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Abstract

Pharmacological chaperoning is a therapeutic strategy being developed to restore cellular folding
and trafficking defects associated with Gaucher disease, a lysosomal storage disorder caused by
point mutations in the gene encoding for acid- B-glucosidase (GCase). In this approach, small
molecules bind to and stabilize mutant GCase in the endoplasmic reticulum (ER), increasing the
concentration of folded, functional GCase trafficked to the lysosome where the mutant enzyme
can hydrolyze accumulated substrate. To date, pharmacologic chaperone (PC) candidates
investigated have largely been active-site-directed inhibitors of GCase, usually containing five- or
six-membered rings, such as modified azasugars. Here we show that a seven-membered, nitrogen-
containing heterocycle (3,4,5,6-tetrahydroxyazepane) scaffold is also promising for generating
PCs for GCase. Crystal structures reveal that the core azepane stabilizes GCase in a variation of its
proposed active conformation, whereas binding of an analog with an N-linked hydroxyethyl tail
stabilizes a conformation of GCase in which the active site is covered, also utilizing a loop
conformation not seen previously. Although both compounds preferentially stabilize GCase to
thermal denaturation at pH 7.4, reflective of the pH in the ER, only the core azepane, which is a
micromolar competitive inhibitor, elicits a modest increase in enzyme activity for the
neuronopathic G202R- and the non-neuronopathic N370S- mutant GCase in an intact cell assay.
Our results emphasize the importance of the conformational variability of the GCase active site in
the design of competitive inhibitors as PCs for Gaucher disease.

Gaucher disease (GD), the most common lysosomal storage disorder (LSD), is caused by
inherited point mutations in acid-p-glucosidase (GCase), a lysosomal enzyme that
hydrolyzes glucosylceramide (GlcCer) (Fig. 1) as its main substrate (1). GCase mutations
are not localized to its active site (2, 3). Rather, variants exhibit defects in protein stability
(4) and cellular trafficking defects (5) leading to endoplasmic reticulum (ER) retention (6)
and/or ER-associated degradation (ERAD) (7, 8), and accumulation of GlcCer and related
substrates in the lysosome. Clinically, organomegalies, a weakened skeleton, and in severe
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cases, central nervous system (CNS) complications are observed (1, 9). Enzyme replacement
(10) and substrate reduction therapy (SRT) (11-13) are expensive (14), if rather successful
treatments for non-neuronopathic (Type 1) GD patients, but there is no treatment for
neuronopathic GD, the most prevalent form of the disease worldwide (15). The emerging
pharmacological chaperone (PC) therapeutic strategy proposes to use a small molecule to
stabilize endogenous mutant GCase enzyme in the ER to allow more mutant GCase to
engage its trafficking receptor, LIMP-2 (16). An increase in the concentration of GCase in
the lysosome would then turn over substrate and mitigate clinical symptoms. PCs hold
promise particularly for the treatment of neuronopathic GD variants because small
molecules are likely to cross the blood-brain barrier (10), but also may be attractive in terms
of cost to help overcome worldwide accessibility issues.

The desirable properties of PCs include high binding selectivity and affinity for the folded or
near-folded enzyme conformations to increase the competent enzyme pool for trafficking
and turnover. Somewhat paradoxically, the best PC candidates for GCase are noncovalent
active site directed inhibitors, but because GCase has several close relatives in vivo,
selective binding among closely-related enzymes has been an ongoing challenge (17, 18).
Non-active site directed binders for GCase are still in the early stages of development (19,
20). One class of active site directed PC molecules for GCase is the deoxynojirimycins
(DNJs, Fig. 1), first identified for SRT as an inhibitor of glucosylceramide synthase (17). N-
butyl-deoxynojirimycin (NB-DNJ) exhibited weak chaperoning of mutant GCase in cell
culture (21, 22), and a related analog, N-(n-nonyl)deoxynojirimycin (NN-DNJ), with a 10-
fold lower half maximal inhibitory concentration (ICsg), was capable of chaperoning one of
the two most prevalent GCase variants, namely the non-neuronopathic variant N370S, but
not the neuronopathic variant L444P (22). Issues of enzyme selectivity (18) of DNJ analogs
and toxicity (23) linger and these compounds have not been tested in human clinical trials
(24). Other compounds such as cyclic-fused NJ hybrids (25-28), iminoxylitols (29), N-
substituted 3-lactams (30), imino D-glucitols (22, 31), N-octyl-B-valienamine (NOV) (32,
33), aminocyclitols (34-36), the non-sugar Ambroxyl, an FDA-approved drug for an
unrelated ailment (8, 37), and quinazoline analogues (38), are under investigation as PCs for
GD, but are not yet progressing through clinical trials. Until recently, the leading clinical
candidate had been isofagomine (Fig. 1; IFG, Plicera), an active-site-directed (39) and
selective (40) iminosugar product analog, with a low nanomolar ICsq. IFG chaperones
N370S- (41) and L444P- (40) mutant GCase in cell culture. Unfortunately, although the
drug was well tolerated, clinical trials were halted after Phase 2 in 2009 because of the lack
of therapeutic effect (42), which might be due to high dosing or off-target effects, among
many other possibilities (43).

