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ABSTRACT: Human lysosomal enzymes acid-f-glucosidase (GCase) and acid-a-galactosidase (o-Gal A)
hydrolyze the sphingolipids glucosyl- and globotriaosylceramide, respectively, and mutations in these
enzymes lead to the lipid metabolism disorders Gaucher and Fabry disease, respectively. We have investigated
the structure and stability of GCase and a-Gal A in a neutral-pH environment reflective of the endoplasmic
reticulum and an acidic-pH environment reflective of the lysosome. These details are important for the
development of pharmacological chaperone therapy for Gaucher and Fabry disease, in which small molecules
bind mutant enzymes in the ER to enable the mutant enzyme to meet quality control requirements
for lysosomal trafficking. We report crystal structures of apo GCase at pH 4.5, at pH 5.5, and in complex
with the pharmacological chaperone isofagomine (IFG) at pH 7.5. We also present thermostability analysis
of GCase at pH 7.4 and 5.2 using differential scanning calorimetry. We compare our results with analogous
experiments using a-Gal A and the chaperone 1-deoxygalactonijirimycin (DGJ), including the first structure
of a-Gal A with DGJ. Both GCase and a-Gal A are more stable at lysosomal pH with and without their
respective iminosugars bound, and notably, the stability of the GCase—IFG complex is pH sensitive. We show
that the conformations of the active site loops in GCase are sensitive to ligand binding but not pH, whereas
analogous galactose- or DGJ-dependent conformational changes in a-Gal A are not seen. Thermodynamic
parameters obtained from o-Gal A unfolding indicate two-state, van’t Hoff unfolding in the absence of the
iminosugar at neutral and lysosomal pH, and non-two-state unfolding in the presence of DGJ. Taken
together, these results provide insight into how GCase and a-Gal A are thermodynamically stabilized by
iminosugars and suggest strategies for the development of new pharmacological chaperones for lysosomal

storage disorders.

Glycoside hydrolases are involved in turnover of intracellular
substrates in an acidic environment [pH ~35.2 ()] of the lysosome.
These enzymes are synthesized and folded in the neutral-pH
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environment of the endoplasmic reticulum (ER),' exported to the
Golgi apparatus for sorting, and subsequently trafficked to
lysosomes. Inherited genetic mutations in specific glycoside
hydrolases result in enzyme deficiency in the lysosome and the
family of diseases called lysosomal storage disorders, including
Anderson-Fabry, Gaucher, Tay-Sachs, and Sandhoff diseases (2,
3). Many of the mutations associated with these diseases are
missense mutations that result in single-amino acid substitutions
remote from the active site of these enzymes, however. Such

! Abbreviations: GCase, acid-S-glucosidase; a-Gal A, acid-a-galacto-
sidase; IFG, isofagomine; DGJ, 1-deoxygalactonijirimycin; ER, endo-
plasmic reticulum; ERT, enzyme replacement therapy; FDA, Food and
Drug Administration; SRT, substrate reduction therapy; LSDs, lysoso-
mal storage disorders; TIM, triosephosphate isomerase; SSM, secondary
structure matching; DSC, differential scanning calorimetry; Ty, melting
temperature; AH,,, calorimetric enthalpy; AH,y, van’t Hoff enthalpy;
1Cs, half-inhibitory concentration; ERAF, ER-assisted folding; ERAD,
ER-associated degradation; LIMP-2, lysosomal integral membrane I1;
PDB, Protein Data Bank; rmsd, root-mean-square deviation.
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mutant enzymes retain at least partial catalytic activity in vitro
(4, 5) but exhibit impaired cellular trafficking (6—8). Only
correctly folded proteins in the ER are efficiently transported
to the Golgi apparatus and then to their intended cellular
destinations. Aberrantly folded molecules are recognized by the
ER quality control system and are either retained in this
compartment, sent out of the ER for proteolytic degradation
via the proteasome, or a combination thereof (9, 10). Thus,
pathophysiology in lysosomal storage disorders is not linked
directly to abolished intrinsic enzyme activity, but first to a defect
in protein stability, then to a defect in cellular trafficking, and
finally to reduced lysosomal hydrolase activity (6—8). The
mutant protein accumulates in either the ER, the Golgi, or
endocytic vesicles and is then targeted for degradation, and a
reduced level of active enzyme reaches the lysosome (7).

