, a 2.16 M solution of nBuLi
in hexanes (5.9 mmol, 1.0 eq.) was added, followed by the addition of a
solution of dry DMF (584 ml, 7.74 mmol, 1.3 eq.) in dry THF (7.74 ml)
at210°C. Purification by flash chromatography on a silica gel column
(Et2O/hexanes, 7:93) afforded 1.7 g (90%) of the desired aldehyde 6b as
a colorless oil [1H NMR (500 MHz, CDCl3) d 9.95 (s, 1H), 7.32 (s, 1H),
7.21 (s, 1H), 7.05 (s, 1H), 3.88 (d, J5 5.3Hz, 2H), 2.95 (sept, J5 7.1Hz,
1H), 1.82 (p, J 5 5.8 Hz, 1H), 1.50–1.32 (m, 8H), 1.28 (d, J 5 7.0 Hz,
6H), 0.95–0.89 (m, 6H); 13C NMR (125 MHz, CDCl3) d 192.64, 160.14,
151.47, 137.92, 121.74, 120.58, 110.27, 71.25, 37.66, 34.13, 33.82,
23.91, 20.13, 14.56].

3-Isopropyl-5-((2,6,6-trimethylcyclohex-1-en-1-yl)methoxy)-
benzaldehyde (6c). The same procedure was followed as described
for 6a. At 0°C, a 3M solution of isopropylmagnesium bromide in 2-Met-
THF (1.75 mmol, 0.5 eq.) was added to a solution of the aryl bromide 5c
(1.47 g, 4.2 mmol, 1.2 eq.) in anhydrous THF (5 ml). Then, a 2.16 M
solution of nBuLi in hexanes (3.5 mmol, 1.0 eq.) was added, followed by
the addition of a solution of dry DMF (343 ml, 4.54 mmol, 1.3 eq.) in dry
THF (4.5ml) at210°C. Purification by flash chromatography on a silica
gel column (Et2O/hexanes, 5:95) afforded 1.1 g (87%) of the desired
aldehyde 6c as a colorless oil [1HNMR (500MHz, CDCl3) d 9.96 (s, 1H),
7.34 (t, J5 1.5Hz, 1H), 7.29 (dd, J5 2.6, 1.3Hz, 1H), 7.11 (t, J5 2.1Hz,
1H), 4.48 (s, 2H), 2.96 (sept,J5 6.9Hz, 1H), 2.06 (t,J5 6.3Hz, 2H), 1.72
(s, 3H), 1.69–1.63 (m, 2H), 1.54–1.49 (m, 2H), 1.28 (d, J 5 6.9 Hz, 6H),
1.06 (s, 6H); 13C NMR (125 MHz, CDCl3) d 192.74, 160.13, 151.50,
137.91, 136.29, 132.99, 122.11, 121.06, 110.04, 64.89, 39.39, 34.27,
34.13, 33.03, 28.58, 23.93, 19.98, 19.41].

3-(3-(Cyclohexylmethoxy)-5-isopropylphenyl)-3-hydroxypro-
panenitrile (7a). An oven-dried 50-ml, two-necked, round-bottomed
flask was equipped with a magnetic stir bar and sealed under argon.
The flask was charged with anhydrous THF (9 ml) and anhydrous
acetonitrile (290 ml, 5.2 mmol, 1.01 eq.), cooled to 242°C, and treated
dropwise with a solution of potassium tert-butoxide (630mg, 5.7mmol,
1.12 eq.) in THF (6 ml). After stirring for 45 minutes, benzaldehyde 6a
(1.3 g, 5 mmol, 1.0 eq.) in THF (2.7 ml) was also added dropwise. The
reaction was allowed to warm to 215°C over a 4-hour period and was
quenched by the slow addition of 25% NH4Cl (aqueous) (1 ml). The
layers were partitioned, and the aqueous phase was extracted twice
with EtOAc. The combined organic layerswerewashed twice withH2O

134 Kiser et al.

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


and once with brine, dried over MgSO4, and concentrated under
reduced pressure. Purification by flash column chromatography on
silica gel (EtOAc/hexanes, 35:65) afforded 1.3 g (86%) of the nitrile 7a
as a pale-yellow oil [1H NMR (500 MHz, CDCl3) d 6.80 (s, 1H), 6.75 (s,
2H), 4.99 (t, J 5 6.3 Hz, 1H), 3.75 (d, J 5 6.1 Hz, 2H), 2.87 (sept, J 5
6.6 Hz, 1H), 2.78–2.74 (m, 2H), 1.90–1.83 (m, 2H), 1.81–1.66 (m, 4H),
1.36–1.25 (m, 3H), 1.23 (d,J5 6.7Hz, 6H), 1.11–1.01 (m, 2H); 13CNMR
(125 MHz, CDCl3) d 160.03, 151.56, 142.52, 117.48, 115.89, 113.49,
108.61, 73.67, 70.59, 37.93, 34.41, 30.08, 28.04, 26.65, 25.95, 24.06,
24.01].

3-Hydroxy-3-(3-isopropyl-5-((2-propylpentyl)oxy)phenyl)-
propanenitrile (7b). The same procedure was followed as described
for 7a. A solution of potassium tert-butoxide (770mg, 6.9mmol, 1.12 eq.)
in THF (7.5 ml) was added to a solution of anhydrous acetonitrile
(356 ml, 6.4 mmol, 1.04 eq.) in anhydrous THF (9 ml) at 242°C. Then,
benzaldehyde 6b (1.7 g, 6.2 mmol, 1.0 eq.) in THF (6 ml) was added
dropwise, yielding the nitrile 7b (1.7 g, 87%) as a pale-yellow oil [1H
NMR (500 MHz, CDCl3) d 6.80 (s, 1H), 6.75 (s, 2H), 4.99 (t, J 5 6.4 Hz,
1H), 3.82 (d, J5 5.5 Hz, 2H), 2.88 (sept, J5 7.3 Hz, 1H), 2.79–2.75 (m,
2H), 2.30 (bs, 1H), 1.86–1.75 (m, 1H), 1.48–1.32 (m, 8H), 1.24 (d, J 5
6.7 Hz, 6H), 0.92 (t, J 5 6.8 Hz, 6H); 13C NMR (125 MHz, CDCl3) d
159.95, 151.39, 142.37, 117.35, 115.71, 113.30, 108.55, 70.89, 70.47,
37.60, 34.29, 33.72, 27.90, 23.93, 23.88, 20.03, 14.45].

3-Hydroxy-3-(3-isopropyl-5-((2,6,6-trimethylcyclohex-1-en-1-
yl)methoxy)phenyl)propanenitrile (7c). The sameprocedurewas
followed as described for 7a. A solution of potassium tert-butoxide
(485mg, 4.32mmol, 1.12 eq.) in THF (10ml) was added to a solution of
anhydrous acetonitrile (222 ml, 4.2 mmol, 1.1 eq.) in anhydrous THF
(8.4 ml) at 242°C. Then, benzaldehyde 6c (1.16 g, 3.9 mmol, 1.0 eq.)
in THF (4 ml) was added dropwise. Purification by flash column
chromatography on silica gel (EtOAc/hexanes, 35:65) afforded 0.9 g
(69%) of the desired nitrile 7c as a pale-yellow oil [1H NMR (500MHz,
CDCl3) d 6.84–6.82 (m, 2H), 6.82–6.80 (m, 1H), 5.01 (t, J5 6.3 Hz, 1H),
4.43 (s, 2H), 2.89 (sept, J5 6.8 Hz, 1H), 2.80–2.76 (m, 2H), 2.29 (s, 1H),
2.05 (d, J5 6.3 Hz, 2H), 1.71 (s, 3H), 1.69–1.62 (m, 2H), 1.54–1.48 (m,
2H), 1.25 (d,J5 6.9Hz, 6H), 1.05 (s, 6H); 13CNMR (125MHz, CDCl3) d
160.08, 151.53, 142.47, 136.06, 133.13, 117.51, 116.00, 113.81, 108.75,
70.66, 64.64, 39.40, 34.44, 34.26, 33.02, 28.60, 28.04, 24.08, 24.03,
19.99, 19.42].