Optimism for the PC approach remains high, but the example of IFG illustrates the
complexities in design, development, and clinical application of a therapeutic GCase
pharmacologic chaperone. In spite of a body of design and synthesis of candidate PCs for
mutant GCase, their characterization in vitro, in patient derived cell lines, and in some cases
in animal models, the characteristics that make a PC a good clinical candidate remain poorly
understood. We therefore have been seeking new PC scaffolds for GCase. In this study, we
synthesized and characterized three GCase active-site-directed 3,4,5,6-tetrahydroxyazepane
inhibitors (1-3; Fig. 1) that exhibit ICsq values in the low millimolar to micromolar range, a
reasonable starting point for structure-based design. While the synthesis of polyhydroxylated
seven-membered ring structures has been known for over 40 years (44), these analogs have
only recently been explored as inhibitors of commercially available (45-51) or human (52,
53) glycosidases. Prior studies have not included GCase, and no analogs previously
synthesized contain alkyl ether substructures attached to the endocyclic nitrogen like the
inhibitors described herein. Our results demonstrate significant plasticity in the active site of
GCase and its importance in the design of active site directed inhibitors as PCs for GD.
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Experimental Procedures

Synthesis of Compounds 1, 2, and 3- (1R,1'R)-1,1'-((4R,5R)-2,2-dimethyl-1,3-dioxolane-4,5-
diyl)bis(ethane-1,2-diol) (S-1)

2,2’-Dimethoxypropane (300 mL) was charged to a 1 L round bottom flask. D-Mannitol (20
g, 0.11 mol) and pyridinium p-toluenesulfonate (1 mol%, 0.27 g, 2.0 mmol) were added, and
the suspension was stirred at reflux. After 18 hours, the solution was allowed to cool to
room temperature and concentrated under reduced pressure. The residue was dissolved in
ethyl acetate (300 mL) and washed with water (2 x 100 mL) and brine (100 mL). The
organic layer was taken, dried over MgSOy, filtered and evaporated under reduced pressure.
The resultant white solid was charged to a 1 L round bottom flask. Acetic acid (210 mL) and
water (90 mL) were added and the suspension was stirred at 40 °C. After 2 hours, the
mixture was concentrated under reduced pressure. The residue was suspended in acetone
(100 mL) and stirred at room temperature. After 1 hour, the mixture was filtered and the
filtrate was concentrated under reduced pressure to yield S-1 as a white solid (17.1g, 70

%). H NMR (300 MHz, CDCl3) & ppm 4.17-4.23 (m, 2H), 3.90-4.05 (m, 2H), 3.70-3.77
(m, 4H), 1.45 (s, 6H); LCMS m/z 245.2 [M + Na]*, calculated for CgH1gNaOg* 245.1. Data
are consistent with literature (54).

(1R,1'R)-((4S,5S)-2,2-dimethyl-1,3-dioxolane-4,5-diyl)bis(2-((tert-
butyldimethylsilyl)oxy)ethane -1,1-diyl) bis(4-methylbenzenesulfonate) (S-2)

S-1 (7.5 g, 33.8 mmol) was charged to a 500 mL round bottom flask under a nitrogen
atmosphere. Anhydrous DMF (200 mL), imidazole (7.0 g, 100 mmol) and DMAP (0.16 g,
1.3 mmol) were added and the reaction was stirred at 0 °C. After 10 minutes, TBSCI (10.1 g,
68.0 mmol) was added portionwise and the solution was allowed to warm to room
temperature. After 18 hours, the reaction mixture was diluted with ether/hexane (1:1, 500
mL), washed with water (3 x 100 mL), dried over MgSO,4 and concentrated under reduce
pressure. Purification by flash column chromatography (silica, 9:1 hexane/ethyl acetate)
afforded a colorless oil (8.0 g, 52 %). A sample (6.82 g, 15.15 mmol) was charged to a 500
mL round bottom flask. Anhydrous DCM (200 mL), DMAP (7.39 g, 60.5 mmol) and tosyl
chloride were added and the mixture was stirred at room temperature. After 18 hours, the
reaction was diluted with ethyl acetate (200 mL), washed with water (100 mL), aq. HCI (1
M, 100 mL), sat. ag. NaHCO3 (100 mL) and brine (100 mL). The organic layer was taken
dried over MgSQy, filtered and concentrated under reduced pressure to afford S-2 (10.0 g,
87 %) as a white solid. IH NMR (300 MHz, CDCl3) & ppm 7.81 (d, J = 8.4 Hz, 4H), 7.29 (d,
J =8.4 Hz, 4H), 4.68-4.72 (m, 2H), 4.36-4.40 (m, 2H), 3.83 (dd, J = 11.6, 4.6 Hz, 2H) 3.74
(dd, J =11.6, 5.1 Hz, 2H), 2.43 (s, 6H), 1.14 (s, 6H), 0.83 (s, 18H), 0.1 (s, 12 H); LCMS m/z
781.4 [M + Na]™, calculated for C35HsgNa0O1¢S,Si,* 781.3.