The current standard of care for individuals with lysosomal
storage diseases is enzyme replacement therapy (ERT) (11, 12),in
which an intravenous infusion of recombinant wild-type human
enzyme is internalized by affected cells via cell surface receptors
and delivered to lysosomes to break down accumulated substrate.
Another FDA-approved treatment approach for certain types of
Gaucher disease, called substrate reduction therapy (SRT),
utilizes a small molecule inhibitor of glycolipid synthesis to
reduce substrate production (13, /4). These treatments address
substrate accumulation but do not address the protein folding
defects and their potential contributions such as release of pro-
inflammatory cytokines (/5) that may play a role in the patho-
physiology of these diseases.

Pharmacological chaperones constitute a promising new treat-
ment strategy for diseases of protein misfolding and mistraffick-
ing, and compounds are currently being evaluated for lyososomal
storage disorders (LSDs) (3, 16—19), among others (20). In this
approach, a tailored small molecule inhibitor of a target lysoso-
mal enzyme binds to the protein during initial biosynthesis and
folding in the ER. Different competitive inhibitors are in devel-
opment as candidate chaperones for various LSDs (7, 21—33).
Although somewhat counterintuitive, enzyme inhibitors can
increase steady-state lysosomal levels of active enzymes by
enabling the mutant protein to meet quality control standards
in the ER and restore trafficking (34).

The mechanism by which pharmacological chaperones func-
tion is not known, but two scenarios can be envisioned. The
structure of a folded mutant enzyme that retains partial catalytic
activity is likely to be very similar to the native, wild-type
structure. Thus, pharmacological chaperones might bind to a
fully folded mutant protein target to stabilize a nativelike
conformation. Alternatively, mutations may affect the folding
pathway by stabilizing a non-native, less stable intermediate
state. In this case, the pharmacological chaperone may bind to a
non-native conformation and accelerate the transition to the
nativelike state. Once in the final subcellular destination and in
the presence of substrate, the inhibitor dissociates from the
mutant enzyme, and the enzyme can then perform its function.
Clinically, the dissociation of the inhibitor can be optimized
through the dosing regimen, which can be tailored to the cellular
lifetime of the enzyme of interest. For example, lysosomal
hydrolases have half-lives on the order of a few days (35).

In this paper, we have characterized the effects of pH and
pharmacological chaperone binding on the structure and ther-
mostability of acid-a-galactosidase (a-Gal A) and acid-S-gluco-
sidase (GCase), enzymes whose mutations lead to the lysosomal
storage disorders Anderson-Fabry (/2) and Gaucher disease
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(36, 37), respectively. Despite exhibiting a very low level of
sequence similarity, the three-dimensional structures of GCase
[EC 3.2.1.45, CaZY (38) glycoside hydrolase family 30, ~60 kDa
monomer] (23, 39) and a-Gal A (EC 3.2.1.22, CaZY glycoside
hydrolase family 27, ~50 kDa monomer) (40) (Figure 1) share a
TIM barrel [(0/f)g] motif in the catalytic domain and an
immunoglobulin fold in the same relative position (overall rmsd
for Co. atoms of ~4.5 A). In o-Gal A, the ~300 N-terminal
residues comprise the TIM barrel and the ~100 C-terminal
residues make up the predominantly -sheet-containing immu-
noglobulin-like domain (40) (Figure 1a). In the larger enzyme,
GCase, the connectivity between participating elements of sec-
ondary structure is different from that of a-Gal A. Each tertiary
structural element in GCase is composed of contributions from
disparate regions of the sequence, and the additional three-
stranded [-sheet brings together in space, and stabilizes, the N-
and C-terminal ends (39) (Figure 1b). Whereas a-Gal A is a dimer
(40—44), the oligomeric state of GCase has been shown to be a
monomer when isolated from normal spleens (45—47) but a
dimer when isolated from Gaucher patients (45, 47). Both
enzymes retain the stereochemistry of their respective substrate
and product, and the catalytic nucleophile and proton donor are
either two aspartate residues (a-Gal A) (40, 48) or two glutamate
residues (GCase) (4, 49). Finally, both enzymes are activated by
saposins. Globosyltriosylceramide, the substrate for o-Gal A
involved in Fabry disease, binds saposin B prior to presentation
to a-Gal A (50). Compared to globotriosylceramide, the sub-
strate for GCase, glucosylceramide, is considerably more hydro-
phobic, yet glucosylceramide is hydrolyzed by GCase directly
without the need for the activator. GCase activity is enhanced by
saposin C, however (51, 52).

