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Gaucherdisease (GD), themost prevalent lysosomal storagedis-
ease, is caused by a deficiency of glucocerebrosidase (GCase). The
identification of small molecules acting as agents for enzyme
enhancement therapy is an attractive approach for treating differ-
ent forms of GD. A thermal denaturation assay utilizing wild type
GCase was developed to screen a library of 1,040 Food and Drug
Administration-approved drugs. Ambroxol (ABX), a drug used to
treat airway mucus hypersecretion and hyaline membrane dis-
ease in newborns, was identified and found to be a pH-depend-
ent, mixed-type inhibitor of GCase. Its inhibitory activity was
maximal at neutral pH, found in the endoplasmic reticulum, and
undetectable at the acidic pH of lysosomes. The pH dependence
of ABX to bind and stabilize the enzymewas confirmed bymon-
itoring the rate of hydrogen/deuterium exchange at increasing
guanidine hydrochloride concentrations.ABX treatment signif-
icantly increased N370S and F213I mutant GCase activity and
protein levels in GD fibroblasts. These increases were primarily
confined to the lysosome-enriched fraction of treated cells, a
finding confirmed by confocal immunofluorescence micros-
copy. Additionally, enhancement of GCase activity and a reduc-
tion in glucosylceramide storage was verified in ABX-treated
GD lymphoblasts (N370S/N370S). Hydrogen/deuterium ex-
change mass spectrometry revealed that upon binding of ABX,
amino acid segments 243–249, 310–312, and 386–400 near the
active site of GCase are stabilized. Consistent with its mixed-
type inhibition of GCase, modeling studies indicated that ABX
interacts with both active and non-active site residues. Thus,
ABX has the biochemical characteristics of a safe and effec-
tive enzyme enhancement therapy agent for the treatment of
patients with the most common GD genotypes.

Gaucher disease (GD),3 caused by deficiency of a lysosomal
enzyme glucocerebrosidase (GCase), an acidic �-glucosidase
(EC 3.2.1.45), encompasses a continuum of clinical spectrum
from a perinatal lethal disorder to an asymptomatic form.
Three major clinical subtypes (1–3) have been broadly defined,
primarily based on the degree of neurological involvement.
These are useful in determining prognosis andmanagement (1,
2). Type 1 (GD-1), known as the non-neuronopathic form, is
characterized by the presence of bone disease, hepatospleno-
megaly, anemia, and thrombocytopenia. Type 2 and 3 (GD-2
and GD-3), also known as neuronopathic forms, are character-
ized by the presence of primary neurological disease. In the
past, GD-2 and -3were distinguished by age of onset and rate of
disease progression, but these distinctions are not absolute (3).
Generally, patients withGD-2 have an age of onset fromdays to
months with a rapidly progressive neurological course. Individ-
uals with GD-3 may have onset before reaching 2 years of age,
often have a more slowly progressive neurological course, and
may live into the 3rd or 4th decade. Interestingly, carriers ofGD
are also considered to have an increased risk of developing Par-
kinson disease (4–6).
Skin fibroblasts from GD-1 patients contain 10–25% of

residual GCase activity. The level of 25–30% is believed to rep-
resent the “critical threshold” of GCase activity, under which
symptoms associatedwithGDare observed (7).Over 250muta-
tions have been reported in theGBA gene (encoding GCase) to
cause GD. Of these, 203 are missense mutations (8). The most
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prevalent mutations found are N370S in GD-1 patients and
L444P in GD-3 patients (9). However, L444P can also be found
in GD-2 patients (10). Most of these missense mutations are
believed to affect the proper folding of GCase in the endoplas-
mic reticulum (ER), re-directing the misfolded protein to the
ER-associated degradation pathway. The mutations that have
been demonstrated to affect the early folding of GCase are
G202R, N370S, and F213I (11–14). In GD patient fibroblasts,
particularly those with an N370S or F213I allele, growth in
media containing a sub-inhibitory concentration of N-nonyl-
deoxynojirimycin, N-octyl-�-valienamine, or the iminosugar
isofagomine (IFG), specific competitive inhibitors of GCase,
has been demonstrated to increase levels of lysosomal GCase
activity 2–4-fold (7, 11, 13, 15, 16). These compounds function
as pharmacological chaperones (PCs). PCs act by stabilizing the
native conformation of the mutant GCase in the ER, allowing
more functionalmolecules to formand evade the ER-associated
degradation pathway by instead being passed onto the ER trans-
port machinery (17), ultimately resulting in increased amounts
in the lysosome. It is believed that once the complex enters the
lysosomes of cells containing stored substrate, the inhibitors
will be displaced allowing GCase to hydrolyze the substrate
(18). However, the ideal PC for any lysosomal storage disease
(LSD) should bind maximally at the neutral pH of the ER and
minimally at the acidic pH of lysosomes.
The current enzyme replacement therapy (ERT) for GD is

limited to the treatment of non-neurological symptoms,
because of the inability of the enzyme to cross the blood-brain
barrier (19). This therapeutic approach is also very expensive
(�$200,000/year/patient) and must be administered intrave-
nously. Smallmolecules aremore likely to cross the blood-brain
barrier, are less expensive to manufacture, and can be taken
orally. Most of the small molecules, currently identified as PCs
for GCase, are chemical compounds that have never been
tested in humans and therefore are not approved by the drug
regulation authorities. The screen of chemical libraries of Food
and Drug Administration (FDA)-approved compounds has
already proven to be a practical and successful strategy to iden-
tify small molecules that can behave as EET agents for specific
lysosomal enzymes deficient in LSDs (20). To date, all reported
approaches to library screening have utilized an assay aimed at
identifying novel inhibitors of the target enzyme (20–23). In
this context, we describe here the identification of ambroxol
(ABX) as an EET agent for GCase using amore general thermal
denaturation assay to screen the NINDS, National Institutes of
Health, library of 1,040 drugs that have been previously used to
treat humans. We then characterize the biochemical effects of
ABX treatment on three GD patient cell lines, L444P/L444P,
N370S/N370S, and F213I/L444P. Only the latter two cell lines
respondedwith enhanced lysosomalGCase activity and protein
levels. Additionally, substrate storage was reduced as demon-
strated by liquid chromatography-electrospray ionization-tan-
demmass spectrometry after 15 days of treatment of anN370S/
N370S lymphoblast line with ABX.

EXPERIMENTAL PROCEDURES

Chemical Reagents and Antibodies—The United States
drug collection of 1040 compounds (NINDS Library at

National Institutes of Health) was purchased from Micro-
source Discovery Systems, Inc., and stored at �20 °C in a
96-well format. The two synthetic fluorogenic substrates,
4-methylumbelliferyl-�-D-glucopyranoside (MUbGlc) and 4-
methylumbelliferyl-�-N-acetylglucosaminide (MUG), pur-
chased from Sigma, were used to assay the lysosomal enzymes
GCase and total �-hexosaminidase (Hex), respectively.
Cerezyme, modified human recombinant GCase (rGCase), was
purchased from Genzyme Corp. Taurodeoxycholic acid
sodium salt (TDC) was from Calbiochem EMD Biosciences;
conduritol B epoxide (CBE) and IFG chloride were from
Toronto Research Chemicals Inc. (Canada). Ambroxol hydro-
chloride (ABX), ambroxol derivatives, fluphenazine dihydro-
chloride (FZN), and Triton X-100 were purchased from Sigma.
The bicinchoninic acid (BCA)-containing kit, purchased from
Pierce, was used for protein determination. Primary antibodies
used were rabbit polyclonal IgG anti-human GCase (raised by
ourselves against rGCase), mouse monoclonal IgG1 anti-hu-
man Lamp-1 (lysosomal associated membrane protein-1) and
Lamp-2 from theDevelopmental StudiesHybridomaBank, and
mouse monoclonal IgG1 anti-rat protein-disulfide isomerase
(PDI) from StressGen Bioreagents. Secondary antibodies don-
key anti-rabbit and donkey anti-mouse were purchased from
the Jackson ImmunoResearch; Alexa Fluor 488 chicken anti-
rabbit IgG and Alexa Fluor 594 chicken anti-mouse IgG were
fromMolecular Probes, Inc. MACS� columns (Miltenyi Biotec
GmbH, Germany) were used to isolate lysosomes by magnetic
chromatography as described previously (22, 24, 25). Other
chemicals usedwere analytical grade reagents fromgeneral lab-
oratory suppliers.
Cell Lines and Tissue Culture Conditions—Primary skin