(4R,5R)-2,2-dimethyl-4,5-di((S)-oxiran-2-yl)-1,3-dioxolane (S-3)

S-2 (10.0 g, 13.2 mmol) was charged to a 500 mL round bottom flask. THF (250 mL) and
TBAF (1M in THF, 29.0 mL, 29.0 mmol) were added and the mixture was stirred at room
temperature. After 2 hours, the reaction was concentrated under reduced pressure and the
residues dissolved in ether (100 mL) and washed with sat. ag. MgSQOy, (3 x 100 mL), dried
over MgSQy, filtered and concentrated under reduced pressure. The residue was dissolved in
anhydrous THF (120 mL), sealed under a nitrogen atmosphere and cooled 0 °C. Sodium
hydride (60 % dispersion in mineral oil, 2.11 g, 52.7 mmol) was added portionwise. After 1
hour, the reaction was quenched with ice water (50 mL), and extracted with ether (3 x 20
mL). The organic layers were combined, dried over MgSQy, filtered and concentrated under
reduced pressure. Purification by flash column chromatography (silica, 8:2 hexane/ethyl
acetate) afforded S-3 (1.5 g, 60 %) as a white solid. 1H NMR (300 MHz, CDCl3) & ppm 3.86
(dd, J=3.2, 1.6 Hz, 2H), 3.04-3.10 (m, 2H), 2.85 (dd, J = 5.2, 4.1 Hz, 2H), 2.74 (2H, J =
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5.2, 2.6 Hz, 2H), 1.41 (s, 6H); LCMS m/z 209.0 [M + Na]*, calculated for CgH4NaO,4*
209.0. Data are consistent with literature (55).

(3S,4R,5R,6S)-3,4,5,6-tetrahydroxyazepan-1-ium chloride (1)

S-3 (120 mg, 0.64 mmol) was charged to a 5 mL round bottom flask. Water (2 mL) and
benzylamine (freshly distilled, 69 mg, 70 uL, 0.64 mmol) were added and the mixture
stirred at 95 °C. After 2 hours, the reaction was cooled to room temperature and
concentrated under reduced pressure. Purification by flash chromatography (silica, 1:1 ethyl
acetate/hexane) yielded a white solid, which was charged to a 10 mL round bottom flask.
Methanol (5 mL), palladium on carbon (10%, 60 mg) and ammonium formate (122 mg, 1.9
mmol) were added and the mixture stirred at 70 °C. After 2 hours, the reaction was cooled to
room temperature and 1-heptene (1.86 g, 2.66 mL, 19.0 mmol) was charged to the vessel.
After stirring at room temperature for 1 hour, the reaction was filtered through celite, and
evaporated under reduced pressure. The residue was dissolved in methanol (5 mL) and
methanolic HCI (1 M, 5 mL, 5 mmol) was added. The mixture was stirred at room
temperature. After 1 hour, the reaction was evaporated under reduced pressure to yield 1 as a
gummy colorless solid (100 mg, 76 % from S-3). 1H NMR (300 MHz, D,0) & ppm 4.06—
4.18 (m, 2H), 3.69-3.76 (m, 2H), 3.34-3.44 (m, 2H), 3.18-3.30 (m, 2H); LCMS m/z 164.3
[M + H]*, calculated for CgH14NO,* 164.1. Data consistent with literature (55).

(3S,4R,5R,6S)-3,4,5,6-tetrahydroxy-1-(2-hydroxyethyl)azepan-1-ium chloride (2)

S-3 (120 mg, 0.64 mmol) was charged to a 5 mL round bottom flask. Water (2 mL) and
ethanolamine (39 mg, 39 uL, 0.64 mmol) were added, and the mixture was stirred at 95 °C.
After 2 hours, the reaction was cooled to room temperature and concentrated under reduced
pressure. The residue was dissolved in methanol (5 mL) and methanolic HCI (1 M, 5 mL, 5
mmol) was added, and the mixture stirred at room temperature. After 1 hour, the reaction
was evaporated under reduced pressure to yield 2 as a gummy yellow solid (144 mg, 93

%). IH NMR (300 MHz, D,0) & ppm 4.07-4.24 (m, 2H), 3.87-4.01 (m, 2H), 3.61-3.77 (m,
4H), 3.44-3.58 (m, 4H); LCMS m/z 208.2 [M + H]*, calculated for CgH,gNO4* 208.1.