Recently, we demonstrated that the potent iminosugar inhi-
bitor isofagomine (IFG) acts as a pharmacological chaperone by
improving protein trafficking for the N370S mutant GCase
enzyme, resulting in increased cellular GCase levels in patient-
derived fibroblasts (23). The structure of IFG-bound GCase at
pH 4.5 (Figure 1b, PDB entry 2NSX) revealed a substantial
rearrangement of one region (loop 1, residues 311—319) from an
extended loop to an a-helical conformation, at the mouth of the
active site. This induced fit has several important ramifications.
First, a new surface topology is created, including two hydro-
phobic grooves extending from the site of catalysis in the
triosephosphate isomerate (TIM) barrel domain. Second, these
hydrophobic surfaces are suitable for binding of the alkyl chains
of glucosylceramide. Third, Asn 370, located on the interior of
GCase on a stable helix and the most common mutation site that
causes type 1 Gaucher disease, plays a direct role in stabilizing the
configuration of loop 1 in the new conformation. Lastly, Tyr 313,
located on loop 1, both stabilizes loop 1 in the a-helical
conformation and alters its H-bonding pattern between the
proton donor and catalytic nucleophile in the active site. We
now extend our investigations to include a comparison of GCase
structures at different pHs to elucidate the details of the active site
loop conformations and stability conferred by inhibitor binding.
Interestingly, analogous studies of a-Gal A with the pharmaco-
logical chaperone deoxygalactonijirimycin (DGJ) (16, 22, 53—535)
do not reveal major conformational changes upon pH, inhibitor,
or product binding, suggesting that, unlike GCase, a-Gal A may
bind its subtrate like a “lock and key”. Taken together, our data
support the model of pharmacological chaperoning in which the
inhibitor binds to and stabilizes the nativelike state of the target
enzyme.
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FiGURE 1: Cartoon representation of (a) a-Gal A with DGJ (this work) and (b) GCase with IFG (PDB entry 2NSX). DGJ and IFG are pictured
as ball-and-stick diagrams, and their chemical structures are depicted below their respective cartoons. (c) Activity profile of a-Gal A as a function

of pH and (d) activity profile of GCase as a function of pH.

EXPERIMENTAL PROCEDURES

Crystallization, Data Collection, Structure Determina-
tion, and Refinement. We purchased lyophilized, recombinant
human acid-$-glucosidase (Cerezyme) and acid-a-galactosidase
(Fabrazyme, both Genzyme Corp.) from Brigham and Women'’s
Hospital pharmacy. We reconstituted Cerezyme and Fabrazyme
with phosphate-buffered saline (Sigma) to ~1 mg/mL and
partially deglycosylated the enzymes for 3 days using N-glyco-
sidase F (Glyko, Novato, CA) as described previously (39). The
deglycosylation step improves crystal quality but does not affect
protein structure (56). We determined crystal structures of IFG-
bound GCase at pH 7.5 (Cl1), apo GCase at pH 5.5 (C2), two
structures of apo GCase at pH 4.5 (C3 and C4), and apo a-Gal A
(L1), galactose-bound a-Gal A (L2), and DGJ-bound o-Gal A at
pH 7.5 (L3). A summary of conditions appears in Table 1.