fibroblasts derived from a patient with GD-1 homozygous for
theN370Smutation (c.1226A3/c.1226A3G)was provided by
the Hospital for Sick Children Tissue Culture Facility. The
GD-2/3 fibroblast line homozygous for the L444P/L444Pmuta-
tion (c.1448T3/c.1448T3C) was purchased from Coriell
Institute Biorepository as GM07968. The GD-2/3 fibroblast
line with the genotype F213I/L444P (c.754T3A/c.1448T3C)
was a gift from F. Choy (University of Victoria, British Colum-
bia, Canada). Epstein-Barr virus immortalized human lympho-
blast cell lines homozygous for the N370S GD-1 mutation or a
wild type control, used for the measurement of GC storage,
were both provided by the Hospital for Sick Children Tissue
Culture Facility.
Fibroblast cells were grown in complete �-minimal essential

medium fromWisent Inc. (Canada) in the presence of 5% anti-
biotics (penicillin and streptomycin, Invitrogen), supple-
mented with 10% fetal bovine serum (FBS, Wisent Inc,. Can-
ada), and incubated at 37 °C in a humidified atmosphere with
5% CO2. Lymphoblast cell lines were grown as suspensions in
RPMI 1640 medium (Wisent Inc., Canada) supplemented with
antibiotics and 20% FBS.
Primary Screening Conditions—The NINDS library com-

prised of 1,040 FDA-approved compounds, that were dissolved
inDMSOat 10mM,was screenedmanually for compounds that
stabilized rGCase activity against thermal denaturation. Each of
the library compounds was diluted to 200 �M by addition of
McIlvaine citrate-phosphate buffer (CP; 20 mM citrate, pH 5.5)

Ambroxol as Enzyme Enhancement Agent for Gaucher Disease

AUGUST 28, 2009 • VOLUME 284 • NUMBER 35 JOURNAL OF BIOLOGICAL CHEMISTRY 23503



containing rGCase (0.3�M) in a set ofmaster plates and kept on
ice. From each master plate, two identical aliquots (25 �l) were
prepared. One was kept on ice, and the second aliquot was
incubated at 51 °C for exactly 12 min and then returned to ice
for 5min. Following equilibration of both sets of plates to room
temperature (5 min), the GCase enzyme assay was carried out
at room temperature for 20min after the addition of 25�l of 1.6
mM MUbGlc (in CP 20 mM, plus TDC 0.4% (w/v), pH 5.5). The
reaction was stopped by addition of 200 �l of 2-amino-2-meth-
yl-1-propanol (MAP; 0.1 M, pH 10.5). The fluorescence of the
4-methylumbelliferone (MU) reporter group liberated follow-
ing hydrolysis of theMU-based substratewasmeasuredwith an
M2 Microplate spectrofluorimeter (Molecular Devices Inc.)
with excitation and emission wavelengths set at 365 and 450
nm, respectively. Residual GCase activity, remaining after ther-
mal denaturation in the presence of each of the compounds,
was calculated by dividing the fluorescence units measured in
each well incubated at 51 °C by the fluorescence units of the
corresponding well kept at 0 °C. Compounds were classified as
“hits” if they raised the residual GCase enzyme activity 3 S.D.
above the residual enzyme activity measured in the presence of
DMSOonly. Aprevious screen of the sameNINDS library (final
concentration 20 �M) for GCase inhibitors using previously
described conditions (20) identified FZN as a potent inhibitor.
Although FZN was capable of stabilizing GCase at 51 °C, it did
not significantly enhance GCase enzyme activity in vivo using
GD-1 patient fibroblasts described above (data not shown).
FZNwas thus used as a convenient positive control at the same
concentration as the other library compounds (200 �M) in the
primary screen.
Secondary Screening Conditions—For secondary screening,

the rate of thermal denaturation of rGCase, incubated at 51 °C
over a 60-min period in the presence of increasing amounts of
the test drug, was determined. Assays were done in duplicate,
and all the steps were carried out on ice until the final enzyme
assays. The rGCase working mixtures (0.3 �M in CP, pH 5.5,
plus human serum albumin (0.5% w/v) and TDC (0.2% w/v))
were prepared containing increasing concentrations of the test
compounds and distributed in duplicate. A thermal denatur-
ation assay was carried out for each drug (0–1.2 mM, final) as
described above (primary screening conditions). Similarly, the
remaining GCase enzyme activity was calculated as described
above.
GCase Enzyme Kinetics in the Presence of ABX or One of Its

Derivatives—The inhibitory activity of ABX or any of its deriv-
atives was determined at different pH values using compound
stocks dissolved and diluted in DMSO. Dose-response curves
were generated using increasing concentrations of inhibitor in
the presence of GCase in CP (100 mM), and were carried out at
four different pH values (4.3, 4.7, 5.6, or 6.7). To optimize the
levels of hydrolysis to within the most accurate range of the
plate reader (10,000–100,000 fluorescence units), different
amounts ofGCasewere used at each of the pH values; i.e. 87, 43,
9, or 13 nM, respectively. Reactions were initiated by the addi-
tion of MUbGlc (0.8 or 2.5 mM final concentration), incubated
in a 37 °C water bath for 15 or 30 min, and terminated by the
addition of MAP, and the fluorescence was measured (as
above). Assays were performed in 96-well plates in triplicate.

IC50 values were extracted from dose-response curves via non-
linear regression analysis of the log of the inhibitor concentra-
tion versus the measured residual enzyme activity using Prism
5.0 (Graph Pad Software, Inc.).
To determine themode of inhibition (competitive, mixed, or

noncompetitive), Michaelis-Menten curves were generated at
acidic (pH 5.6) and neutral pH (pH 7). Stocks of rGCase (5.2 or
8.8 nM in 100mMCP, pH5.6 or 7.0),MubGlc substrate dilutions
(0.625–20 mM in water), and ABX dilutions (�0.5–4 times its
Ki in DMSO) or DMSO alone were prepared and aliquoted in
96-well plates. Enzyme reactions (in duplicate) were initiated
by addition of the diluted substrate, incubated for 30 min in a
37 °C water bath, and terminated by the addition of MAP, and
fluorescence was determined (as above). Using Prism 5.0, Km
and Vmax values were extracted from the Michaelis-Menten
curves (hydrolysis rate in nmol/h/mg rGCase versus substrate
concentration) following nonlinear regression. Similarly, Ki
andKi� values were obtained by nonlinear regression analysis of
these data fitted to either a competitive, mixed, or noncompet-
itive model of inhibition. The data were found to fit the mixed
model of inhibition best, following comparisons of the fit of the
data using the F-statistic analysis program within Prism 5.0.
In Cellulo Enzyme Enhancement Activity Assays—To evalu-