(3S,4R,5R,6S)-3,4,5,6-tetrahydroxy-1-(2-(2-hydroxyethoxy)ethyl)azepan-1-ium chloride (3)

S-3 (120 mg, 0.64 mmol) was charged to a 5 mL round bottom flask. Water (2 mL) and 2-
(2-aminoethoxy)ethanol (67 mg, 64 pL, 0.64 mmol) were added and the mixture was stirred
at 95 °C. After 2 hours, the reaction was cooled to room temperature and concentrated under
reduced pressure. The residue was dissolved in methanol (5 mL) and methanolic HCI (1 M,
5 mL, 5 mmol) was added, and the mixture stirred at room temperature. After 1 hour, the
reaction was concentrated under reduced pressure to yield 3 as a gummy yellow solid (174
mg, 95 %). 1H NMR (300 MHz, D,0) & ppm 4.10-4.23 (m, 2H), 3.92-3.99 (m, 2H), 3.61-
3.80 (m, 4H), 3.34-3.57 (m, 8H); LCMS m/z 208.1 [M + H]", calculated for CgH1gNO,4*
208.1.

In vitro GCase inhibition assay

15 ng of Cerezyme® (Genzyme corp.) was mixed with Mcllvaine buffer (0.1 M citrate, 0.2
M phosphate, pH 5.4), 0.1% Triton X-100, 0.25% taurochloric acid, and various
concentrations of 1, 2, or 3 on ice. A stock of 300 mM 4-methylumbelliferyl-B-
glucopyranoside (4MU-B-Glc, Sigma) was freshly prepared in dimethylsulfoxide (DMSO),
and added to the Cerezyme/inhibitor mixture at a final concentration of 3 mM. The reaction
was then transferred into a microplate (Grenier), sealed, and incubated at 37 °C for 30
minutes. An equal volume of 0.4 M glycine and 0.4 M NaOH was added to each well to
quench the reaction. The release of 4-methylumbelliferone (4MU) was measured by
fluorescence (excitation filter 360/40 nm, emission 460/40 nm) on a BioTek microplate
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reader. Each reaction was set up in triplicate per plate, averaged, and background subtracted.
Each plate was repeated in triplicate per inhibitor and the averaged, normalized data was
plotted against drug concentration and fitted to a log(inhibitor) vs response-variable slope
curve in GraphPad Prism to estimate the 1Csq. To investigate the effect of incubation time of
premixed inhibitor and enzyme, the Cerezyme/2 mixture was incubated at 4 °C for 16 hours.
4MU- B-Glc was then added and the assay carried out as described above. An inhibition
assay with IFG (Toronto Research Chemicals) was also carried out as a positive control with
a result similar to that previously published (39).

Thermal stability assay for GCase

Cerezyme was resuspended in 0.1 M citrate, 0.2 M phosphate, adjusted either to pH 5.2 or
pH 7.2, and protein concentration was determined via Bradford assay (56). A working stock
of 10 uM Cerezyme was prepared by diluting in the appropriate buffer. Reactions of 30 puL
were prepared at room temperature by diluting Cerezyme in water (1:10) along with various
concentrations of inhibitor (0— 10 mM), also prepared in water. This resulted in a final
buffer concentration of 0.01 M citrate, 0.02 M phosphate, either at pH 5.2 or 7.2, and 1 uM
protein. Finally, Sypro Orange (Invitrogen, supplied as 5000X solution in DMSO) was
diluted in water and then added to each reaction with a final concentration of 5X. Each
reaction was delivered to 96-well optical plates (Applied Biosystems) before sealing with
optical film. Fluorescence data were acquired on an Applied Biosciences Step-One Plus RT-
PCR instrument equipped with a fixed excitation wavelength (480 nm) and a ROX emission
filter (610 nm). Melts were conducted from 25-95 °C with a 1 °C per min increase.
Collected data were baseline subtracted, trimmed to include both the boundaries and the
transition of interest, and subjected to Boltzmann sigmoid analysis as described previously
(57).

Intact cell GCase activity assay

The heterozygous Gaucher fibroblasts containing the N370S/VV394L GC mutation
(GMO01607) were obtained from the Coriell Cell Repositories (Camden, NJ). Fibroblasts
were grown in minimal essential medium with Earle’s salts (supplemented with 10 % heat-
inactivated fetal bovine serum and 1 % glutamine Pen-Strep at 37 °C in 5 % COy). Cell
culture media were obtained from Gibco (Grand Island, NY). Briefly, cells were plated into
96-well plates (100 pL per well). After cell attachment, the media was replaced with fresh
media containing small molecules and incubated at 37 °C for 3 days. The media was
removed and cell monolayers washed with Dulbecco’s phosphate buffered saline. The assay
was started by the addition of 50 pl of 2.5 mM 4MU-B-Glc in 0.2 M acetate buffer (pH 4.0)
to each well, followed by incubation at 37 °C for 1-4 hours. The extent of unspecific non-
lysosomal GC activity was evaluated by adding CBE (Toronto Research Chemicals) to
control wells. The reaction was stopped by the addition of 150 pL of 0.2 M glycine buffer
(pH 10.8). Liberated 4MU was measured (excitation 365 nm, emission 445 nm) with a
Molecular Devices SpectraMax Gemini fluorescence plate reader. Small molecules were
assayed at least in triplicate at each concentration, and on three different days. Cells
appeared intact when viewed under a light microscope. The data reported were normalized
to the enzyme activity of cells of the same type treated with vehicle control (H,0) and
expressed as percentage of WT enzyme activity.