GCase was crystallized by hanging drop vapor diffusion,
similar to methods reported previously, with some modification
described below. GCase crystals at pH 4.5 (C3) were grown by
hanging drop vapor diffusion using a cocktail containing 1 M
ammonium sulfate, 0.1 M acetate buffer (pH 4.5), 0.17 M
guanidinium hydrochloride, and 0.02 M KCI (39). The crystals
were then harvested in a solution of 0.1 M acetate buffer (pH 4.5)
and 1.8 M Li,SO, just prior to being flash-cooled in liquid
nitrogen. GCase crystals at pH 4.5 (C4) were obtained by soaking
C2 crystals, which were grown by vapor diffusion over a solution
containing 0.8 M NaH,PO,, 0.8 M KH,PO,, and 0.1 M citrate

buffer (pH 5.5), for 10 min in a solution containing 0.1 M acetate
buffer (pH 4.5) and 1.8 M Li,SO4. Both C2 and C3 crystals were
then flash-cooled in liquid nitrogen. The C1 crystals were
obtained by soaking GCase crystals grown at pH 7.5 (23) in
mother liquor containing 500 uM IFG for 10 min. C1 crystals
were cryoprotected with mother liquor and 20% glycerol.
a-Gal A was crystallized as described previously (40) with
some modifications. After deglycosylation, we exchanged a-Gal
A into 20 mM Tris (pH 7.5) using concentration devices with a
molecular mass cutoff of 10000 kDa (Millipore). Crystallization
trials were conducted with 10, 20, and 40 mg/mL deglycosylated
a-Gal A. Independent of the protein concentration, crystals grew
using hanging drop vapor diffusion from a cocktail containing
0.1 M acetate buffer (pH 4.5), 20—25% PEG 4000, and
0.15—0.22 M ammonium sulfate. Crystals appeared after 1 week
(40 mg/mL) or after 2 months (10 mg/mL) and ranged in size
from 0.05 mm x 0.05 mm x 0.1 mm (40 mg/mL) to 0.4 mm x
0.4 mm x | mm (10 or 20 mg/mL). Crystals were soaked for 1 h
with 200 uM DGJ (L3) in mother liquor or 0.1 M galactose (L2)
in mother liquor. Prior to cooling, crystals were transferred to a
solution containing mother liquor (no DGJ, no galactose)
supplemented with 30% ethylene glycol. Apo a-Gal A (L1)
crystals were flash-cooled after cryoprotection with paratone-n.
Crystallographic data were collected at the GM/CA-CAT (Cl,
C2, C4, and L1-L3) and Bio-CARS (C3) beamlines at the
Advanced Photon Source (Darien, IL) and processed with
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Table 1: Summary of Structures and Their Roles in This Investigation

crystal crystallization condition role in investigation PDB entry

Cl Na/KH,POy,, Hepes (pH 7.5) pH dependence of IFG binding on GCase structure 3GXF
soak: IFG
cryo: glycerol

C2 Na/KH,PO,, citrate buffer (pH 5.5) apo GCase structure at high limit of 3GXI
cryo: Li;SO4 lysosomal pH

C3 (NHy)2(SOy), acetate buffer (pH 4.5), guanidinium apo GCase structure at low limit of 3GXM
hydrochloride, KCl lysosomal pH and effect of crystallization cocktail (compare to C4)
cryo: LirSOy4

C4 same as C2 apo structure at low limit of lysosomal pH and 3GXD
soak: acetate buffer (pH 4.5) effect of crystallization cocktail (compare to C3)
cryo: Li;SOy

L1 acetate buffer (pH 4.5), PEG 4000, ammonium sulfate apo a-Gal A, lysosomal pH 3GXN
cryo: paratone-n

L2 acetate buffer (pH 4.5), PEG 4000, ammonium sulfate galactose-bound a-Gal A, lysosomal pH 3GXP
soak: galactose
cryo: ethylene glycol