3-Amino-1-(3-(cyclohexylmethoxy)-5-isopropylphenyl)propan-
1-ol (MB-005). An oven-dried 50-ml, two-necked, round-bottomed
flask equipped with a magnetic stir bar was sealed under argon. It
had two rubber septa, one of which contained a needle adapter to an
argon inlet. The flask was charged with anhydrous THF (14 ml) and
nitrile 7a (1.3 g, 4.3 mmol, 1.0 eq.). A 5.0 M solution of borane
dimethylsulfide complex in diethylether (10.8 mmol, 2.5 eq.) was
added slowly to the stirred reaction mixture at room temperature.
Then the reaction mixture was heated under reflux for 4 hours. The
reactionmixture was cooled to 0°C, andmethanol was slowly added to
decompose the unreacted borane complex. The organic solvent was
evaporated under reduced pressure. Purification by silica gel column
chromatography (NH4OH/MeOH/CHCl3, 4:20:80) afforded 0.6 g (46%)
of MB-005 as a pale-yellow oil [1H NMR (500 MHz, CD3OD) d 6.81 (s,
1H), 6.74 (s, 1H), 6.67 (s, 1H), 4.74 (t, J 5 6.4 Hz, 1H), 3.76 (d, J 5
6.1 Hz, 2H), 3.01–2.90 (m, 2H), 2.85 (sept, J5 7.3 Hz, 1H), 1.95 (q, J5
6.8 Hz, 2H), 1.91–1.84 (m, 2H), 1.82–1.68 (m, 4H), 1.39–1.25 (m, 3H),
1.23 (d, J 5 6.7 Hz, 6H), 1.15–1.04 (m, 2H); 13C NMR (125 MHz,
CDCl3) d 159.63, 150.60, 146.42, 116.21, 111.88, 108.74, 75.67, 73.54,
40.65, 39.50, 38.00, 34.42, 30.14, 26.71, 26.00, 24.17, 24.10; ESI-
HRMS: m/z calculated for C19H32NO2

1 [M1H]1: 306.24276; found:
306.24576].

3-Amino-1-(3-isopropyl-5-((2-propylpentyl)oxy)phenyl)propan-
1-ol (MB-006). The same procedure was followed as described for
MB-005. A 2.0 M solution of borane dimethylsulfide complex
in diethylether (10.25 mmol, 2.5 eq.) was added to a solution
of the nitrile 7b (1.3 g, 4.1 mmol, 1.0 eq.) in anhydrous THF
(10 ml). Purification by silica gel column chromatography (NH4OH/
MeOH/CH2Cl2, 4:10:90) afforded 0.63 g (47%) of MB-006 as a

pale-yellow oil [1HNMR (500MHz, CDCl3) d 6.79 (s, 1H), 6.74 (s, 1H), 6.65
(s, 1H), 4.90 (t, J5 6.2 Hz, 1H), 3.81 (d, J5 5.6 Hz, 2H), 3.23–3.14 (m,
1H), 3.12–3.01 (m, 1H), 2.84 (sept, J5 7.3 Hz, 1H), 1.94 (q, J5 6.0 Hz,
2H), 1.81–1.72 (m, 1H), 1.49–1.27 (m, 8H), 1.22 (d,J5 6.6Hz, 6H), 0.90
(t, J 5 6.9 Hz, 6H); 13C NMR (125 MHz, CDCl3) d 159.74, 150.68,
145.86, 116.17, 111.91, 108.93, 74.99, 70.89, 40.09, 38.01, 37.80, 34.42,
33.88, 24.16, 24.11, 20.16, 14.61; ESI-HRMS: m/z calculated for
C20H36NO2

1 [M1H]1: 322.27406; found: 322.27402].
3-Amino-1-(3-isopropyl-5-((2,6,6-trimethylcyclohex-1-en-1-

yl)methoxy)phenyl)propan-1-ol (MB-007). Anoven-dried50-ml, two-
necked, round-bottomed flask equipped with a magnetic stir bar was
sealed under argon. It had with two rubber septa, one of which
contained a needle adapter to an argon inlet. The flask was charged
with anhydrous THF (25 ml) and a 2.0 M solution of LiAlH4 in THF
(3.68 ml, 7.36 mmol, 2.5 eq.). At 0°C, a solution of nitrile 7c (1g,
2.9 mmol, 1 eq.) in anhydrous THF (6 ml) was then added dropwise to
this reaction mixture. The resulting yellowmixture was stirred at 0°C
for 1 hour. At 0°C, the reaction was quenched by slow addition of H2O
(366 ml) (caution: with evolution of hydrogen gas) followed sequentially
by 15% (w/v) aqueous NaOH (366 ml) and H2O (1.1 ml). Then, the
amorphous mixture was stirred for 10 minutes at room temperature.
The resulting mixture was vacuum filtered and washed well with
CH2Cl2. The filtrate was dried over MgSO4 and concentrated under
reduced pressure (Caspi et al., 2004). Purification by flash chromatog-
raphy on a silica gel column (NH4OH/MeOH/CH2Cl2, 4:10:90→6:20:80)
afforded 0.6 g (60%) of MB-007 as a colorless oil [1H NMR (500 MHz,
CDCl3) d 6.87–6.79 (m, 2H), 6.73 (t, J 5 1.9 Hz, 1H), 4.92 (dd, J 5 8.8,
3.2 Hz, 1H), 4.43 (s, 2H), 3.19–3.10 (m, 1H), 3.03–2.94 (m, 1H), 2.87
(sept,J5 6.9Hz, 1H), 2.04 (t,J5 6.3Hz, 2H), 1.94–1.76 (m, 2H), 1.71 (s,
3H), 1.68–1.61 (m, 2H), 1.53–1.47 (m, 2H), 1.24 (d, J5 6.9 Hz, 6H), 1.05
(s, 6H); 13C NMR (125 MHz, CDCl3) d 159.55, 150.35, 146.26, 135.56,
133.31, 116.20, 112.18, 108.71, 76.77, 75.66, 64.34, 40.64, 39.53, 39.30,
34.29, 34.13, 32.88, 28.46, 24.03, 23.96, 19.86, 19.32; ESI-HRMS: m/z
calculated for C22H36NO2

1 [M1H]1: 346.27406; found 346.27399].

3-Hydroxy-3-(3-hydroxyphenyl)propanenitrile (8). An oven-
dried 100-ml, two-necked, round-bottomed flask was sealed under argon.
The flask was charged with anhydrous THF (11 ml) and anhydrous
acetonitrile (465 ml, 8.3 mmol), cooled to 242°C, and a solution of
potassium tert-butoxide (2.06 g, 18.4 mmol) in THF (20 ml) was added
dropwise. After stirring for 45minutes at242°C, 3-hydroxy-benzaldehyde
(1 g, 8.2 mmol) in THF (4.5 ml) was added dropwise. The reaction was
allowed towarm to215°C over a 4-hour period, andwas then quenched by
the slow addition of 25% NH4Cl (aqueous) (14.5 ml). The layers were
partitioned, and the aqueous phase was extracted twice with EtOAc. The
combined organic layerswerewashed twicewithH2Oand oncewith brine,
dried overMgSO4, andevaporatedunder reducedpressure.Purificationby
silica gel column chromatography (EtOAc/hexanes, 50:50) afforded 1.06 g
(80%) of compound8asapale-yellowoil [1HNMR(400MHz,CDCl3) d 7.26
(t, 1H,J58Hz), 6.95–6.91 (m,2H), 6.82 (ddd, 1H,J51.2, 2.4, 8.0Hz), 5.01
(t, 1H, J5 6.4 Hz), 2.77 (d, 2H, J5 6 Hz) ppm; 1H NMR values matched
those in the literature (Caspi et al., 2004); 13C NMR (100 MHz, CDCl3) d
156.5, 143.0, 130.4, 117.7, 117.4, 116.0, 112.5, 68.1, 25.7 ppm].

Scheme 4. Reagents and conditions for the synthesis of MB-008.
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1-Bromopentan-2-one (9). An oven-dried 100-ml, two-necked,
round-bottomed flask was charged with urea (9.8 g, 163.2 mmol, 1.63
eq.), acetic acid (39 ml), and 2-pentanone (10.65 ml, 100 mmol, 1 eq.).
At 0°C, Br2 (5.46 ml, 17.05 g, 107.2 mmol, 1.07 eq.) was added to the
mixture and stirred at 18–20°C until the red color disappeared (∼4.5
hours). This mixture was then diluted with water (150 ml) and
extracted with CH2CI2. The extract was washed with saturated
aqueous sodium carbonate, dried over MgSO4, and concentrated
under reduced pressure (caution: compound is a lachrymator and needs
to be handled carefully). Purification by silica gel column chromatogra-
phy (Et2O/hexanes, 3:97) afforded 4.2 g (26%) of 1-bromopentan-2-one 9
as a-pale yellow liquid (Zav’yalov et al., 1989) [1H NMR (500 MHz,
CDCl3) d 3.90 (s, 2H), 2.66 (t, J 5 7.2 Hz, 2H), 1.67 (h, J 5 7.5 Hz, 2H),
0.96 (t, J 5 7.2 Hz, 3H); 13C NMR (125 MHz, CDCl3) d 202.25, 41.85,
34.44, 17.50, 13.72].