ate the enzyme-enhancing effect of ABX or IFG, GD-1–3 fibro-
blasts were grown in complete media (�-minimal essential
mediumwith 10%FBS and antibiotics) containingABX (10–60
�M), IFG (10–60 �M), ABX derivatives, or DMSO alone (0.5%
v/v) for 5 days. Subsequently, media were removed, and cells
were washed twice with phosphate-buffered saline (Ca2�- and
Mg2�-free) and harvested by scraping. Following centrifuga-
tion, cells were lysed by the addition of NaH2PO4 (10 mM, pH
6.0) plus TDC (0.2% w/v) and Triton X-100 (0.1% v/v) and left
on ice for 30 min. After a second centrifugation, lysate was
diluted in CP (20 mM, pH 5.5) plus TDC (0.4% w/v), Triton
X-100 (0.2% v/v), and human serum albumin (0.5%w/v). GCase
activity assays (performed in triplicate) were initiated by the
addition of MUbGlc (20 mM) after the dilution, incubated at
37 °C for 1 h, and stopped by addition of MAP, and the fluores-
cence was measured (as above) (26). The contribution of non-
lysosomal GCase activity was determined by re-assaying in
the presence of irreversible inhibitor of acid GCase, CBE
(27). Toxicity of the test drug was monitored by measuring
total Hex activity in cell lysates using the substrate MUG (1.6
mM) (22). Enzyme activities are expressed as nanomoles of
4-methylumbelliferone generated per h and milligrams of
total protein in the cell lysate. Increases in GCase relative
activity were expressed as ratios of enzyme activity measured
in fibroblasts treated with ABX or IFG versus the activity of
mock-treated (DMSO/buffer) cells. GD-1 lymphoblasts
were similarly treated with either ABX or IFG, but only at a
single concentration (30 �M).

To examine the “chaperoning” half-life of ABX, GD-1 fibro-
blasts were grown in complete �-minimal essential medium
containing 60 �M ABX or DMSO (mock-treated) for 5 days.
Subsequently, the cells were “chased” for 8 days by replacing the
ABX/DMSO-containing media with fresh media lacking the
compounds and thereafter every other day. The GCase activity
was measured in cell lysates at 0, 2, 4, 6, and 8 days after growth
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in drug-containing media and expressed relative to similarly
processed mock-treated cells.
Western Blot Analysis—Aliquots of lysates (20 �g of total

protein) or the enriched lysosomal fractions (5 �g of total pro-
tein) from treated and untreated fibroblasts (as indicated in
respective figure legends) were subjected toWestern blot anal-
ysis as reported previously (22).
Purification of Iron-Dextran-labeled Lysosomes by Magnetic

Chromatography—An enriched lysosomal fraction was pre-
pared from GD-1 fibroblasts treated either with ABX (60 �M),
IFG (30 �M), or DMSO alone for 5 days, as reported previously
(22, 25).
Indirect Immunofluorescence Staining and Confocal Micros-

copy Imaging—Indirect immunofluorescence and confocal
microscopy imaging were performed as described previously
(28). Primary and secondary antibodieswere as described above
in chemical reagents, whereas nuclear staining was as reported
previously (22).
Glucosylceramide Analysis—A modification of a combined

high performance liquid chromatography (HPLC) and electro-
spray ionization-tandem mass spectrometry method, as
described previously (29, 30), was used to measure the total
lipid content, including six individual forms (based on varia-
tions in the carbon chain length of their fatty acidmoiety) ofGC
in wild type (untreated, 12 days of growth) or GD-1 lympho-
blasts (N370S/N370S) (10 or 15 days of growth) in the absence
or presence ofABX (20�M) or IFG (20�M). Each lipid species in
the mock-, ABX-, and IFG-treated groups was measured three
times independently from twodifferent extracts of treated cells,
i.e. either 10 or 15 days in culture.Media (RPMIwith 20%FBS�
ABX or IFG) were replaced every 5 days. At the end of the
treatment period, cells were chased for 24 h in fresh media
alone. Subsequently, the cells were pelleted by centrifugation
(1000 � g) and freeze-dried. Extraction of GC from the dried
lymphoblast cell pellets (�200 �g of total cell protein) was per-
formed according to the method of Folch et al. (31), incorpo-
rating 400 pmol of N-palmitoyl-d3-glucosylceramide (GC
16:0(d3)) (Matreya Inc.) as an internal standard.
Lipid species in the dried extracts (resuspended in 100 �l of

methanol containing 5 mM ammonium formate, pH 4.0) were
resolved by HPLC (Agilent) using a C18 (3 �m, 50 mm � 2.1
mm) column (Alltech) maintained at ambient temperature
(21 °C). The HPLCmobile phases consisted of mobile phase A,
aqueous 5 mM ammonium formate, pH 4.0, methanol, tetrahy-
drofuran (5:2:3, v/v), andmobile phase B, aqueous 5mM ammo-
nium formate, pH 4.0, methanol, tetrahydrofuran (1:2:7, v/v). A
gradient program at a flow rate of 200�l/min was usedwith the
initial composition consisting of 70% phase A and then linearly
changed to 100% phase B over 7min andmaintained there for 3
min. Re-equilibration at 70% phase A was established (3 min)
prior to the next injection. Following chromatography, individ-
ual species of GC in the collected fractions were quantified
usingmultiple reactionmonitoring on a SCIEXAPI 3000 triple-
quadrupolemass spectrometer as described previously (29, 30).
StatisticalMethodUsed—All GCmeasurements (three inde-

pendent measurements for each of six species of GC from two
independent cell extracts for the three groups of mutant cells,
and one cell extract from the wild type control) were included

in the analysis. A linear regression model using maximum like-
lihood algorithm for parameter estimation was used to deter-
mine the significance of the differences between all four groups
(normal control, ABX, IFG, and mock) using ABX as the refer-
ence category (32). All regressionmodelswere adjusted for tim-
ing of samples (10 or 15 days in culture) and for triplicatemeas-
urements of each form of GC. An exponential transformation
was applied to all GC values. Parameter estimates were back-
transformed by solving regression equations to obtain an effect
estimate and 95% confidence interval. Finally, a separate model
was created using the mock group as a reference to determine
whether there were any differences between it and the IFG
group.
Hydrogen/DeuteriumExchange (H/D-Ex)Mass Spectrometry

Studies—The H/D-Ex method was performed as described in
detail previously (22, 33). In this study, ligand stocks of ABX,
FZN, and IFG at 47 mM in DMSO were used at 213-fold molar
excess relative to GCase (22.2 �M). The data acquisition and
exchange corrections and calculations were performed as
reported earlier (22, 34).
SUPREX Analysis—SUPREX was performed using rGCase