L3 acetate buffer (pH 4.5), PEG 4000, ammonium sulfate DGlJ-bound a-Gal A, lysosomal pH 3GXT
soak: DGJ

cryo: ethylene glycol

XDS (57) (L3) or HKL2000 (58) (C1—C4, L1, and L2). The
structures of GCase were determined by rigid body refinement in
Refmac5 (59) using a protein model derived from PDB entry
2NTO after deletion of loop 1 (residues 312—319) and loop 2
(residues 342—350) from all four copies in the asymmetric unit, as
well as all N-linked carbohydrates, phosphate anions, and
waters. The structures of o-Gal A were determined by molecular
replacement with Molrep (59) using a monomeric search model
derived from PDB entry 1R46 (40). We fit the atomic models
into their respective electron density maps using Coot (60) and
refined them using Refmac5 (59). We used medium noncrystallo-
graphic symmetry restraints for o-Gal A structures, generated
topology and geometry restraints for [IFG and DGJ using PRO-
DRG2 (61), and identified bound water molecules using
Coot (60). The percentage of residues in the most favored and
additional allowed regions of the Ramachandran plot is 99.4—
100% for all data sets, and crystallographic statistics are listed in
Table 2. The Secondary Structure Matching (SSM) algo-
rithm (62) from Coot was used for superposition, and figures
were generated using Pymol (DeLano Scientific, San Carlo, CA).

Differential Scanning Calorimetry (DSC). Scanning
calorimetric experiments were performed with a VP-DSC (Mi-
crocal Inc., Northampton, MA) microcalorimeter. Samples of
lyophilized a-Gal A (Fabrazyme) and GCase (Cerezyme) were
reconstituted in the appropriate buffer and dialyzed for 6—16 h
using a Slide-a-lyzer (Pierce, 10000 kDa molecular mass cutoff)
and degassed prior to the experiment. For a-Gal A (~50 uM),
thermal denaturation curves were measured at pH 7.5 using
phosphate-buffered saline (10 mM phosphate, 0.0027 M KClI,
and 0.138 M NacCl) (Sigma) and at pH 5.2 using 10 mM acetate,
0.0027 M KCl, and 0.138 M NaCl. Buffers used for GCase
(~25 uM) included 30 mM phosphate and 0.15 M NaCl (pH 7.5)
or 30 mM acetate and 0.15 M NaCl (pH 5.15). For inhibitor
studies, GCase or a-Gal A was incubated with 0.05—2.5 mM
IFG or 0.05-3.8 mM DGJ at room temperature, respec-
tively. All samples were prepared and measured in duplicate or
triplicate.

To study the concentration dependence of the melting tem-
perature, we recorded DSC thermograms at 47.5 and 8.6 uM for
a-Gal A and 25, 9.6, or 14 uM for GCase. We observed no

concentration-dependent change in melting temperature (7,,) for
either apo a-Gal A or apo GCase (data not shown), suggesting
that neither protein undergoes a classic dissociation mechanism
upon unfolding under the experimental conditions. Thermal
denaturation curves for for GCase were irreversible due to
precipitation at high temperatures and could not be analyzed
using equilibrium thermodynamics. To determine conditions for
microscopic reversibility of unfolding for a-Gal A, we analyzed
the scan rate dependence of the thermograms. We saw no
difference between melting temperatures obtained by scans
measured with rates of 1 and 1.5 °C/min, and all subsequent
scans were measured at a rate of 1 °C/min. Thus, we were able to
apply equilibrium thermodynamics analysis to the a-Gal A
system.

DSC data were analyzed with Microcal Origin 7. Scans were
first corrected by subtracting the sample trace from that of the
buffer alone, and the concentrations were normalized (63). In the
case of GCase, severe aggregation upon melting precluded
further fitting to a thermodynamic model. As a measure of
protein stability, our analysis is limited to differences in the 7}, of
the normalized data. For a-Gal A, data were fit to a non-two-
state model, which provides the calorimetric (AH.,) and
van’t Hoff (AH,y) enthalpies. AH, is the measured enthalpy
during protein unfolding, whereas AH,y is the theoretical
enthalphy of the transition assuming a two-state model. The
cooperativity unit is defined by the ratio AH.,)/AH,y. Sturtevant
analysis was conducted as described previously (64—66).