3-Hydroxy-3-(3-((2-oxopentyl)oxy)phenyl)propanenitrile (10). An
oven-dried 100-ml, two-necked, round-bottomed flask equipped with a
stir bar was sealed under argon. The flask was charged with the
substituted phenol 8 (566mg, 3.5mmol, 1.1 eq.), 1-bromo-2-pentanone
9 (520mg, 3.2 mmol, 1eq.), anhydrous potassium carbonate (646.8mg,
4.68mmol, 1.3 eq.), and dry acetone (32 ml). The reactionmixture was
refluxed for 24 hours under argon atmosphere. The resulting slurry
was cooled down, treated with water, and extracted with ether (3�).
The combined ether extracts were washed with 2.5 M NaOH aqueous
solution and brine, dried over MgSO4, and evaporated under reduced
pressure. Purification by silica gel column chromatography (EtOAc/
hexanes, 50:50) afforded 570 mg (73%) of compound 10 as a pale-
yellow oil (White and Norcross, 1961) [1H NMR (500 MHz, CDCl3) d
7.32 (t, J5 7.8 Hz, 1H), 7.01 (d, J5 7.2 Hz, 1H), 6.97 (s, 1H), 6.85 (dd,
J5 8.2, 2.6 Hz, 1H), 5.03 (t, J5 6.2 Hz, 1H), 4.57 (s, 2H), 2.76 (d, J5
6.1 Hz, 2H), 2.56 (t, J 5 7.3 Hz, 2H), 1.67 (h, J 5 7.7 Hz, 2H), 0.95
(t, J 5 7.7 Hz, 3H); 13C NMR (125 MHz, CDCl3) d 207.10, 158.28,
142.91, 130.29, 118.70, 117.05, 114.68, 111.94, 72.74, 69.94, 40.96,
27.95, 16.69, 13.73].

Ethyl-3-((3-(2-cyano-1-hydroxyethyl)phenoxy)methyl)hex-2-
enoate (11). An oven-dried 100-ml, two-necked, round-bottomed
flask equipped with a magnetic stir bar was sealed under argon.
The flask was charged with compound 10 (389.0 mg, 1.57 mmol,
1 eq.) and anhydrous benzene (40 ml), followed by the addition of
(ethoxycarbonylmethylene)triphenyl phosphorane (75.9 mg, 0.218 mmol,
1.09 eq.). This reaction mixture was refluxed under argon for 8 hours at
84°C. Then, the solution was cooled down to room temperature and
concentrated under reduced pressure. Purification by silica gel column
chromatography (EtOAc/hexanes, 35:65) afforded 274 mg (55%) of E/Z
mixture of compound 11 as a colorless oil. This was used for the next step
without further characterization.

Ethyl 3-((3-(2-cyano-1-hydroxyethyl)phenoxy)methyl)hexanoate
(12). An oven-dried 25-ml, two-necked, round-bottomed flask equip-
ped with a magnetic stir bar was sealed under argon. The flask was
charged with EtOAc (12 ml) and compound 11 (223 mg, 0.7 mmol,
1 eq.). Palladium on carbon (75 mg, 10% wt., 0.07 mmol, 0.1 eq.) was
added to the stirred mixture. The flask was purged under mild
vacuum and backfilled three times with hydrogen. Hydrogenation
was carried out via two-ply balloon pressure overnight at 25°C.
Then, the reaction mixture was filtered through a pad of celite, and
the filtrate was concentrated under reduced pressure. Purifica-
tion by silica gel column chromatography (EtOAc/hexanes, 30:70)
afforded 200 mg (89%) of compound 12 as a colorless oil (Kimura
et al., 2002) [1H NMR (500 MHz, CDCl3) d 7.28 (t, J 5 7.8 Hz, 1H),
6.94 (s, 2H), 6.85 (dd, J 5 8.3, 2.5 Hz, 1H), 4.99 (t, J 5 6.2 Hz, 1H),
4.12 (q, J5 7.2 Hz, 2H), 3.96–3.91 (m, 1H), 3.90–3.84 (m, 1H), 2.75 (d,
J5 5.5 Hz, 2H), 2.63 (brs, 1H), 2.52–2.44 (m, 1H), 2.41–2.31 (m, 2H),
1.55–1.45 (m, 1H), 1.41–1.34 (m, 3H), 1.24 (t, J 5 7.1 Hz, 3H), 0.92
(t, J 5 6.8 Hz, 3H); 13C NMR (125 MHz, CDCl3) d 173.07, 159.44,
142.70, 129.98, 117.70, 117.29, 114.75, 111.62, 70.18, 70.06, 60.41,
36.66, 35.07, 33.53, 27.91, 20.01, 14.24, 14.22].

3-((3-(3-Amino-1-hydroxypropyl)phenoxy)methyl)hexan-1-ol
(MB-008). An oven-dried 10-ml, two-necked, round-bottomed flask

was sealed under argon. The flask was charged with anhydrous THF
(5 ml) and compound 12 (40 mg, 0.125 mmol, 1 eq.). Borane
methylsulfide complex 5 M in ether (125 ml, 0.626 mmol, 5 eq.) was
slowly added to the stirred reaction mixture at room temperature.
After complete addition, the reactionmixturewas refluxed (2–4 hours)
and then cooled to 0°C. The unreacted borane complex was decom-
posed via addition of methanol (Brown et al., 1982). The organic
solventwas evaporatedunder reducedpressure, andpurificationof the
residue by silica gel column chromatography (NH4OH/MeOH/CH2Cl2,
10:20:80) afforded 20.5 mg (90%) of MB-008 (a mixture of four
stereoisomers) as a pale-yellow oil [1H NMR (500 MHz, CD3OD) d
7.22 (t, J 5 7.9 Hz, 1H), 6.97–6.88 (m, 2H), 6.80 (dd, J 5 8.2, 2.4 Hz,
1H), 4.71 (dd, J5 7.9, 5.3 Hz, 1H), 3.90 (d, J5 5.4 Hz, 2H), 3.66 (t, J5
6.9 Hz, 2H), 2.84–2.71 (m, 2H), 1.96 (h, J5 5.6 Hz, 1H), 1.92–1.81 (m,
2H), 1.77–1.59 (m, 2H), 1.55–1.35 (m, 4H), 0.94 (t, J5 6.9 Hz, 3H); 13C
NMR (125 MHz, CD3OD) d 160.85, 147.98, 130.36, 119.08, 114.29,
112.98, 73.44, 71.68, 61.04, 41.97, 39.50, 36.03, 35.67, 35.07, 21.05,
14.73; ESI-HRMS:m/z calculated for C16H28NO3

1 [M1H]1: 282.20637;
found 282.20633].

Retinoid Isomerase Activity Assays. Bovine RPE microsomes
were prepared as previously described to provide the isomerase for the
assay (Stecher et al., 1999). Synthesized primary amine (1 ml in DMF,
with a final concentration ranging between 50 nM and 50 mM) was
added to 10 mM Bis-Tris propane/HCl buffer, pH 7.4, containing
150 mg RPE microsomes, 1% bovine serum albumin, 1 mM disodium
pyrophosphate, and 20 mM cellular retinaldehyde-binding protein.
The resulting mixture was preincubated at room temperature for
5minutes. Then, all-trans-retinol (1ml in DMFat a final concentration
of 20 mM) was added. The resulting mixture was incubated at 37°C for
1 hour. The reaction was quenched by adding 300 ml of methanol, and
products were extracted with 300 ml of hexanes. Production of 11-cis-
retinol was quantified by normal-phase high-performance liquid
chromatography (HPLC) with 10% (v/v) EtOAc 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
synthetic 11-cis-retinol standard and the area under the correspond-
ing chromatographic peak.