Crystallization, Data Collection, Structure Determination and Refinement

Cerezyme was concentrated to 3 mg/mL in 0.02% sodium azide, 10 mM citrate buffer, pH
5.5, and 7% (v/v) ethanol. Crystals of GCase were grown by vapor diffusion at room
temperature using a cocktail composed of 11-12% PEG 3350, 0.18-0.205 M ammonium
sulfate, and 0.1 M acetate buffer, pH 4.6. Crystals with 1 and 2 were generated by soaking
crystals in the reservoir solution supplemented with 1 mM inhibitor for 5 minutes or 5 days,
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respectively. Crystals were protected with 20% ethylene glycol and cryocooled in liquid N.
Data were collected at the Southeast Regional Collaborative Access Team (SER-CAT)
Beamlines at the Advanced Photon Source at Argonne National Labs (Darien, IL). Data sets
were indexed and scaled using HKL2000 (58) and structures were solved by rigid body
refinement in REFMACS (59) utilizing the asymmetric unit of just the GCase polypeptide (4
copies of GCase in asymmetric unit of PDB ID 2NSX) as the initial model. Compounds
were identified by significant (> +3c) F, — F difference Fourier density in the active site
after initial rigid body refinement (Fig. 3). All four active site copies in the asymmetric unit
were occupied with 1 whereas with 2, like for IFG (39), only two of the four active site
copies had bound ligand. For the protein, restrained refinement was performed against the
highest resolution of the data with REFMACS5 (59) and model rebuilding with Coot (60).
Models for 1 and 2 were generated using PRODRG (61) and figures generated using
PyMOL (62). For both structures, 99% or better of the residues lie in the most favored and
additionally allowed regions of the Ramachandran plot. Crystallographic statistics appear in
Table 1 and coordinates have been deposited to the protein databank with PDB ID codes
3RIL (1) and 3RIK (2).

Results and Discussion

Inhibitor design and synthesis

To extend the previously studied 5-membered ring scaffolds and 6-membered ring glucose-
derived PCs (4, 9, 22, 63), three 7-membered 3,4,5,6-tetrahydroxyazepane iminosugar
analogs (1-3; Fig. 1) were synthesized as potential GCase inhibitors and PCs by procedures
slightly modified from those reported in the literature (55) (see Schemes 1-3 and
Experimental Procedures). We retained an endocyclic nitrogen because, depending on their
binding orientation, protonated iminosugars and azasugars can mimic the glycosidase
transition state (64). In addition, the increased number of substituents can be exploited in
future drug efforts to tune the hydrogen bonding network to select against unwanted
inhibition of other glucosidases, a known problem (18). Finally, instead of the straight alkyl
chains used previously, alkyl ether tails were installed to assist in discriminating between
anomeric carbon configurations (65), reduce the lipophilicity of the candidate PC, better
match the polarity of the ceramide component of the substrate to the GCase binding site,
and/or decrease the cytotoxicity reported for related compounds (17).

Inhibition profiles

The inhibitory activities of compounds 1, 2, and 3 toward GCase were determined using
competition for the fluorogenic substrate 4MU-B-Glc (66). Compound 1 exhibited the
strongest competitive inhibition, with an ICsq of 146 pM (Fig. 2a), comparable to DNJ
(IC50= 240 pM) and NB-DNJ (IC5p= 270 uM) (67) but 10-fold weaker than NN-DNJ (22)
and 250-fold weaker than IFG (39). In contrast, compounds 2 and 3 exhibited weaker 1C5q
values of 3.4 mM and >15 mM, respectively (Fig. 2b, c). To address the possibility of slow
binding kinetics, GCase was preincubated with 2 for 16 h prior to the addition of substrate.
No change in the 1Cgq value was observed, suggesting that the on-rate is not slow (data not
shown).

Stabilization to thermal denaturation

Since active-site inhibitors are likely to stabilize GCase against thermal denaturation, we
measured the change in stability of GCase in the presence of inhibitor by differential
scanning fluorimetry (DSF). Melting temperatures (T,s) recorded for GCase using the low-
volume and facile DSF method are within ~3 K of those reported by DSC using similar
concentrations of enzyme and inhibitor, but with slightly different buffers (68). Comparison
of the Ty, values for GCase in the presence of the highest concentration of inhibitors reveals
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only a 1-3 K increase in stability at acidic pH and a higher, 6-7.5 K increase at neutral pH
(Table 2). Thus, while stabilization is modest compared to IFG (Table 2), all three
compounds confer more stability to GCase at a neutral pH (reflective of the pH in the ER)
than at the lower lysosomal pH, but stabilize GCase to the same extent as one another.