Enzyme Activity Assays. The results of enzyme activity
assays were kindly provided by Amicus Therapeutics. In brief,
enzymatic activities of a-Gal A or GCase [50 ng prepared
in 0.1 M citrate and 0.2 M phosphate buffer (pH 5.2) containing
0.1% Triton X-100 and 0.25% sodium taurocholate] were
determined by incubating the enzymes in the presence of 3 mM
4-methylumbelliferyl-a-p-galactopyranoside or 4-methylumbel-
liferyl-5-p-glucopyranoside, respectively, in reaction buffer
(50 mM sodium phosphate and 150 mM sodium chloride)
adjusted to pH 4.4—8.2. After incubation at 37 °C for 1 h, the
reactions were stopped by the addition of an equal volume of 0.5
M sodium carbonate (pH 10.8). The fluorescence of liberated
substrate was read on a plate reader (excitation at 355 nm,
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emission at 460 nm), and a-Gal A or GCase activity was plotted
as a function of pH.

RESULTS

Enzyme Activity Profile. The enzyme activities of a-Gal A
and GCase were measured in the pH range of 4.5—8.2. Consistent
with their lysosomal function, a-Gal A and GCase exhibit pH
sensitive enzyme activity (Figure 1c,d). Activity profiles of GCase
and a-Gal A indicate that maximal activity is observed at a
lysosomal pH of < 6, and most enzyme activity is abolished at the
neutral pH of the endoplasmic reticulum (pH 7.4). These results
for recombinant enzymes are consistent with previous activity
studies of a-Gal A (67) and GCase (68) isolated and purified from
human placenta and spleen, respectively, and correlate with
thermostability (see below).

Structural Comparisons. (i) GCase. Previously, we ob-
served variability in the active site region of independent mono-
mers in the asymmetric unit of apo GCase at pH 7.5 (PDB entry
2NTI1) (23). Specifically, loop 1 was found in an o-helical
conformation in two of the four crystallographic monomers in
the asymmetric unit, and extended in the remaining two mono-
mers. Because these conformations were seen in the absence of
ligand, we suggested that the two conformations of loop
1 trapped crystallographically are sampled upon folding in the
ER (23). In our previous study, we presumed that the pH
4.5 glycerol-bound (23) or sulfate-bound (39) GCase structures
grown from ammonium sulfate were identical to that of apo
GCase, because only one conformation, that in which loop 1
is in an extended conformation, had been observed in those
structures.

To systematically examine the effects of pH and crystallization
cocktail on these observed loop conformations and to address the
conformational variability of the active site loops with pH and
inhibitor binding, we determined the crystal structures of IFG-
bound GCase at pH 7.5 (Cl1) cryoprotected with glycerol and apo
GCase at pH 5.5 (C2) and pH 4.5 [C3 and C4 (Tables 1 and 2)].
All apo structures were flash-cooled in 1.8 M Li,SO, and buffer,

Biochemistry, Vol. 48, No. 22, 2009 4821

omitting glycerol and ethylene glycol that are typically used as
cryoprotectants and could bind in the active site. C3 and C4
differ in the method used for crystallization. C3 was grown
from ammonium sulfate and frozen with Li,SO, directly,
whereas C4 was obtained by taking crystals grown from
phosphate salts at pH 5.5 and soaking them in a suitable
solution at pH 4.5 prior to cryoprotection. A comparison of
C3 and C4 therefore enables the identification of any effects of
crystallization cocktail at pH 4.5. C2 and C4 bracket the
reported lysosomal pH range of 4.7—5.5 (1).