RPE65 Purification and Crystallization. RPE65 was purified
from bovine RPE microsomes using the detergent C8E6 (Anatrace,
Maumee, OH) as previously described (Kiser et al., 2009). Inhibitors
were added to the protein sample at the time of detergent solubiliza-
tion as well as after concentrating the purified protein to a final
concentration of 1 mM. Inhibitors were delivered to the samples as
100 mM dimethylsulfoxide stock solutions. Crystallization was ac-
complished by mixing 1–2 ml of the concentrated protein sample with
1–2 ml of crystallization solution consisting of 40% (v/v) polyethylene
glycol 300, 100 mM 2-(cyclohexylamino)ethanesulfonic acid–NaOH
(pH 9.5), and 200 mM NaCl or 30% (v/v) polyethylene glycol 400,
100 mM 3-(cyclohexylamino)propanesulfonic acid–NaOH (pH 10.5),
500 mM (NH4)2SO4, and 10% (v/v) glycerol (conditions #26 and #27,
respectively of the Wizard Cryo screen; Rigaku, The Woodlands, TX).
These conditions reliably yield untwinned hexagonal RPE65 crystals
in which residues constituting the active-site cavity were previously
shown to adopt active-like conformations in the presence of emixustat-
related molecules (Kiser et al., 2015). Crystals appeared in 1 or 2 days
and grew tomaximal dimensions of 75� 75� 300 mmwithin 1month.
Mature crystals were harvested with Microloops (Mitegen, Ithaca,
NY), flash cooled, and stored in liquid nitrogen prior to X-ray exposure.

Collection and Processing of X-ray Diffraction Data and
Structure Refinement. X-ray diffraction data sets were collected at
the NE-CAT ID-E beamline at the Advanced Photon Source (Lemont,
IL). Diffraction data were indexed, integrated, and scaled with XDS
(Kabsch, 2010). Data from three separate crystals of the RPE65/MB-004
complex were merged using XSCALE (Kabsch, 2010) to boost the
signal-to-noise ratio and extend the high resolution limit. Initial
models were generated through rigid body refinement of a previously
reported RPE65 crystal structure (Protein Data Bank accession code
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4RYY) using the program REFMAC (Murshudov et al., 2011). Ligand
andwater atomswere removed from themodel prior to conducting the
initial refinement. The model was then completed and optimized by
multiple rounds of manual real-space model building informed by
MolProbity (Chen et al., 2010) close contact and geometry analyses in
COOT (Emsley et al., 2010) followed by restrained reciprocal space
refinement in REFMAC. Atomic coordinates and geometric restraint
files for ligands were generated with the Grade Web Server. Some
bond angle restraint weights were manually adjusted to ensure ideal
ligand stereochemistry. Residues 109–126 and 197–201 in the
RPE65/MB-004 complex and 110–126, 197–201, and 267–271 in the
RPE65/MB-008 complex were excluded from the final models owing to
their poorly resolved electron densities. The soundness of the final
models was assessed with the MolProbity (Chen et al., 2015) and
Worldwide Protein Data Bank (Read et al., 2011) structure-validation
servers.

Mouse Handling and Drug Administration. Abca42/2Rdh82/2

mice on aC57BL/6J backgroundwere generated as previouslydescribed
(Maeda et al., 2009a). Male and female wild-type mice with C57BL/6J
backgrounds were obtained from The Jackson Laboratory (Bar Harbor,
ME). Abca42/2Rdh82/2 mice used in this study were homozygous for
the Leu450 allele of Rpe65 as determined by a genotyping protocol
published previously (Grimm et al., 2004) and free of Crb1/rd8 and
rd/rd mutations. Animals were housed either in the animal facility at
the Case Western Reserve University School of Medicine, where they
received a standard chow diet (LabDiet 5053; LabDiet, St. Louis, MO)
and were maintained under a standard 12-hour light (∼300 lux) and
12-hour dark cycle, or at the Cole Eye Institute animal facility [animals
used for electroretinogram (ERG) experiments], where they received
LabDiet 2918 and were maintained under the standard 14-hour light
(∼100 lux) and 10-hour dark cycle. Mice were dark-adapted overnight
prior to all experiments. A cohort of evenly divided male and female
Rdh8–/–Abca4–/– or C57BL/6J mice was used when they reached the
age of 1–4 months. All tested primary amines were suspended in 100 ml
of soybean oil with less than 10% (v/v) dimethylsulfoxide and admin-
istered 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)
(Kodak, Rochester, NY).

Induction of Acute Retinal Degeneration in Abca42/2Rdh82/2

Mice. Following vehicle or test compound administration by oral
gavage, 1- to 2-month-old Abca42/2Rdh82/2 mice were dark-adapted
for 24 hours. Following induction of mydriasis with 1% tropicamide, the
mice were exposed to fluorescent light (10,000 lux, 150-W spiral lamp;
Commercial Electric, Cleveland, OH) for 30 minutes in a white paper
bucket, a treatment previously shown to generate retinal damage in the
absence of protective agents (Zhang et al., 2015). Mice were then kept in
the dark for an additional 3 days before examination of their retinal
structure, which was carried out with ultrahigh-resolution spectral
domain–optical coherence tomography (Bioptigen, Morrisville, NC) as
previously reported (Zhang et al., 2015).

Identification ofRetinaldehydeConjugateswithMBCompounds
in Abca42/2Rdh82/2 Mice. MB-005 or MB-006 (1 mg/mouse) was
administrated by oral gavage to 1- to 2-month-old Abca42/2Rdh82/2

mice 24 hours prior to light exposure. After exposure to fluorescent
light for 10 minutes, animals were euthanized, and their eyes were
collected and homogenized in acetonitrile. After centrifugation, the
supernatant was concentrated to 400 ml under vacuum. Extracts
(100 ml) were injected into an LXQ linear ion trap mass spectrometer
(Thermo Scientific, Waltham, MA) coupled to an Agilent 1100 HPLC
system (Agilent Technologies, Santa Clara, CA). Separation of
retinylidene Schiff bases was achieved on a reverse-phase C18
Phenomenex (Torrance, CA) HPLC column (250 � 4.60 mm; 5 mm)
by a linear gradient of acetonitrile in water of 50–100% within
15 minutes at a flow rate of 1.5 ml/min. All solvents contained 0.1%
formic acid (v/v). The HPLC effluent was directed into the mass
spectrometer via an atmospheric pressure chemical ionization in-
terface operated in the positive ionization mode. Identification of a

retinylidene Schiff base was achieved by comparing its mass spectrum
with that of an authentic standard.

Quantification of MB-005 in Mouse Eyes. MB-005 (1mg/mouse)
was administrated by oral gavage to 1- to 2-month-old C57BL/6J mice.
The mice were then placed back in their home cages and kept in
standard lighting conditions for either 6 or 24 hours. Then, mice were
euthanized, and their eyes 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 4ml of EtOAc. Extracts were dried in vacuo
and reconstituted in 400 ml of ethanol containing 1 nmol emixustat as
the internal standard. This solution (100 ml) was analyzed by liquid
chromatography–electrospray ionization–tandem mass spectrometry
(4.6 � 150 mm; Agilent ZORBAX Eclipse XDB-C18) with a gradient of
acetonitrile in water (0–100% over 30 minutes) as the eluent at a flow
rate of 0.5 ml/min. Amounts of amines were quantified based on a
standard curve representing the relationship between the amount of
MB-005 and the ratio of corresponding peak areas of MB-005 to
emixustat.

Visual ChromophoreRecovery Assay. C57BL/6Jmice (1–2months
of age) were administered test compounds or vehicle control by oral
gavage and then allowed to dark-adapt for 24 hours. Following induction
of mydriasis with 1% tropicamide, the mice were exposed to bright light
resulting in photoactivation of .90% of rhodopsin and then kept in the
dark for 6 hours to allowvisual pigment regeneration.Afterward, animals
were euthanized, 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 mixtures were extracted with
4 ml of hexanes. Extracts were dried in vacuo, reconstituted in 300 ml of
hexanes, and 100ml of the extractswere injected into anHPLCsystem for
analysis with 10% (v/v) EtOAc in hexanes as the eluent. Amounts of
11-cis-retinal were quantified based on a standard curve representing the
relationship between the amount of 11-cis-retinyl oxime and the area
under the corresponding chromatographic peak.