Structural characterization

Crystal structures of 1 and 2 bound to wild-type GCase were solved to 2.4 and 2.5 A
resolution (Table 1), whereas a structure with 3, also the weakest binder, could not be
obtained. Suitable quantities of mutant GCase were not available for crystallization trials,
but the PC is designed to stabilize the near-folded state of the enzyme, which is expected to
be the same for the wild-type and GD-causing missense variants. The global structure of
GCase remains unchanged by ligand binding, but adjustments are seen in the active site and
surrounding loop residues. Below, we focus on the relevant active site (Fig. 3), loop (Figs. 4,
5), and interior regions (Fig. 5) of GCase affected by binding of 1 and 2, and compare the
structures to previously solved GCase structures with two other well-studied candidate PC
systems (69), namely, the product analog IFG (39) and DNJs (70).

In the GCase active site, both 1 and 2 bind and are held in place by a hydrogen bonding
network (Fig. 3a, b). In the case of 2, which is bound in a distorted chair conformation, the
hydroxyl substituents at positions 3 and 4 (see Fig. 1) are equatorial and within hydrogen
bonding distance of Asp 127, Trp 179, Asn 234, and Trp 381 side chains on GCase, whereas
the likewise equatorial 6-hydroxyl moiety is not involved in any polar interactions (Fig. 3a).
The main distortions from the chair conformation appear at positions 1 and 2, which face
Asn 234 and Glu 235, the residue implicated as the general acid/base in catalysis (2, 71).
Notably, the hydroxyl substituent at position 2 is restrained by a hydrogen bonding
interaction with Asn 234 and from below, the catalytic nucleophile Glu 340 (72). Glu 340 is
also within hydrogen bonding distance of the endocyclic nitrogen and hydroxyethyl tail; all
three interactions with the Glu 340 carboxylate side chain are quite short, ~ 2.7 A. By
comparison, binding of 1 in the GCase active site appears less conformationally constrained.
Similar interactions stabilize equatorial 3- and 4-hydroxyl arms of 1 in the GCase active site
(Fig. 3b). An additional interaction of the 6-hydroxyl group with Tyr 313 is seen, and the 2-
hydroxyl group appears less distorted, now within hydrogen bonding distance of Asn 234
only. This change in interactions with the hydroxyl group at position 2 may be a result of the
conformationally mobile endocyclic nitrogen, which is not involved in any interactions with
GCase (Fig. 3a,b). The resolution of this structure is insufficient to clarify the occupancy
details of different puckered states of the ring, however. Interestingly, even though 2 is
stabilized by more polar interactions than the less strained 1, it is the weaker competitive
inhibitor (see above).

The binding orientations of 1 and 2 are close to those found in NB-DNJ- and NN-DNJ- (Fig.
3c) bound GCase (70). First, neither our compounds nor the DNJs are hydrogen bonded to
Glu 235. This is in contrast to IFG-bound GCase (Fig. 3d), where a likely deprotonated Glu
235 stabilizes the IFG imino group (39). Second, the positions of the endocyclic nitrogens of
1, 2, NB- and NN-DNJ are nearly superimposable, and shifted compared to IFG- bound
GCase. However, in the case of NB- and NN-DNJ, the endocyclic nitrogens are held in
place by a water-mediated hydrogen bond to the hydyroxyl group of Tyr 244; a
corresponding water molecule was not resolved in either of our two structures. The
preferential binding mode appears to derive from the interaction between the 3-hydroxyl
group on the inhibitor and Asn 234 common to the DNJs, 1, and 2 (Fig. 3), but not IFG. This
observation could be exploited in future design to tune the product or transition state
mimicking properties of the compound.
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Notable differences in structure are observed in the active site loops (Loop 1: residues 311-
319 and Loop 2: residues 342—-354, Fig. 4) when comparing the binding modes of 1 (yellow)
and 2 (orange) to each other and to previously reported GCase structures with bound IFG
and DNJs (green and blue, respectively). The alterations, particularly in Loop 1, reinforce
the notion that the conformational flexibility of GCase beyond the site of catalysis is an
important consideration in the design of active-site binders as PCs. Although Loop 2
(residues 342-354) is also shifted 3.2 A from its position in the IFG or glycerol (39) bound
GCase structures (Supporting Fig. S1), these movements appear to be due to different crystal
contacts used among the various GCase crystal forms; we observe the same orientation of
Loop 2 is seen in apo GCase crystallized under the conditions used here for azepane
inhibitor soaking (data not shown). By contrast, for Loop 1, highly relevant changes due to
ligand binding are observed. On the basis of the IFG-bound structure, the helical Loop 1 has
been proposed to be the catalytically active form of GCase (39). To date, has been observed
only when a small molecule with reported chaperoning capabilities like the DNJ analogs
(28, 70) or IFG (39), is bound to the GCase active site; extended Loop 1 has been seen with
bound sulfate (71), glycerol (39), or the suicide inhibitor conduritol- B-epoxide (CBE) (73),
and in the catalytically compromised N370S-mutant GCase structure at both neutral or
acidic pH (74).