(26.6 �M) at pH 7.0 or pH 5.5 in the presence or absence of
ligands, ABX, and IFG. The molar ratio of GCase and ligands
(dissolved in DMSO, 4% v/v final) in the stock solutions was
1:72 and 1:386 for IFG and ABX, respectively. Stock solutions
(with or without a ligand) were diluted 10-fold into a series of
deuterated exchange buffers containing either HEPES (50 mM,
pH 7.0) or sodium acetate (50 mM, pH 5.5), plus varying con-
centrations of guanidine hydrochloride (GdnHCl). For each
sample, four specific exchange time points (5–120 min) were
selected. Aliquots of exchanged samples (5 �l) were quenched
with 7 or 7.5�l of a chilled urea (2M) and formic acid (0.8%, v/v).
Samples were digested (1 min, 0 °C) by adding ice-chilled
immobilized pepsin (4mg/ml) slurry (5�l), and centrifuged (10
s). The aliquoted supernatant was stored on dry ice. Prior to
matrix-assisted laser desorption/ionization (MALDI)-mass
spectra acquisition, room temperature-thawed aliquots (1.5�l)
of digests were mixed with 9 �l of �-cyano-hydroxycinnamic
acid solution (2.5 mg/ml), containing 50% acetonitrile and
0.1% trifluoroacetic acid. Samples (0.7 �l) were spotted on a
MALDI plate and dried in vacuo. Spectra were acquired on a
MALDI-TOF-TOF ABI 4700 analyzer mass spectrometer
(Applied Biosystems).
Initially, up to 10 GCase peptides were used to follow mass

increases of deuterium incorporation at each of the four time
intervals and at different GdnHCl concentrations. Each of the
10 peptides yielded SUPREX curves (mass increase plotted as a
function of GdnHCl concentration at each of the four exchange
times) with similar transition midpoint values. Thus, in subse-
quent experiments only two representative GCase peptides
(positions 67–91 and 106–127) were selected to generate the
SUPREX curves to derive them values (35, 36). The averagedm
values for the two peptides were then used to calculate the
folding free energy, and the dissociation constant (Kd value) of
the protein-ligand complex was determined at pH 5.5 and 7, as
described previously (33, 34).
Docking Studies—Ligands FZN and ABX were docked into

the GCAse-IFG complex (Protein Data Bank code 2NSX) using
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the flexible docking protocol (37) within Discovery Studio 2.1
(Accelrys). Prior to docking, water and IFGwere removed from
chain B of 2NSX, and residueswithin 4Åof the bound IFGwere
selected as flexible. Binding of IFG, FZN, and ABX was studied
using two docking experiments, taking IFG as a control ligand.
All ligand conformations were generated using CatConf com-
ponent of Discovery Studio (Accelrys). CHARMm force field
was used for both protein and ligands. For ABX or FZN, two
poses were selected for further analysis that were consistent
with H/D-Ex data and in the list of top 10 poses based on
CDOCKER energy. For studying �-� interactions AutoDock-
Tools was used (38).

RESULTS

Screening of NINDS Library and Identification of ABX—A
fraction of the results from a screening of the 1,040 small mol-
ecules from the NINDS library, based on the ability of each
compound to attenuate thermal denaturation of GCase, is
shown in Fig. 1A. In this screening assayGCase residual activity
was standardized by the GCase activity obtained from the cor-
respondingwell of the twin plate that was kept on ice during the
thermal denaturation stress period. FZNwas previously identi-
fied as the primary “hit” in a classical inhibitory-based screen-
ing of the library, with an IC50 of 15 �M using 0.8 mM of sub-
strate (MUbGlc), pH 5.5. FZN was also found to be a potent
stabilizer of GCase against thermal denaturation in the second-
ary screen and to have the characteristics of a mixed-type
GCase inhibitor (data not shown). However, in the final GD
cell-based assay, FZN failed to enhance mutant GCase activity
in cellulo (data not shown). Despite its failure as a PC, FZNwas
useful as a positive control when we re-screened the library
using the more general approach of attenuation of thermal
denaturation as the primary assay. In this screenABXwas iden-
tified by its ability to confer a protective effect onGCase activity
comparable with that of FZN (Fig. 1A). A secondary screen
confirmed that ABX stabilizes GCase against thermal denatur-
ation in a dose-dependent manner (Fig. 1B). The other poten-
tial hits identified in the primary screen were found to be either
fluorogenic compounds or, like FZN, they failed to behave as
EET agents for GCase in the final GD cell-based assay (data not
shown).
Further characterization of ABX (C13H18Br2N2O), trans-4-

(2-amino-3,5-dibromobenzylamino)-cyclohexanol hydrochlo-
ride, found that it also acted as an inhibitor of rGCase (Fig. 2),
but with an IC50 value of about twice that of FZN at pH 5.6.
Interestingly ABX demonstrated an unusual degree of pH
dependence in regards to its IC50 values (Fig. 2A), which repre-
sents a highly desirable property for a potential EET agent. At
pH 4.3, ABX was noninhibitory, and even became an apparent
activator of GCase as it neared millimolar concentrations. At
pH 4.7 ABX had IC50 values of 810 or 950 �M against 0.8 or 2.5
mM substrate (MUbGlc), respectively. At pH 5.6, the IC50 val-
ues dropped to 31� 3�Mat either substrate concentration, and
at pH 6.7 they dropped further to 3.7 � 0.5 (0.8 mM substrate)
and 8.1� 0.7�M (2.5mMsubstrate). Detailed kinetic analyses at
pH 5.6 and 7.0 (Fig. 2, B andD) determined that ABX functions
as amixed inhibitor of GCase (Fig. 2,C and E) with an� value of

�10 (Table 1). Therewas also an�4-fold increase in itsKi value
between pH 7.0 and pH 5.6 (Table 1).
ABX as an Enzyme Enhancement Agent for GCase—To iden-

tify the range of optimumconcentrations of ABX that produces
enhanced residual GCase activity in treated GD cells, a dose-
response curve was generated using a GD-1 (N370S/N370S)
fibroblast line. IFG was used to compare the effects on residual
GCase activity generated by ABX treatment of these cells (Fig.
3A) (7). The optimal range of ABX concentrations that pro-
duced significant enhancement of mutant GCase activity with-
out noticeable toxic effects on the cells (as judged by a lack of
change in the level of total Hex activity) was 5–60 �M. IFG had
the best response at the previously reported concentration of
�30 �M (7). Treatment of the cells with DMSO alone had no
effect onmutant GCase activity. Similarly, whenGD-1 (N370S/
N370S) lymphoblasts were treated for 5 days with 30 �M of
eitherABXor IFG, theirGCase activitieswere increased by�2-
or �3-fold, respectively (data not shown).
To evaluate the persistence of GCase enhancement pro-

duced by ABX after drug removal in N370S/N370S fibroblasts,
several plates of cells were first treated (pulsed) for 5 days with
ABX at 60 �M, and then the media were replaced with normal
media and the enhanced GCase activity chased over a period of
8 days. This “pulse-chase” experiment demonstrated that the
enhanced N370S GCase activity gradually decreases back to
base-line levels within �6 days (Fig. 3B). This suggests a rea-
sonably long half-life of ABX in cells, as wild type GCase in
skin fibroblasts has been reported to have a half-life of �60 h
(39, 40).
Analyses of ABX Derivatives as pH-dependent Inhibitors of

GCase—The IC50 values of four compounds that have molecu-
lar structures similar to that of ABX were determined at con-
centrations ranging from9 to 600�Mand at pH4.3, 5.6, and 6.7,
against 2.5 mM MUbGlc. None of these derivatives produced
IC50 values lower than ABX, nor did any of them exhibit a pH
dependence more appropriate for use as a PC than ABX
(Table 2).
AsABX is a knownmetabolite of bromhexine,N370S/N370S

GD-1 fibroblasts were grown in the presence of this derivative
at concentrations ranging from 0.018 to 120 �M for 5 days.
However, none of these treatments produced significant en-
hancement ofmutant GCase activity (data not shown), possibly
because the levels of the ABX produced following metabolism
of bromhexine in cells may have been insufficient to enable
enhancement of endogenous mutant GCase (41).
Responses of GDCell Lines withDifferent GCaseMutations to