ERG Recordings. C57BL/6J mice aged 1.5–4 months were
anesthetized with ketamine (80 mg/kg) and xylazine (16 mg/kg).
Mydriatic eye drops were used to dilate the pupil (1% tropicamide;
2.5% phenylephrine). ERGs were obtained with an active electrode
that contacted the corneal surface; needle electrodes placed in the
cheek and tail provided reference and ground leads, respectively.
Strobe stimuli ranging from 23.6 to 1.2 log cd s/m2 were presented in
an LKC (Gaithersburg, MD) ganzfeld. Responses were amplified,
averaged, and stored with an LKC UTAS E-3000 signal averaging
system.

Baseline dark-adapted ERGs were recorded from each mouse after
overnight dark adaptation. After a minimum 1-day interval, MB
compounds or vehicle were administered by gavage at approximately
9 a.m. The next morning, mydriatic eye drops were used to dilate the
pupils, and mice were then exposed to a 10-minute 10,000-lux bleach.
Mice were dark-adapted for 6 hours, after which their ERGs were
recorded. The amplitude of the a-wave was measured from the
prestimulus baseline to 8 ms after the stimulus flash. The amplitude
of the b-wavewasmeasured to the b-wave peak from either the a-wave
trough or, if no a-wave was present, the baseline.

Study Approval. All animal procedures and experiments were
approved by the Institutional Animal Care and Use Committees of
Case Western Reserve University or the Cleveland Clinic, and
conformed to recommendations of the American Veterinary Medical
Association Panel on Euthanasia and the Association for Research in
Vision and Ophthalmology.

Results
Identification of Potential Sites for Emixustat

Modification Based on RPE65 Crystal Structures. The
emixustat molecule can be divided into three basic regions: a
polar aminopropanol moiety, a lipophilic cyclohexyl methoxy
ring, and a central phenyl ring to which both substituents are
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attached (Fig. 1A). MB-001 differs from emixustat by the
substitution of a trimethyl hexenyl ring in place of the
cyclohexyl moiety. These molecules reside in the region of
the RPE65 active-site cavity that is proximal to its membrane-
embedded entrance (Kiser et al., 2015). The aminopropanol
moiety, located deepest within the binding pocket of the
molecule, forms electrostatic interactions with Thr147 and
Glu148 as well as with an iron-bound fatty acid carboxylate.
Such interactions appear to contribute substantially to the
binding affinity, making alterations to this part of the
molecule that disrupt active-site binding affinity easily envi-
sioned, such as by removal or alkylation of the hydroxyl
moiety. However, because such changes could influence the
reactivity of the amino group toward retinaldehyde, we chose
not to attempt modifications of this region of the molecule.
Notably, we previously showed that emixustat forms a
retinaldehyde Schiff base more efficiently than retinylamine
(Zhang et al., 2015), possibly due to the nearby hydroxyl
moiety that can intramolecularly interact with the iminium
functionality.
The central phenyl ring is involved in p-p interactions with

Phe103 as well as van der Waals contacts with a number of
other active-site residues. Notably, the active-site region just
above the phenyl ring is relatively polar, with twowell ordered
water molecules engaged in hydrogen-bonding interactions
with its constituent residues. These water molecules are
located ∼3.3 Å away from C5 of the emixustat molecule (Fig.
1B). We reasoned that introduction of a bulky lipophilic group
to the region of the phenyl ring close to this polar pocket could

effectively prevent binding of the derivative molecule to the
RPE65 active site as a result of steric and electrostatic repulsive
forces (Fig. 1C).
The terminal aliphatic ring moieties of these molecules,

located closest to the active-site entrance, are the most mobile
regions of the molecule as evidenced by their higher average
atomic displacement parameters and multiple conformations
observed in different crystal forms (Kiser et al., 2015; Zhang
et al., 2015). The long-range van der Waals interactions
formed between this portion of the molecules and residues
forming the active-site opening are expected to minimally
contribute to the binding affinity of emixustat and MB-001.
This region thus appeared to be a strong candidate for structural
modification to improve active-site binding affinity. Two
binding cavities are present on either side of the cyclohexyl
moiety: one polar and filled with water molecules, and the
other a small hydrophobic cavity formed by residues Ile259,
Phe264, Tyr275, Cys278, and Phe279 that could serve as a site
of interaction for suitable derivatives (Fig. 1B). In particular,
we hypothesized that replacement of the terminal 6-membered
ring with short linear moieties could result in molecules with
the ability to engage these unexploited potential binding
cavities (Fig. 1C).
Thus, we developed novel synthetic routes for the generation

of two classes of compounds: one series in which the terminal
6-membered ring of emixustat/MB-001 was substituted by
either heptan-4-yl (MB-004) or 1-hydroxyhexan-3-yl (MB-008)
groups, and another in which an isopropyl moiety was added on
themeta position of the phenyl ringwith the terminal lipophilic

Fig. 2. In vitro inhibition of retinoid isomerase
activity by MB compounds. Primary amines were
preincubated with bovine RPE microsomes at room
temperature for 5 minutes, then all-trans-retinol
was added, and the mixtures were incubated at
37°C. After 1 hour of incubation, all reactions were
quenched by the addition of methanol. Inhibition of
RPE65 enzymatic activity wasmeasured as a decline in
11-cis-retinol production. (A) Production of 11-cis-retinol
in the presence of amines designed to inhibit RPE65.
The IC50 values for emixustat and (R)-MB-001 in this
assay are 2326 3 and 3966 58 nM, respectively (Kiser
et al., 2015). (B) Production of 11-cis-retinol in the
presence of amines with bulky groups that could
hinder RPE65 active-site binding. Chiral centers
are marked with asterisks.
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moiety consisting of either cyclohexyl (MB-005), heptan-4-yl
(MB-006), or trimethyl hexenyl (MB-007) groups (Fig. 2, A and
B, left panels). Based on the structural features outlined earlier,
we hypothesized that the latter group of compounds would
exhibit impaired inhibitory activity toward RPE65, whereas
the inhibitory activity of the former group could be enhanced
owing to potentially reinforced binding interactions. Both sets
of compounds contained unmodified primary amine function-
alities and thus were anticipated to retain their retinaldehyde
sequestration activity (Fig. 1C).
Changes to the Emixustat/MB-001 Core Structure

Alter In Vitro Retinoid Isomerase Inhibitory Activity.
To test these structural predictions, we examined the in-
hibitory activity of candidate compounds against RPE65
activity in an in vitro retinoid isomerase assay using bovine
RPE microsomes as the enzyme source. Consistent with our
hypothesis, both MB-004 and MB-008 exerted more potent
RPE65 inhibitory effects relative to emixustat and MB-001.
Compared with emixustat (Kiser et al., 2015), the two
compounds MB-004 and MB-008 were about 2.2 and 1.2 times
more potent, with IC50 values of 106 6 16 and 189 6 31 nM,
respectively (Fig. 2A). Because racemic forms of emixustat and
MB-008were used in these experiments, whereasMB-004was
synthesized as the pure R-isomer, stereochemical differences
must be accounted for when comparing the potencies of these
compounds.We previously reported that (R)-emixustat is ∼1.6

times more potent than the S-isomer (Zhang et al., 2015). The
estimated IC50 of (R)-emixustat in this assay is therefore
around 175 nM, making MB-004 approximately 1.7 times
more potent in this head-to-head comparison. The four
possible isomeric forms of MB-008 make head-to-head
potency comparisons to emixustat more difficult, but the
racemic mixture is at least as potent as (R)-emixustat, and
the possibility remains that one particular isomer could
have even higher potency. Conversely, MB-005, MB-006,
and MB-007 all exhibited little or no inhibition against
retinoid isomerization in this assay up to concentrations of
50 mM, consistent with their inability to access the RPE65
active site and block retinyl ester uptake (Fig. 2B). Thus, these
structure-guided modifications to the emixustat molecule
modulated RPE65 inhibition in a manner consistent with
our expectations.
MB-004 and MB-008 Engage Binding Sites in the

RPE65 Active Site Cavity That Unused by Emixustat
and MB-001. To test our hypothesis that binding of MB-004
and MB-008 to the RPE65 active site could be strengthened
by interactions with cavities located near the cyclohexanyl
ring of emixustat, we determined crystal structures of bovine
RPE65 in complex with both molecules. The RPE65–MB-004
and RPE65–MB-008 structures, refined against data extend-
ing to 2.2- and 2.1-Å resolution, respectively, were obtained
by cocrystallization, with the compounds present in an