At first glance GCase adopts recognized Loop 1 structures, namely, extended over the
catalytic center when 2 binds, and an a-helical arrangement (Fig. 4, Supporting Fig. S2) that
exposes the active site when 1 is bound. However, each is distinct from conformations seen
previously. For example, in other structures, the side chain of Tyr 313 is within hydrogen
bonding distance of the carboxylate of Glu 235 when Loop 1 is extended (not shown), but
switches to interacting with Glu 340 when Loop 1 is helical (see Fig. 5a). Although the
expected helical Loop 1 Tyr 313 — Glu 340 interaction is seen when 1 is bound to GCase
(Fig. 5h), the interaction with Tyr 313 for the extended Loop 1 when 2 binds, is not. The
hydroxyethyl substituent on 2 replaces Tyr 313 in hydrogen bonding interactions with Glu
340 (Fig. 5c¢), which leads to a new water-mediated interaction between Tyr 313 and Asn
396 (Fig. 3a) that still caps the active site entrance. Second, in addition to changes near Tyr
313 in the site of catalysis, helical-turn stabilizing interactions of Loop 1 involving an
interior helix of GCase have been altered when 1 is bound (Fig 5, bottom panels), leading to
a more relaxed structure. For reference, in the NB-DNJ, NN-DNJ, and IFG structures (see
IFG: Fig. 5a, bottom panel), Asp 315 in the helical Loop 1 forms a salt bridge with the
guanidinium of Arg 285 (omitted in Fig. 5 for clarity) and is linked to Ser 366 and Asn 370
on the helix via a bound water molecule. Concurrently, the side chain of Trp 312 interacts
with the carbonyl backbone of Cys 342, located on Loop 2 (69). Unexpectedly, in our
structure with 1 bound, the side chain of Trp 312 is repositioned to form a new interaction
with Ser 366 instead of Cys 342 (Fig. 5b, bottom panel). This interaction has only been seen
once before, in the low pH structure of N370S-GCase (74), which retains ~ 30% catalytic
activity in vitro (2) and where Loop 1 is extended. The Trp 312 — Ser 366 interaction serves
to shift Asp 315 away from Arg 285 to a distance consistent with a hydrogen bonding
interaction. This more relaxed Loop 1 configuration observed with 1 bound may at least in
part explain for its weaker competitive inhibition compared to IFG or NN-DNJ.

Enhancement of cellular enzyme activity

To evaluate 1, 2, and 3 for PC activity, their abilities to enhance mutant GCase activity in an
intact cell assay (22) were examined next. Patient-derived skin fibroblasts harboring either
mutant G202R GCase (associated with the neuronopathic Type 2 GD) or mutant N370S/
V394L GCase (associated with the non-neuronopathic Type 1 GD) were incubated with
compounds 1, 2, or 3 for three days at varying concentrations. Based on cytotoxicity data
from related compounds (17, 23), the upper limit tested was 100 uM. Compound 1 increased
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the cellular GCase activity of G202R fibroblasts by 20% at 100 pM, whereas 2 and 3 had no
effect on activity in the concentration range tested (Fig. 6a). A similar but attenuated result
was obtained for N370S/V394L GCase fibroblasts. A ~15% increase in activity was
observed for cells treated with 10 uM of 1 (Fig. 6b), a lower concentration than was required
for a similar effect with G202R and comparable to the optimal concentration observed for
NN-DNJ (22). The maximal 20% activity enhancement for G202R GCase is intermediate
between no enhancement seen for NB-DNJ and 60-65% enhancement seen for NN-DNJ
using the same enzyme variant and experimental setup (22), and is in the desired 10-15 %
enzyme activity shown to reduce clinical manifestations in a related LSD (75) and thought
to be a threshold of activity in the lysosome necessary to prevent GD symptoms (76). Thus,
the modest increase in activity, while not sufficient to claim that 1 is a bona fide PC
candidate for GCase, strongly suggests that the azepane ring system is a promising scaffold
for future structure-based design efforts to develop novel PCs for GCase.