Treatment with ABX—Three GD patient fibroblast cell lines
containing different missense mutations were tested at 10, 30,
and 60 �M ABX or IFG (Fig. 4). Consistent with the dose-re-
sponse data (Fig. 3), theN370S/N370SGD-1 line, with an initial
residual activity of �20% of normal (230 nmol ofMUGlc/h/mg
of total protein), showed significant increases in both residual
GCase activity and protein levels (Fig. 4A). A GD-2/3 cell line,
F213I/L444P (�5% residualGCase activity), also showed signif-
icant enhancements of both relative GCase activity and protein
levels (Fig. 4B). However another GD-2/3 fibroblast cell line
homozygous for the L444P mutation (�1% residual activity),
treated with either ABX or IFG, produced no significant
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FIGURE 1. Identification of ABX as a potential PC for GD using an attenuation of GCase thermal denaturation assay. A, primary screening data are shown
for 80 of the 1,040 chemical compounds (one 96-well plate), including ABX (black bar). Each plate contained 80 compounds from the library tested at 200 �M

(open bars). One column (8 wells) contained only solvent (DMSO (�), negative control, gray bar), and another column FZN (FZN (�), positive control, gray bar).
The y axis indicates the relative enzymatic activity after thermal denaturation compared with the corresponding well of an identical plate that was kept on ice.
Those wells that retained a residual GCase activity of �3 S.D. (bars above the dotted line) of the mean of values from wells containing only DMSO were
considered candidate PCs for GCase and were further investigated. B, secondary screening of ABX, with its molecular structure depicted, confirming that it
stabilizes GCase toward heat inactivation in a dose-dependent manner (0 mM ABX, diamonds; 0.15 mM ABX, circles; 0.3 mM ABX, triangles; 1.2 mM ABX, squares).
Data are expressed as the mean of duplicate assays.

Ambroxol as Enzyme Enhancement Agent for Gaucher Disease

AUGUST 28, 2009 • VOLUME 284 • NUMBER 35 JOURNAL OF BIOLOGICAL CHEMISTRY 23507



increases in relative GCase activity or protein levels (data not
shown). The contribution of nonlysosomal GCase activity was
measured in N370S/N370S fibroblasts indirectly by specifically
inactivating acidGCasewithCBE (42). AfterCBE treatment the
remaining GCase activity in these cells was �1% of normal, as
described earlier (27, 43) and was not affected by either ABX or
IFG treatment (data not shown).
GCase Activity and Protein Levels Are Increased in Lysosomal

Enriched Fractions of GD Cells Treated with ABX or IFG—To
confirm the intracellular location of the mutant GCase before
and after ABX treatment, cells were grown inmedium contain-
ing ferrous-dextran colloid, which is incorporated into lyso-
somes through bulk endocytosis. A magnetic separation was

performed to produce an enriched lysosomal fraction from a
post-nuclear supernatant as judged by an �10-fold increase in
the specific activity of lysosomal Hex activity (24, 25). The
ABX-treated (60�M) or IFG-treated (30�M)N370S/N370S cell
line showed significantly higher levels of GCase protein and
activity, as compared with untreated controls, in the enriched
lysosomal fractions (Fig. 5).
To further confirm that the intracellular location of the

enhancedGCase activitywas indeed lysosomal, we analyzed the
cellular co-localization of GCase with Lamp-1 or PDI, both
accepted markers of either the lysosomal or ER compartment,
respectively. Indirect immunofluorescence staining and confo-
cal microscopy imaging were performed on N370S/N370S
fibroblasts treated for 5 days with either DMSO (1% v/v) (Fig. 6,
A andD), ABX (40 �M) (Fig. 6, B and E), or IFG (30 �M) (Fig. 6,
C and F). Localization of GCase signals (green) was first com-
pared with those corresponding to Lamp-1 (red) (Fig, 6, A–C).
During the recording of the immunofluorescence signals for
GCase and Lamp-1 by confocal imaging, the microscope set-
tings remained the same to give a semi-quantitative sense of
protein levels through the intensity of the respective signals.
The intensity of the GCase signals, as well as the levels of co-
localization of GCasewith Lamp-1 (yellow inMerge), wasmuch

FIGURE 2. Characterization of ABX as a pH-dependent, mixed inhibitor of
GCase. A, inhibitory curves of increasing concentrations of ABX versus resid-
ual GCase activity using 0.8 mM MUbGlc at the indicated pH values. B and D,
nonlinear regression analysis of GCase velocities at pH 5.6 (B) or pH 7.0 (D)
versus increasing MUbGlc concentrations in the presence of the indicated
concentrations of ABX (�M). This multivariate dataset (v, [I], [S]) was then fitted
to the equation describing mixed type inhibition using GraphPad Prism ver-
sion 5.0b (Table 1). C and E, plot of apparent Vmax versus apparent Km values at
pH 5.6 (C) or pH 7.0 (E) demonstrates the validity of the mixed inhibitor model.
The resulting kinetic constants are given in Table 1.

FIGURE 3. Determination of the levels of enhanced GCase activity and the
length of its retention after treatment of N370S/N370S GD-1 fibroblast
cell line with ABX. A, relative GCase (filled circles, IFG-treated; or squares,
ABX-treated) and Hex (open circles, IFG-treated; or squares, ABX-treated) activ-
ities (y axis, 1 � no change from untreated cells) of cells treated with various
concentrations of each drug (x axis). B, GD-1 cells were grown in media con-
taining 60 �M ABX for 5 days (black rectangle) and then in normal media for
the 2– 8-day chase (open rectangles), and the relative GCase activity was
determined. Bars represent S.E.

TABLE 1
Summary of the kinetic parameters of the effects of ABX on GCase

pH 5.6 7.0

Vmax
a 1800 � 51b 110 � 10

Km
c (�M) 2.6 � 0.2 4.3 � 0.1

Ki
d (�M) 23 � 3 5.2 � 0.2

�e 7 � 3 10 � 2
a Values are given in nanomoles of MU/h/mg (GCase).
b Values � 1 S.D. from triplicate assays are shown.
c Value for MUbGlc in the absence of ABX is given.
d The affinity�1 of ABX for free enzyme is shown.
e Ki�/Ki is shown, where Ki� � the affinity�1 of ABX for the enzyme-substrate
complex.
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more pronounced in treated cells (Fig. 6, B and C) than in the
mock control cells (Fig. 6A).
The movement of mutant GCase from the ER to lysosomes

after treatment with ABX or IFG was confirmed by comparing

the intracellular localization of the resident ER protein PDI
(red) with that of GCase (green), before (Fig. 6D) and after (Fig.
6, E and F) drug treatment. Untreated GD cells (N370S/N370S)
are shown with the GCase signal artificially enhanced through

TABLE 2
Names, structures, and IC50 values (�M) of ABX derivatives at various pH values toward GCase assayed with 2.5 mM MUbGlc
NI indicates not inhibitory.

a NI, not inhibitory (highest concentration evaluated, �M).
b Estimated IC50.
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confocal microscope settings (Fig. 6D) over treated cells (Fig. 6,
E and F) to better evaluate and compare its cellular localization.
Untreated cells produced a substantial level of yellow in the
“Merged” image indicating co-localization of mutant GCase
with PDI in the ER (Fig. 6D). In contrast, treatment with ABX
(Fig. 6E) induced a remarkable reduction in the co-localization
of GCase with PDI (little yellow visible in Merge), as did cells
treated with IFG (Fig. 6F).
ABXTreatment of a GD-1 Lymphoblast Cell Line Results in a