TABLE 1
X-ray data and crystallographic refinement statistics

Data collection and processinga

Crystal MB-004b MB-008
X-ray source NECAT-24 ID-E NECAT-24 ID-E
Wavelength (Å) 0.97919 0.97918
Unit cell parameters (Å) a = 175.73, c = 86.37 a = 175.32, c = 86.65
Space group P65 P65
Resolution (Å) 50–2.20 (2.26–2.20) 50–2.10 (2.23–2.10)
Unique reflections 77,111 (5637) 86,966 (14,111)
Multiplicity 12.1 (10.8) 4.0 (3.9)
Completeness (%) 100 (100) 98 (99)
,I/sI. 11.3 (1.2) 9.34 (0.96)
RmeasI (%) 20.9 (228.1) 15.2 (180.8)
CC1/2 (%) 99.7 (40.1) 99.6 (36.5)

Refinementc

Resolution (Å) 47.9–2.2 47.9–2.1
No reflections 73,171 82,511
Rwork/Rfree (%) 17.0/20.9 17.6/21.1
No atoms 8894 8829
Protein 8332 8187
Active-site ligand/ions Fe: 2 Fe: 2

MB-004: 40 MB-008: 40
Palmitate: 36 Palmitate: 36

Water 447 530
,B-factor. (Å2) 43.6 41
Protein 43.5 41
Active-site ligand/ions Fe: 34 Fe: 32

MB-004: 41 MB-008: 44
Palmitate: 53 Palmitate: 52

Water 44 43
Root-mean-square (RMS) deviations

Bond lengths (Å) 0.012 0.012
Bond angles (°) 1.55 1.54
Ramachandran plot (% favored/outliers)d 97.4/0 98.5/0
MolProbity score (percentile) 100th 100th
PDB accession code 5UL5 5ULG

PDB, Protein Data Bank; RMS, Root-mean-square.
aDiffraction data processing was carried out with XDS.
bMerged data from three crystals.
cStructure refinement was carried out with REFMAC.
dAssessed with MolProbity.
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approximately 5-fold molar excess over the protein under
conditions similar to those used in prior RPE65-emixustat
structure determinations (Table 1). In both cases, the ligands

were clearly identified from their initial residual electron
density maps (Fig. 3, A and B). The 3-amino-1-phenylpropan-
1-ol moieties, common to MB-004, MB-008, and emixustat, were
found in essentially identical conformations in all structures (Fig.
4). The (R)-isomer of the 3-amino-1-hydroxypropylphenyl moiety
of MB-008 appeared to be the dominant form of the molecule
occupying the active site, in agreement with our previous study
on the binding of emixustat isomers to the RPE65 active site
(Zhang et al., 2015).
The dipropanyl tail of MB-004 adopted an extended confor-

mation, with one half of the moiety occupying the aforemen-
tioned hydrophobic cavity in van der Waals contact with the
side chains of residues Ile259, Phe264, Tyr275, and Phe279
(Fig. 4B). The other half of this moiety chain was also found in
an extended conformation near the active-site tunnel en-
trance, but was less restrained, being held in place only by a
few relatively less-favorable van der Waals contacts with the
Glu148 backbone carbonyl oxygen, backbone atoms of Gly176,
and a nearby water molecule. This difference in binding
interactions was reflected in the ∼11% lower average B-factor
observed for the chain occupying the hydrophobic cavity
(44 Å2) compared with the other half of the substituent with
sparser interaction partners (49 Å2).
The 7-membered tail of MB-008 adopted a conformation

very similar to that of MB-004 with the exception of a slight
rotation of the hydroxyethyl moiety that allowed formation of
a hydrogen bond with a water molecule located in the polar
cavity mentioned earlier (Fig. 4C). Trial refinements with the
molecule modeled in the four possible isomers suggested that
theR,S form of themolecule is the dominant form bound in the
active site. Despite the apparently more-favorable interaction
made by the hydroxyethyl side chain, its B-factors remained
elevated compared with the rest of themolecule, similar to the
analogous region of MB-004.
In summary, replacement of the emixustat cyclohexyl

tail with a short linear alkane moiety appeared to strengthen
binding affinity owing to the fulfillment of favorable
van der Waals and hydrophobic interactions with a lipo-
philic pocket located near the active-site entrance. The pres-
ence of a second linear moiety with a capability to form
hydrogen-bonding interactions with polar residues and
solvent molecules located across from the lipophilic pocket

Fig. 3. Binding of MB-004 and MB-008 to the RPE65 active-site pocket.
MB-004 (A) and MB-008 (B) are shown as orange sticks. Residues within
4.5 Å of the MB ligands are shown as gray sticks. The iron cofactor and the
iron-bound palmitate ligand are shown as brown spheres and gray sticks,
respectively. The green mesh represents a sA-weighted Fo-Fc electron
density map calculated after deletion of the ligand and 30 cycles of
REFMAC refinement. Residues within 4.5 Å of the ligand were
harmonically restrained to their initial positions during refinement.
The electron density suggested that the R,S form of MB-008, which was
added to the protein as a racemic mixture, was the dominant isomer
occupying the binding pocket.

Fig. 4. Occupancy of MB ligands in the membrane-proximal binding pockets of the RPE65 cavity. Ligands are shown as van der Waals spheres with carbon,
nitrogen, and oxygen atoms colored orange, blue, and red, respectively. (A) The cyclohexyl ring of emixustat resides close to a polar, water-filled pocket (blue
arrow)within themembrane-proximal region of the active-site pocket. The bulkiness of the cyclohexylmoiety prevents it from occupying a nearby apolar pocket
(red arrow)with the potential to promote ligand binding through hydrophobic and van derWaals forces. (B)One half of theMB-004 dipropylmoiety occupies the
aforementioned hydrophobic cavity forming van der Waals contacts with residues lining the pocket, with the other half occupying a less constrained position
near the active-site opening. (C) The binding pose for MB-008 is nearly identical to that of MB-004. Notably, the polar hydroxyl tail of MB-008 fails to form
significant hydrogen bonding or dipolar interactions with residues or water molecules comprising the polar side of the proximal active-site pocket.
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appeared to contribute minimally to the binding affinity of
MB-008.
Effects of MB Compounds on Visual Cycle Function

In Vivo. Next, we tested the effects of the MB compound
series on retinoid cycle function in living mice. For these
experiments, mice were given a single dose of the test
compound by oral gavage, and 24 hours later, they were
subjected to light exposure that bleached .90% of rhodopsin.
After light treatment, mice were allowed to dark-adapt for
6 hours before their ocular retinoid content was determined
by HPLC. MB-004, at a dose of 10 mg/mouse, dramatically
suppressed visual chromophore regeneration to at least the
same degree as MB-001 at the same dose (Fig. 5). By contrast,
mice treated with 10 mg of MB-008 recovered visual chromo-
phore to a level comparable to vehicle-treated mice, with a
10-fold higher dose producing only a 30% suppression in visual
cycle function, which was unexpected given the strong in vitro
retinoid isomerase inhibitory effects of this compound (Fig.
2A). To examine whether the lack of MB-008 efficacy at
24 hours was due to insufficient concentrations resulting
from a shorter elimination half-life or poorer bioavailability,
we repeated the experiment with mice subjected to light
exposure 4 hours after MB-008 administration. A 100-mg
dose of MB-008 suppressed visual chromophore regenera-
tion by ∼80%, supporting the idea that the retinaldehyde

concentration of MB-008 could be subeffective at the longer
post-treatment light challenge.
Despite the near absence of in vitro retinoid isomerase

inhibitory effects for MB-005, MB-006, and MB-007 (Fig. 2B),
these compounds discernably slowed chromophore regenera-
tion in livingmice, albeit at dosesmuch higher than those used
forMB-001 (Fig. 5). Five-hundred-microgram doses ofMB-005
and MB-007 had minimal effects on 11-cis-retinaldehyde
recovery, whereas ∼50% inhibition was observed with both
compounds at a 2-fold higher dose. By contrast, 500 and
1000mg ofMB-006 suppressed visual chromophore production
to∼30 and∼20% of the vehicle control, respectively. Similar to
MB-008, in the case of MB-005, we found that shortening the
time between drug administration and the light challenge
enhanced the inhibitory effects of the treatment, suggesting
that substantial MB-005 clearance occurred in the 24 hours
following drug administration.
Impact of Visual Cycle Modulators on the Mouse

ERG. We next examined the impact of these compounds on
normal retinal function, as assessed by the ERG. Figure 6A
presents a family of dark-adapted ERGs measured 6 hours
after mice underwent a 95% bleach presented 1 day following
gavage with vehicle or MB compounds at doses indicated as
effective by retinoid analysis. Mice gavaged with vehicle alone
had dark-adapted ERGs that were comparable in waveform to

Fig. 5. Inhibition of visual chromophore regenera-
tion in C57BL/6J mouse eyes by MB compounds.
MB drugs were administrated to 1- to 2-month-old
mice by oral gavage 24 or 4 hours (marked by
asterisks) prior to light exposure for 10 minutes.
Mice were then allowed to recover in darkness for
6 hours. The ocular 11-cis-retinal levelsweremeasured
by HPLC. Values are expressed as percentages of the
control group (displayed as means 6 S.D.; n = 3 for
each group except the MB-008 group in which n = 9).
DMSO, dimethylsulfoxide.