Conclusions

In this study, we synthesized N-linked hydroxyl alkyl and alkyl ether azepanes inhibitors 1—
3 as potential PCs for GCase. The active site of GCase readily accommodates the larger 7-
membered azepane ring, but the enzyme is exquisitely sensitive to binding and can
propagate binding-induced conformational changes as far as ~ 13 A away from the binding
site, within the interior of the enzyme. Compounds 1-3 stabilize GCase against thermal
denaturation to approximately the same extent and preferentially at neutral over acidic pH.
However, only 1, which exhibits a ~10x better competitive inhibition profile compared to 2
and 3, exhibits any enhancement of enzyme activity in fibroblasts expressing G202R- and
N370S-mutant GCase. Binding of 1 results in a helical arrangement of Loop 1, albeit one
that is more relaxed than observed previous for IFG and DNJs (69). Notably, even though 2
generates a GCase loop conformation thought to be inactive, this compound does not exhibit
a favorable chaperoning profile in cells. In sum, a link is emerging between competitive
inhibition of GCase in vitro and the conformation of Loop 1 that exposes the GCase active
site, with the ability to increase mutant GCase activity in cell culture. Thermal stabilization,
a common feature of an inhibitor, is not a singular adequate predictor of cellular enzyme
activity enhancement for GCase. In this regard, the core azepane 1 is a promising scaffold
on which to build more potent competitive inhibitors as potential PCs. For example, inferred
from comparison of crystal structures, the introduction of a 6-hydroxymethyl arm and
removal of a 3-hydroxyl group, or introduction of unsaturated bonds (25, 26, 28) in 1 may
shift binding to better mimic the transition state or product, and thereby generate a better
competitive azepane inhibitor. It may also be possible to overcome some of the selectivity
issues by taking advantage of the GCase active site plasticity, which may bind PC scaffolds
that cannot be accommaodated in related enzymes. Overall, we anticipate that biochemical
studies of potential PCs with corresponding enzyme structures will continue to provide
valuable insight into priorities for inhibitor design that will lead to the identification of
compounds worthy of detailed cellular trafficking and animal model studies, and ultimately,
to a successful outcome of clinical trials of a therapeutic PC for GD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations

GCase acid- B-glucosidase
ER endoplasmic reticulum
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GD Gaucher Disease
ERAD ER-associated degradation
CNS central nervous system
NB-DNJ N-butyldeoxynojirimycin
NN-DNJ N-(n-nonyl) deoxynojirimycin
GlcCer glucosylceramide
SRT substrate replacement therapy
PC pharmacologic chaperone
IFG isofagomine
4MU-B-Glc 4-methylumbelliferyl-B-glucopyranoside
DSF differential scanning fluorimetry
DSC differential scanning calorimetry
Tm melting temperature
LSD lysosomal storage disorder
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Fig. 1.

Chemical structure of the natural GCase substrate, GlcCer, representative azasugars
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investigated as pharmacologic chaperones, IFG, NB- and NN- DNJs, as well as the azepane

compounds 1, 2, and 3 described in this study.
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Fig. 2.

Competitive inhibition curves for 1, 2, and 3, respectively, toward GCase. Inset: ICgq values.
Error bars indicate standard deviation.
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Fig. 3.

Ball-and-stick representation of the GCase active site upon compound binding. (A) 2 (B) 1
(C) NN-DNJ (PDB code 2V3E) (D) IFG (PDB code 2NSX). Difference (Fo— F¢) electron
density for 1 and 2 was calculated from the initial phasing solution using only protein
coordinates and is contoured to 3c. Hydrogen bonding interactions are indicated by dashed
black lines and represent distances between 2.5 A- 3.5 A.
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Fig. 4.

Superposition of 1 and 2 bound GCase structures and comparison of loops adjacent to the
active site (inset). After binding, Loop 1 adopts either a helical turn as seen for compound 1
(inset, yellow) and IFG (inset, green), or an extended loop conformation seen in the
compound 2 (inset, orange) and glycerol (inset, blue) bound structures. Changes in Loop 2
are due to crystal packing (see text).
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Y313 Y313

Fig. 5.

Comparison of Loop 1 configuration. (A) IFG-, (B) 1-, and (C) 2- bound GCase. Top:
orientation of Tyr 313 relative to Glu 340. Bottom: interactions of loop with interior GCase
helix harboring Asn 370. Hydrogen bonding interactions are indicated by dashed black lines.
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Synthesis of Tetrahydroxyazepane 1
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Table 1
Data collection and refinement statistics.
3RIL (1) 3RIK (2)
Data Statistics
space group P2(1) P2(1)

Cell dimensions

a, b, c(A)

109.2,91.4,152.7

108.0, 91.6, 152.2

a, B, v (deg)

90.0, 110.95, 90.0

90.0, 110.70, 90.0

Resolution (&)

44.5-2.4 (2.49-2.40)

46.5-2.5 (2.55-2.48)

Ryym® 10.5 (35.7) 12.2 (47.8)
%>368 62.9 (38.3) 64.6 (40.7)
Completeness (%)2 96.3 (76.5) 94.3 (72.3)
redundancy 2.6 29
Refinement Statistics

resolution (A) 44524 47-25

no. of reflections

100648 (5857)

88126 (4973)

Ruork/Riree® 20.79/24.9 18.1/23.4
no. of molecules
protein molecules in asymmetric unit | 4 4
protein residues 1988 1988
N-acetylglucosamine (NAG) 4 4
sulfate anion (SO4%") 7 7
chaperone 4 2
water 1254 702
B-factor (A2)
protein 23.6 26.6
NAG 29.7 50.4
S042~ 60.8 38.1
chaperone 38.2 329
water 27.6 40.0
rmsd
bond lengths (A) 0.006 0.013
bond lengths (deg) 1.089 1.466

a . . Lo . .
Data for the highest-resolution shell given in parenthesis; 5% or reflections were selected for Rfree.
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