Reduction in Glucosylceramide Levels—A lymphoblast cell line
homozygous for the N370S mutation was continually treated
with ABX (20 �M) or IFG (20 �M) and compared with mock-
treated and normal control cells, to evaluate the effects of the
PCs on the levels of the major GCase substrate GC. A general
lipid analysis was carried out on these four groups of cells (sup-
plemental Figs. S1A and S2). This included quantifying six indi-
vidual forms of GC, defined by the length of their fatty acid

chain. The level of each form of GC
was measured by liquid chromatog-
raphy-electrospray ionization-tan-
demmass spectrometry (29) in trip-
licate for mutant cells grown for 10
(supplemental Fig. S1B and S2) or
15 days. The levels of individual GC
species and summed totals in pico-
moles of lipid/mg of total protein
are shown in Table 3 along with
results of the statistical analysis
comparing ABX with the mock-
treated group. Additional statistical
analyses comparing ABX with IFG
and the wild type control, as well as
IFG compared with mock, are
included as supplemental Table 1S.
GC measurements demonstrated
that five of its six forms and the
combined total GC level were sig-
nificantly (p 	 0.001) higher in
ABX-treated than in normal control
cells. All six formswere significantly
lower in ABX-treated compared
with IFG-treated cells. Most im-
portantly, five of the six species
and total GC levels were signifi-
cantly lower in ABX-treated than
mock-treated mutant cells. Inter-
estingly, total and five GC forms
were also significantly higher in IFG
than mock-treated cells (data not
shown). Therefore, for any form of
GC (except theminorGC24:1) con-
trol cells have the lowest values, fol-
lowed by ABX-treated, then mock-
treated, and finally IFG-treatedwith
the highest value (supplemental
Table 1S).
Identification of Segments of

GCase That Are Stabilized through
Binding of the Enzyme to ABX, FZN, or IFG by H/D-ExMS/MS—
The H/D-Ex MS/MS analysis resulted in 82% (408/497 resi-
dues) coverage of the protein sequence, as was reported previ-
ously (16). The four sequence gaps corresponded to known
N-glycosylation sites (Asn-19, Asn-59, Asn-146, and Asn-270).
A nonglycosylated peptide corresponding to the predicted gly-
cosylation site Asn-462 was identified, indicating a population
of GCase is not glycosylated at Asn-462.
Reductions in the rate of deuteration of GCase upon incuba-

tion with ABX, FZN, or IFG (Fig. 7A) were determined and
mapped onto the crystallographic structure of GCase com-
plexed with IFG (Protein Data Bank code 2NSX) (44) (Fig. 7,
B–D). ABX significantly (95% confidence level) decreased the
degree of deuteration, as represented by the negative perturba-
tions �10% in three sequence segments, 243–249 (�19%),
310–312 (�11%), and 386–400 (�11%) from domain III,
which are located at the mouth of the 8-stranded �/� barrel

FIGURE 4. Comparison of the levels of enhanced GCase activity and protein in GD-1 and GD-2/3 fibro-
blasts treated with either ABX or IFG. A, N370S/N370S GD-1 fibroblasts treated with IFG (left panels) or ABX
(right panels). B, F213I/L444P GD-2/3 fibroblasts treated with IFG (left panels) or ABX (right panels). In both N370S
and F213I mutant cell lines, ABX generated comparable levels of enhancements of both GCase enzyme activity
(black rectangles) and protein levels (open rectangles), derived from densitometry scans of the Western blot
below the graphs, to those obtained at equivalent concentrations of IFG. In the Western blot panels, Mock
represents the untreated cell lines. Bars represent S.E.
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(TIM barrel) and active site (Fig. 7B and supplemental Table
1S). Whereas these same segments were also stabilized (�38,
�12, and �34%, respectively) by IFG binding (16), FZN signif-
icantly stabilized only segment 243–249 (�26%). However,
FZN did affect segment 310–312 (�8) to almost the same
extent as ABX and IFG, but its �9% change was slightly below
the cut off for significance (Fig. 7A and supplemental Table 2S).
In the presence of ABX, two other segments 187–197 (�9%)
and 230–240 (�8%) were also stabilized, but they demon-
strated weaker perturbations. The former segment was signifi-
cantly stabilized by IFG (�12%), but not FZN, and the latterwas
stabilized by both IFG (�10%) and FZN (�11%). IFG also sig-
nificantly stabilized segments 119–127 (�12%) and 414–417
(�19%). These segments were not stabilized by either ABX or
FZN (Fig. 7A and supplemental Table 2S).
SUPREXAnalysis of ABXand IFGBinding toGCase at Acidic

or Neutral pH—SUPREX protocol was used as an orthogonal
method for measuring the change in the stability of GCase
(Cerezyme) upon binding of ABX or IFG. With this procedure
increasing concentrations of GdnHCl were used as the dena-
turant, and increasing average rates of deuteration, measured

by H/D-Ex MS, were used to monitor unfolding (Fig. 8). Initial
SUPREX experiments analyzed up to 10 GCase peptides that
provided a SUPREX-like (sigmoidal) curve. All these curves
produced similar transition midpoint (m values) at the same
exchange time (data not shown). To facilitate throughput, data
from two representative peptides over four exchange time peri-
ods were used to complete the SUPREX analyses (Fig. 8). The
transition midpoint value of each SUPREX curve was then
extracted. As shown in Fig. 8, IFG shifted the transition mid-
point of peptide 67–91 up to 1.4 M GdnHCl at both pH 7.0 and
5.5. In contrast, ABX induced a marginal transition midpoint
shift at pH 7.0 and only a slight shift at pH 5.5 for this peptide.
After extraction of transition midpoint values, a linear extrap-

FIGURE 5. Enhancement of both GCase activity and protein levels in an
enriched lysosomal fraction isolated from GD-1 fibroblasts (N370S/
N370S) after treatment with either ABX or IFG. A, Western blot of GCase
protein in the lysosomes from cells treated with either 60 �M ABX (left lane) or
30 �M IFG (middle lane) or untreated cells (Mock, right lane). A Western blot for
lysosomal Lamp-2 is shown as a loading control. B, relative increases of GCase
activity (black rectangles) and protein (densitometry scans of A, open rectan-
gles) are represented in the histogram. Bars represent S.E.

FIGURE 6. Changes in the intracellular localization of N370S/N370S
GCase after treatment of GD-1 fibroblasts with either ABX or IFG. A and D,
mock-treated cells were compared with cells treated with 40 �M ABX (B and E)
or 30 �M IFG (C and F). Co-localization of signals (yellow in the Merge panels)
for GCase (green in the GCase panels) and the lysosomal marker Lamp-1 (red in
the Lamp-1 panels) was increased over mock-treated cells (A) in both ABX-
treated (B) and IFG-treated cells (C). At the same time co-localization of signals
from GCase and the ER-resident chaperone protein, PDI (red in the “PDI” pan-
els), decreased after treatment with either ABX treatment (E) or IFG treatment
(F), as compared with mock-treated cells (D). Cell nuclei were stained with
4�,6-diamidino-2-phenylindoledihydrochloride (blue).
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olation method was followed to determine the m values for
these two peptides. From these values the binding energy and
Kd constants of GCase for each ligand at an acidic or neutral pH
were calculated (35, 36). IFG showed a significantly higher
binding energy than ABX at both pH conditions (Table 4).
Although the binding energy for ABX dramatically decreases at

the more acidic pH, there is almost no change in the binding
energy for IFG between pH 7.0 and 5.5 (Table 4). These data
were also reflected in the calculated Kd values for ABX and IFG
(Table 4).

FIGURE 7. Identification and mapping of the segments of GCase that are
stabilized upon formation of the ABX, FZN, or IFG enzyme-ligand com-
plex by H/D-Ex MS. A, slower rates of H/D-Ex represented by negative per-
turbations (x axis) indicate rigidification (stabilization) of the associated seg-
ments of the protein (y axis) (supplemental Table 1S). Bars (ABX, gray; FZN,
open; and IFG, black) that exceed the dotted line are considered as indicative of
a statistically significant change in the mobility of the associated segment of
the protein. B–D, ribbon diagrams based on the crystal structure of IFG bound
to GCase (Protein Data Bank code 2NSX) are color-coded to indicate areas of
GCase identified in A that are stabilized by binding to ABX (B), FZN (C), or IFG
(D); segments 119 –127 (IFG; red); 177–184 (IFG; orange); 187–197 (IFG; cyan);
230 –240 (IFG and FZN; burgundy); 243–249 (IFG, FZN, and ABX; pink); 310 –
312 (IFG, FZN, and ABX; green); 317–336 (FZN; dark green); 386 – 400 (IFG and
ABX; blue); and 414 – 417 (IFG; purple).