Fig. 6. ERG responses of C57BL/6J mice treated with visual cycle modulators. MB compounds or vehicle was administered by oral gavage to 1.5- to
4-month-old C57BL/6J mice 24 hours prior to 10-minute light exposure followed by 6 hours of dark adaptation. Dark-adapted ERGs were obtained using
strobe flash stimuli. (A) Representative ERGs obtained frommice treated with vehicle or anMB compound at the indicated dose. Flash strength is color-
coded (black, 23.6 log cd s/m2; blue, 22.4 log cd s/m2; green, 21.2 log cd s/m2; purple, 0.0 log cd s/m2; red, 1.2 log cd s/m2). Red asterisks next to the
a-waves for MB-005 and MB-006 indicate responses larger than those obtained from MB-001 or MB-004. Amplitudes of the major components of the
ERG are shown in (B) (a-wave) and (C) (b-wave). Data points indicate average (6 S.E.M.) from three to four mice per treatment group.
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those obtained in a pretreatment baseline study but were
slightly smaller in amplitude. In comparison, mice adminis-
tered MB compound molecules had decreased-amplitude
ERGs indicative of incomplete bleaching recovery. For exam-
ple, animals treated with MB-001 and MB-004 had responses
to low-luminance stimuli that did not differ from background
noise levels. In response to higher-luminance stimuli, re-
producible responses were observed. That these responses
reflected dark-adapted cone activity is supported by their
similarity to responses obtained from transducin knockout
mice which lack rod-mediated activity, while retaining normal
cone-mediated responses and featuring a very similar ERG
phenotype (Calvert et al., 2000; Wu et al., 2004). Mice treated
with MB-005 and MB-006 had less-incomplete recovery, as
evidenced by a small-amplitude electronegative a-wave to
high luminance stimuli (red asterisk) and larger amplitude
b-waves (Fig. 6, B and C).
Isopropyl Emixustat Derivatives Distribute into the

Eye and Form Retinaldehyde Schiff Base Conjugates
In Vivo. The unexpected ability of isopropyl emixustat
derivatives to slow visual chromophore regeneration indicated
that the ocular distribution of these compounds was preserved
despite the structural modification. To confirm the ocular
distribution of this compound series, we directly measured the
quantity of MB-005 in the eye by mass spectrometry after a
1-mg dose. Using emixustat as an internal standard, we
determined that the ocular level of MB-005 attained 6 hours
after treatment was ∼140 pmol/eye, and this declined only
slightly at the 24-hour post-treatment time point. This
minimal change in ocular MB-005 concentration contrasts
with the ∼3-fold greater inhibition of visual cycle function
observed at 4 hours versus 24 hours for this compound. These

results indicate that the isopropyl-derivative series compounds
could persist in the eye for extended periods of time to exert their
effects.
With the effects of these compounds on visual cycle

function established, we next examined their ability to form
retinaldehyde Schiff base conjugates in vivo. For these exper-
iments, Abca42/2Rdh82/2 mice, a model for Stargardt macu-
lar dystrophy that exhibits delayed all-trans-retinal clearance,
were gavaged with MB-005 or MB-006 and then subjected
to bright light exposure 6 hours later. Retinoids were extracted
and analyzed bymass spectrometry.MB-005- andMB-006–retinal
Schiff base adducts formed in vitro were prepared for use as
standards. Acetonitrile extracts from the eyes of mice treated
with either MB-005 or MB-006 contained compounds match-
ing the expected molecular weight of the respective Schiff
base adducts, with retention times (Fig. 7, A and B, left)
and tandem mass spectra (Fig. 7, A and B, right) exactly
matching those of the standards. These data demonstrate that
emixustat derivatives with substitutions that alter their
ability to directly inhibit RPE65 have a retained ability to
form retinaldehyde Schiff base adducts in vivo, suggesting
that they can exert protective effects against retinaldehyde
toxicity.
Protective Effects of MB Compounds against Retinal

Phototoxicity. To examine the ability of the MB compounds
to protect against retinal phototoxicity, we administered the
compounds to Abca42/2 Rdh82/2mice by oral gavage, and
after 24 hours, themice were exposed to white light of sufficient
intensity to cause retinal damage in the absence of treatment
with protective agents. Three days later, retinas were imaged
in vivo by optical coherence tomography, with preserva-
tion of outer nuclear layer thickness and light-scattering

Fig. 7. Identification of retinal Schiff base
conjugates in Abca4–/–Rdh8–/– mice treated
with MB-005 and MB-006. Following drug
administration, mice (1–2 months of age)
wereexposed to intense light for10minutes.
After a 30-minute recovery under darkness,
animals were sacrificed and retinoids were
extracted from the eyes. (A and B) Shown in
the left panels are selective ion chromato-
grams for MB-005–retinal conjugates
(MB-005-Ret) (at m/z = 572.6) (A) and
MB-006–retinal conjugates (MB-006-Ret)
(at m/z = 588.6) (B). Panels on the right
show the mass spectra of the peaks co-
inciding with the retention times of their
authentic standards. Insets display the
tandem mass spectrometry fragmentation
patterns of the two imines, which were
identical to their corresponding standards.
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properties serving as markers for retinal health. MB-001,
capable of preventing light-induced retinal degeneration
through both direct RPE65 inhibition (Kiser et al., 2015)
and retinaldehyde sequestration, served as a positive control
for these experiments.
MB-004 at a dose about 2.5 times greater than that required

for near complete suppression of in vivo visual cycle function
(25 mg) produced about an 80% protective effect relative to
MB-001, which was fully protective at a dose of 50 mg (Fig. 8).
This finding, showing incomplete retinal protection in the face
of profound visual cycle suppression, suggested an incomplete
causal relationship between the two activities. In other words,
the lack of full outer nuclear layer preservation observed for
MB-004 supports the idea that retinal protection exerted by
primary amine compounds is not fully explained by their degree
of visual cycle inhibition. MB-008, which also directly inhibits
RPE65, was poorly protective even at doses as high as 0.25 mg
when administered 24 hours prior to the light challenge.
Consistent with our in vivo visual chromophore regeneration
assay suggesting that MB-008 concentrations were lower
compared with MB-004, we found that shortening the duration
between compound administration and the light challenge from
24 to 6 hours substantially improved the protective effects of
this compound. However, even after these shorter time periods,
MB-008 could only exert full protection at a dose 10 times
higher than that used for MB-004, which would be expected to
near-maximally suppress visual cycle function.
The isopropyl MB compound series also exerted variable

protective effects (Fig. 8). At one extreme, MB-007 was nomore
protective than vehicle control at the high dose of 1 mg per
mouse, even though this compound unexpectedly suppressed
visual chromophore regeneration by ∼50% at the same dose
(Fig. 5). MB-006 was protective at a dose of 1 mg but not 0.5 mg
per mouse. Similar to MB-007, the 0.5-mg dose of MB-006
strongly suppressed visual cycle function, suggesting that such
inhibition is irrelevant to the retinal protective effects of these
compounds (Fig. 5). MB-005 was unique among this set of
compounds for its ability to confer protection against retinal
phototoxicity at doses that preserved substantial visual cycle
function. At a dose of 0.5 mg/mouse, which had no measurable
effect on visual cycle function (Fig. 5), MB-005 treatment
resulted in an ∼50% protective effect as compared with the
MB-001 control (Fig. 8). Doubling the dose resulted in an ∼80%
protective effect, similar to a 25-mg dose ofMB-004 (Fig. 8), with
about 60% suppression of visual chromophore regeneration
activity (Fig. 5). A 2-mg/mouse dose of MB-005 fully protected
the retina from light damage, although visual cycle function
was also severely impaired at this dose (Fig. 5 and 8).

Discussion
In this study, we subjected visual cycle modulators with

retinoid-like structures to chemical modifications designed to
either block or potentiate inhibition of RPE65 with retained
ability to sequester retinaldehyde via Schiff base formation.
Preservation of the retinoid backbone was chosen on the basis
that retinoids and retinoid-like molecules are subject to
specialized ocular transport systems and enzymatic machin-
ery, including the RBP4 receptor STRA6 and lecithin:retinol
acyltransferase, which promotes selective distribution to the
locus of action in the eye (Palczewski, 2010). Rational design of
such retinaldehyde-sequestering compounds with the desired

effect on RPE65 was facilitated by knowledge of emixustat’s
binding site within the RPE65 active site (Kiser et al., 2015).
High-resolution structures of protein-ligand complexes have
proven valuable for both examining the molecular mecha-
nisms of drug action (Ioanoviciu et al., 2005; Illing et al., 2012;
Fischer et al., 2014) and optimization of pharmacodynamic
and pharmacokinetic properties (Wlodawer and Erickson,
1993; Blundell et al., 2002; Hauel et al., 2002). Such an
approach eliminates a “shotgun” high-throughput medicinal
chemistry search to identify chemically complex compounds

Fig. 8. Protective effects of MB compounds against light-induced retinal
degeneration in Abca4–/–Rdh8–/– mice. Drugs were administrated at the
indicated doses to 4- to 6-week-old Abca4–/–Rdh8–/–mice (weight ∼20 g) by
oral gavage. After a 24- or 6-hour (marked by asterisks) dark adaptation,
mice were exposed to 10,000 lux light for 30 minutes and then returned
to a dark environment for 3 days. (A) Representative optical coherence
tomography (OCT) images of mice treated with MB compounds. A dramatic
decrease in the outer nuclear layer (ONL) indicates advanced retinal
degeneration. The black scale beside the dimethylsulfoxide (DMSO) image
represents 50 mm. (B) Retinal protective effects exerted by MB compounds
as quantified by average ONL thickness. Only nonscattering ONL layers
were measured. For images in which the ONL layer boundary was obscured
due to light scattering, the ONL length was recorded as 0 mm. Error bars
represent standard deviations; n = 3–5 for each group.
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such as retinoids, which are challenging synthetic chemis-
try targets. We previously used this strategy in the design of
a nonprimary amine emixustat derivative, which demon-
strated that the retinaldehyde-sequestering activity of
emixustat is a key component of its ability to protect against
retinal degeneration in mouse light-damage models (Zhang
et al., 2015). In this work, we found that molecules capable
of occupying a hydrophobic pocket near the active-site
opening—namely, MB-004 and MB-008—exhibit superior
in vitro RPE65 inhibitory activity relative to emixustat and
MB-001, whereas the presence of a polar moiety in the case
MB-008 did not substantially contribute to binding affinity.
Binding affinity likely could be further improved through a
more sophisticated analysis of the binding-pocket volume
and geometry. For example, it was previously shown for
hydrophobic pockets that moieties occupying ∼55% of the
available binding space tend to be optimal concerning
binding affinity (Zurcher and Diederich, 2008; Zurcher
et al., 2008). The RPE65 hydrophobic pocket discussed here
has a volume of approximately 154 Å3, whereas the volume
of a propyl group is ∼63 Å3, suggesting that expansion of the
alkyl chain length by one methylene group, which would
produce a molecular volume of ∼79 Å3, could further
improve binding affinity.
Likewise, the binding strength of ordered waters within the

hydrophilic cavity across from the aforementioned hydrophilic
pocket could inform strategies for maximizing ligand interac-
tions at this site. Weakly bound water molecules, which
typically engage in three or fewer hydrogen-bonding interac-
tions with the protein (Barillari et al., 2007), can be targeted
for displacement by appropriately positioned polar ligand
substituents, as release of a water molecule in this situation
should be thermodynamically favorable (Michel et al., 2009).
Conversely, there can be a substantial energetic cost to
displacing more strongly bound waters, so in those cases, it
is likely better if the ligand is designed to favorably interact
with, rather than displace, the ordered water molecule.
Waters contained within the RPE65 hydrophilic pocket are
all engaged in three or more hydrogen-bonding interactions,
two of which are formed with protein atoms and the remainder
with adjacent water molecules. The binding strength of these
waters likely will require detailed calculations to be accurately
estimated. Suitable polar modifications could strengthen li-
gand binding. However, any potential gains in binding affinity
could be offset by poorer membrane permeability, which would
compromise bioavailability and distribution to the site of action
in the RPE.
High-affinity RPE65 inhibitors could find use in the labora-

tory aswell as the clinic. For example, such compounds could be
important tools for elucidating the role of RPE65 in the visual
function of species in which genetic manipulation is not
currently possible—for example, those that possess cone-
dominant retinas. Cones are thought to receive their visual
chromophore from both the classic visual cycle as well as an
intraretinal, Müller cell–based pathway that allows sustained
regeneration under high-illumination conditions (Wang and
Kefalov, 2011; Saari, 2012). The contribution of RPE65 to cone
cell function in such species remains incompletely understood,
although the ERG data presented here indicate that cone
function recovered to a much greater extent than rod function.
Selective RPE65 inhibitors could be used to eliminate classic
visual cycle function in such species and allow detailed

examination of the intraretinal visual cycle in isolation. For
patients with Stargardt disease wherein A2E is thought to be
a primary contributor to macular degeneration (Sparrow and
Boulton, 2005; Moiseyev et al., 2010; Charbel Issa et al.,
2015; Saad and Washington, 2016), direct RPE65 inhibition
by emixustat-like molecules could be therapeutically advan-
tageous, as it was previously reported that both emixustat
and its predecessor retinylamine lower A2E formation in
mousemodels of Stargardt disease (Maeda et al., 2011; Bavik
et al., 2015). These compounds also exert beneficial effects in
mousemodels of diabetic retinopathy thought to be related to
their ability to inhibit RPE65 (Liu et al., 2015). Improving
visual cycle modulator potency could lessen any off-target
side effects. However, clinical trials with emixustat indicate
that side effects directly related to RPE65 inhibition, in-
cluding night blindness and dyschromatopsia, are most
frequent and often problematic for patients (Kubota et al.,
2014). Tighter binding inhibitors could have prolonged
effects that are less well tolerated, whereas a molecule with
a shorter duration of action, such as that of MB-008, could be
advantageous for modulating the adverse effects associated
with visual cycle suppression.
In a recent phase IIb/IIIa clinical trial, emixustat disappoint-

ingly failed to protect against the progression of geographic
atrophy in patients with dry AMD (NCT01802866). Notably, in
this trial, a dose at the lower end of the originally studied range
(Kubota et al., 2014)was used tominimize vision-related adverse
drug reactions. The data presented here demonstrate that the
ability of primary amine emixustat-like molecules to protect
against light-induced retinal degeneration in mice is incom-
pletely correlated with their ability to slow visual cycle activity.
In light of these findings, the low dose of emixustat used in
clinical trials could have provided insufficient retinaldehyde-
sequestering activity, thus attenuating the retinal protective
activity of emixustat, despite achieving substantial visual
cycle suppression. Among the isopropyl emixustat deriva-
tives with attenuated RPE65 inhibitory activity examined in
this study, MB-005 meets many initial criteria for further
development as a compound for treatment of retinal pathol-
ogies, such as AMD and Stargardt disease. This compound
could be given at doses that protect mice against retinal
phototoxicity with much fewer potent effects on visual cycle
function as compared with emixustat. The origin of the
residual effects on in vivo visual cycle function remains to
be elucidated but these could arise from inhibition of visual
cycle enzymes other than RPE65, including retinol dehydro-
genases and lecithin:retinol acyltransferase (Kiser et al.,
2014; Kiser and Palczewski, 2016). This work highlights the
importance of thorough counter-screening of lead candidates
at different levels, including in vivo assays to ensure pro-
ductive drug development.
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