FIGURE 8. Determination of the binding energies and dissociation con-
stants at acidic or neutral pH of the GCase-ABX or -IFG complex by
SUPREX. Representative SUPREX curves (one of two GCase peptides, 67–91,
examined at 1 of 4 H/D-Ex points, 30 min) of the change in mass, due to
deuteration (y axis), in the SUPREX experiment in the presence of increasing
concentrations of GdnHCl (x axis) are shown. The denaturation curve in the
absence of ligand (filled circles), in the presence of ABX (open squares), or IFG
(open circles) at pH 5.5 (A) or pH 7.0 (B) are shown. The solid lines represent the
best fit of the data from each SUPREX curve to a four-parameter sigmoidal
equation using SigmaPlot.

TABLE 3
GC levels in normal (control) lymphoblasts and N370S/N370S lymphoblasts treated for 10 or 15 days with ABX, IFG, or DMSO (mock)
expressed in picomoles of lipid/mg of total protein (average � S.E., n � 3 for wild type and n � 6 for all others)

GC species Control (wild type) IFG ABX Mock (DMSO) ABX versusMocka p

GC 16b 359 � 17 1092 � 77 685 � 55 939 � 116 �404 (�362, �447) <0.001
GC 18 45 � 2 159 � 14 111 � 9 137 � 13 �26 (�13, �41) <0.001
GC 20 59 � 3 133 � 8 90 � 5 114 � 10 �24 (�12, �37) <0.001
GC 22 131 � 5 242 � 11 191 � 8 221 � 17 �30 (�13, �48) <0.001
GC 24 93 � 4 214 � 10 174 � 7 187 � 15 �14 (�30, �2) 0.08
GC 24/1c 185 � 6 201 � 10 162 � 12 190 � 11 �28 (�12, �45) <0.001
GC total 873 � 32 2131 � 157 1482 � 117 1876 � 196 �374 (�324, �508) <0.001

a A linear regression model using maximum likelihood algorithm for parameter estimation was used to determine the significance of the differences between ABX and
mock-treated cells. The first value represents the average difference between the ABX andmock groups, followed by the 95% confidence interval. If all three values are positive
or all three values are negative, the difference is statistically significant. For example, on average the major GC 16 form is 404 pmol/mg protein lower in the ABX group than
in mock, with a confidence interval of 362–447, which is statistically significant (highlighted in boldface type). Only the ABX versusmock difference for the GC 24 form is not
significant. For a complete statistical comparison of ABX with the IFG and wild type groups see supplemental Table 1S.

b Data refer to the carbon chain length of the fatty acid moiety, which defines the individual forms of GC.
c GC contains a 24-carbon fatty acid chain with 1 double bond.
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Characterization of the Binding Interactions of ABX and FZN
with GCase by Molecular Modeling—Two of the top 10 poses
identified from each modeling study of GCase with ABX or
FZN were selected based on their consistency with H/D-Ex
data. This approach successfully identified the hydrogen bond
interactions between IFG and residues Asp-127, Trp-179, Glu-
235, Glu-340, Trp-381, and Asn-396 in the active site of GCase
(data not shown), previously determined by co-crystallization
of GCase with IFG (44).
Two hydrogen bonding interactions, i.e.withGCase residues

Glu-235 and Ser-237, were predicted in each of the two top
poses for ABX (Fig. 9,A and B). Only residue Glu-235 is located
at the active site (44). In one of the poses a �-� interaction with
residue Tyr-244 is also present, as well as hydrophobic interac-
tions with residues Phe-246, Trp-312 and Tyr-313 (Fig. 9B). In
the other pose the cyclohexane ring (Fig. 9A) can interact

hydrophobically with Tyr-244 and Phe-246. In the FZN-bind-
ing poses there are either two (Fig. 9C) or three (Fig. 9D) hydro-
gen bonding interactions. In one pose hydrogen bonding
occurs between FZN and GCase at residues Glu-340 and Tyr-
313 (Fig. 9C). In the alternative pose hydrogen bonding inter-
actions occur at residues Glu-235, Asp-234, and Glu-340 (Fig.
9D). Twoof these residues (Glu-235 andGlu-340) are located at
the active site. Residues Phe-246, Tyr-244, Phe-316, and even
Tyr-313 may also generate hydrophobic interactions with FZN
(Fig. 9, C and D). It is interesting to observe from the modeling
studies that both ABX and FZN are surrounded by aromatic
and hydrophobic residues. The nature of interactions in the
case of ABX seems to be a combination of hydrogen bonding
and �-� and hydrophobic interactions. FZN seems to be inter-
acting mainly with the help of hydrogen bonding and hydro-
phobic interactions.

DISCUSSION

ERT has been successfully used to treat GD-1 patients (45,
46). However, as a surprisingly low critical threshold of lysoso-
mal enzyme activity is needed in most LSDs to prevent storage
of substrate (18), therapies based on small molecules that target
the endogenous synthesis of the stored substrate, SRT, and/or
the folding efficiency of themutant enzyme, EET, are attractive
and less expensive alternatives with the potential to also treat
the neurological forms of LSDs. Both of these approaches have
yielded encouraging results in some clinical and preclinical tri-
als (47–49). EET has also been shown to produce a synergistic
effect when combined with ERT in fibroblasts and a mouse
model of Pompe disease (50) and to increase the half-life of
exogenously added GCase in macrophages (51). Additionally
by preventing the aggregation and/or storage of mutant mis-
folded enzyme in the ER, EET could lower the levels of the
unfolded protein response, which can lead to ER stress. ER
stress has been associated with the pathogenesis of some LSDs
(52–54).
The screening of a medium size FDA-approved drug library

has been shown to yield potential small molecules that function
as EET agents for different LSDs, e.g. late-onset GM2 gangli-
osidosis (20), as well as potential pharmacological agents for
neurodegenerative diseases (55–57). An initial screening assay
based on the ability of each compound to inhibit GCase identi-
fied FZN as the major hit. Although FZN was demonstrated in
a secondary screen to function as a strong stabilizer of GCase
toward thermal denaturation, it failed in the final cell-based
assay to enhance mutant GCase activity. The ability of FZN to
stabilize GCase in vitro was confirmed via H/D-Ex and molec-
ular modeling experiments. The in cellulo failure of FZN to act
as a PC may have been the result of poor bio-availability or the
rapid metabolism of the drug by cells. These may be the same
reasons for the need to use similar concentrations of IFG to
accomplish the same levels of enhancement of mutant GCase
activity in cells as ABX, despite IFG being an�1000-fold stron-
ger inhibitor of GCase in vitro (7). These data clearly demon-
strate that the ability of a compound to act as a PC cannot be
predicted solely on the basis of its in vitro binding and/or inhib-
itory activity, but it must be shown to be effective in enhancing
mutant enzyme activity in patient cells.

FIGURE 9. Two most likely structures, based on their consistency with
H/D-Ex and previous co-crystallization (GCase and IFG) data, of the
GCase-ABX or -FZN complex, determined by the flexible docking meth-
odology. A and B, two poses detailing the predicted interactions of ABX with
GCase. Both poses predict hydrogen bonding with Glu-235 and Ser-237, indi-
cated by dashed lines. A, there are hydrophobic interactions between the
cyclohexane ring and Phe-246 and Tyr-244. B, orientation selected for clarity
of the �-� interaction (red dashed line) predicted with the ABX molecule and
Tyr-244 of GCase, as well as other hydrophobic interactions with residues
Phe-246, Trp-312, and Tyr-313. C and D, two poses are shown of the interac-
tion of FZN with GCase. C, FZN molecule has two hydrogen bonding interac-
tions with GCase at residues Glu-340 and Tyr-313 (dashed lines). D, in another
orientation, FZN is shown to interact with GCase via three hydrogen bonding
interactions with Asp-234, Glu-235, and Glu-340 (dashed lines). C and D, resi-
dues Phe-246, Tyr-244, Phe-316, and even Tyr-313 may also generate hydro-
phobic interactions with FZN.

TABLE 4
SUPREX-derived binding energies and dissociation constants for
ABX and IFG to human rGCase

Biophysical parameters
pH 5.5 pH 7.0

ABX IFG ABX IFG

Binding energy (kcal/mol) �0.2 � 0.5a �2.6 � 0.4 �1.0 � 0.3 �2.5 � 0.3

Kd (�M) NDb 1.9 182 2.2
a Data show � 1 S.D.
b NDmeans not detected.
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We next decided to use thermal denaturation as the primary
screening assay for the library to determine whether we could
identify compounds that may interact allosterically with the
enzyme, i.e. that bound to the active site and/or other regions of
GCase. ABX was identified in this screen (Fig. 1A). Although
weaker than FZN in terms of inhibitory activity, it was also
found to be amixed type inhibitor of GCase (Fig. 2 and Table 1)
(58). Interestingly, the IC50 values of ABX were highly pH-de-
pendent (Fig. 2A), with maximal inhibition occurring at the
neutral pH. This is an ideal characteristic for an EET agent,
which must work best at the pH of the ER. At pH 4.3, near that
of lysosomes, ABX did not inhibit the enzyme and actually
became an apparent activator of its activity at high, nonphysi-
ological concentrations, i.e. greater than the maximal concen-
tration evaluated in humans (Fig. 2A). This same type of pH
dependence for a GCase inhibitor was recently demonstrated
for diltiazem, an L-type Ca2� channel blocker, which was also
found to act as a PC in GD cells. However, as compared with
ABX, diltiazem requires �10-fold higher concentrations to
achieve the same levels of inhibition at neutral pH (59). The pH
dependence of ABX binding toGCase was further confirmed in
SUPREX analyses (Fig. 8). Because of its low binding energy, it
was not possible to obtain a dissociation constant for ABX at
pH 5.5, using SUPREX (Table 4). On the other hand, IFG, a
classical carbohydrate-based competitive inhibitor, retained its
ability to bind GCase over a wide pH range, which could result
in residual inhibition of the enzyme once it reached the lysoso-
mal compartment (Fig. 8 and Table 4). Another major advan-
tage of ABX as an EET agent is that for many years ABX has
been used to treat humans for airway mucus hyper-secretion
diseases (chronic bronchitis, asthma, and cystic fibrosis). Fur-
thermore, it has been used as an alternative preventative treat-
ment for hyaline membrane disease in newborns, because it
increases surfactant secretion in the lungs (60–62). It also has
been shown to have anti-inflammatory and antioxidant prop-
erties (61, 63, 64), both of which may also be useful in tackling
other aspects of the pathogenesis of LSDs (54). Paradoxically,
the specific mechanism of action of ABX has yet to be eluci-
dated (64). Given the extensive pharmacokinetic and safety
studies of ABX in humans (65, 66), testing ABX in phase I/II
clinical trials to evaluate it as an EET agent for GDmight easily
be expedited.
The ABX concentrations that produced the highest GCase

enhancements in cell culture, 30 and 60 �M (12.4 and 24.8
�g/ml), are �15–150 times the human plasma concentrations
(0.15–0.8 �g/ml) derived from previous clinical pharmacoki-
netics studies (67, 68). However, ABX produced enhancement
of GCase activity in cells between 5 and 60 �M (Fig. 3A), which
suggests a wide therapeutic window when testing the drug in
phase I/II trials with GD patients. There is also very limited
information on tissue distribution of ABX available in humans.
However, a 25-fold accumulation in lungs compared with
plasma was shown to occur in patients and the “volume of dis-
tribution,” i.e. total ABX in the body/ABX blood concentration,
is high (560 liters) (69). Pharmacokinetics studies in rats have
shown that ABX is widely distributed in lung, liver, kidney, and
brain (62), i.e. after a 7.5 mg/kg intravenous infusion, ABX was
found at �70mg/g of lung tissue and �15mg/g of brain tissue.

Therefore, in humans the ABX concentration is most likely to
be much higher in tissues than in plasma. This property may
also be an advantage in the treatment of the neuronopathic
forms of GD, where crossing blood-brain barrier is critical.
However, the use of ABX as a central nervous system drug
remains controversial (70).
During the short 10 or 15 days of growth in ABX-containing

media, GC levels were significantly reduced in N370S/N370S
GD-1 lymphoblasts but were not normalized (Table 3). It is not
surprising that complete normalization did not occur given the
short treatment time and the fact that the enhanced GCase
activity only approached levels found in the GD carrier. Addi-
tionally, whereas a decrease in plasma GC levels is the most
widely used biomarker for validating the efficacy of various
therapies for GD, normalization of GC levels often was not
achieved even after 2 years of ERT or SRT (71, 72).
The observation that 10 or 15 days of continuous growth in

ABX-containing media reduced the GC level in GD-1 lympho-
blasts but that IFG treatment slightly increased their GC levels
may reflect the balance that must bemaintained in IFG-treated
cells, between enhancement of GCase folding in the ER and
inhibition of the enzyme in the lysosome. Continuous treat-
ment of cells with IFG may not allow such a balance to be
achieved. In contrast, because ABX ceases to be an inhibitor of
GCase below pH 4.5 (Figs. 2 and 8 and Tables 1 and 4), its
enhancement of GCase folding in the ER would not be coun-
terbalanced by its presence in the lysosome.
Comparison of the changes in the H/D-Ex rates of various

segments from the wild type GCase that occur upon binding of
candidate PCs demonstrated that all of the ligands herein
(ABX, FZN, and IFG (16)), as well as of two other small mole-
cules, identified by high throughput screening of a 50,000 com-
pound library (22), stabilize segments 243–249 (major) and
310–312 (minor) of the enzyme. Whereas all of these ligands
except FZNalso stabilized segment 386–400, FZNwas the only
ligand to stabilize segment 317–336 (Fig. 7A and supplemental
Table 1S).
The three-dimensional docking models, taking into account

the data from the present H/D-Ex studies (Fig. 9), predict that
both ABX and FZN interact with GCase not only by hydrogen
bonding, as is the case with IFG (44), but also hydrophobic and
�-� interactions. These additional interactionswith non-active
site residues could explain the mixed-type inhibition observed
for ABX and FZN.
In conclusion, this study has introduced a thermal dena-

turation assay as an alternative method for screening small
molecule libraries for candidate PCs. ABX, a drug with a long
history of use in humans, was identified as a potent stabilizer
of GCase and characterized as a pH-dependent, mixed inhib-
itor of the enzyme. This small molecule was shown to func-
tion as an EET agent for patient cell lines with two common
GCase mutations associated with GD-1 and GD-2/3. The
treatment of these lines resulted in increased levels of GCase
activity and protein in lysosomes and the reduction of GC
storage. These data indicate that ABX could be rapidly devel-
oped as an effective EET agent for GD, either as an alterna-
tive or an adjunct to ERT or SRT.
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