The three apo GCase structures are nearly identical (rmsd
of ~0.45 A over all pairs of crystallographically observed mono-
mers), each with the same two o-helical and two extended loop 1
conformations observed among the four independent monomers
in the crystallographic asymmetric unit. These apo structures are
also nearly indistinguishable from 2NT1. In comparison to the
rest of the enzyme, the loop 1 and loop 2 regions have the highest
thermal B-factors (Figure 2a). We observed a correlation between
interpretable, yet comparatively poor, 2F, — F. electron density
for the extended conformation for loop 1 paired with excellent
electron density for loop 2, and vice versa. Thus, there appears to
be no crystallization cocktail or pH bias for these loop conforma-
tions (Figure 2b). Given that the structures are determined to
similar resolution limits, the high thermal factors of loops 1 and 2
suggest that in the low-pH environment observed in the lysosome,
these loops are likely to be sampling several conformations. Thus,
for the GCase polypeptide alone, the full active site, which
comprises the catalytic center and hydrophobic subsites created
by loops 1 and 2, does not appear to be preorganized for substrate
binding. The native catalytic environment of GCase, which
involves proximity to the lysosomal membrane and binding to
saposin C in a poorly understood fashion (69), may also influence
the conformation of the GCase active site.

The overall structure of IFG-bound GCase at pH 7.5 (C1) is
similar to our previously determined structures of IFG-bound
GCase at pH 4.5 [PDB entry 2NSX, rmsd of 0.19 A (Figure 3a)]
and of apo GCase in the o-helical conformation [PDB entry
2NT1, rmsd of 0.38 A (Figure 3b)] (23). Like for 2NSX, IFG is

FiGURE 2: Structures of apo GCase grown under different conditions. Overlay of two monomers in the asymmetric unit exhibiting distinct loop 1
structures (a-helical or extended). (A) C2 at pH 5.5, C3 at pH 4.5, and C4 at pH 4.5 (soaked). Ribbon diagrams are colored using a rainbow
corresponding to an increasing thermal factor from blue (low B-factor) to red (high B-factor). (B) Superposition of structures in panel A in the loop
1, loop 2 region. Red for a-helical loop 1 and blue for extended loop 1 conformation.
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at 3o0. (D) Schematic diagram of hydrogen bonding interactions involved in stabilizing IFG in the active site of C1. Distances are in angstroms.
(E) Active site stereoview of the glycerol-bound monomer of C1 superimposed with the corresponding monomer from apo form GCase at pH 7.5
(2NT1). (F) Active site stereoview of the IFG-bound monomer of C1 superimposed with the corresponding monomer from apo GCase at pH 7.5
(2NT1). For panels e and f, the bound ligand, nucleophilic (Glu 340) and basic (Glu 235) residues, and two key loop 1 residues (Tyr 313 and Asp

315) are shown in ball-and-stick representation.

bound in C1 in two of the four monomers in the asymmetric unit,
and glycerol is found in the remaining two monomers. The
catalytic centers of 2NSX and C1 (Figure 3c) are nearly indis-
tinguishable: the active site residues are locked into the same
conformation, and IFG is held in place by the same interacting
residues at comparable distances (Figure 3d). This result suggests
that the protonation states of acidic active site residues
are unchanged, and it is consistent with (a) the pK, of 8.4 for
IFG (70) and (b) the low pK, of the catalytic acid—base residues.
Alternatively, the protonation state of IFG may not alter the
structure of GCase.

Surprisingly, IFG binds to the monomers in the asymmetric
unit where loop 1 is observed in the extended conformation for
apo GCase (comparison here is to the apo structures C2—C4 and
2NT1), resulting in a rearrangement to the o-helical conforma-
tion, and glycerol is found in the active site of the remaining
monomers where loop 1 is unwound (Figure 3e.f). Glycerol and
IFG bind in the active site and appear to induce GCase into a
particular conformation, but only IFG can thermally stabilize
GCase (see below) and is a pharmacological chaperone. It would
seem that the particular induced fit of IFG-bound GCase is
the substrate-ready conformation of GCase, and this configura-
tion is important for pharmacological chaperoning of GCase.
However, given that the oligomeric state of GCase in vivo is
not fully understood (43, 46, 68), further experiments will be
required to rule out the possibility that GCase exists as a
cooperative dimer in which the conformation of loop 1 in one
monomer is coordinated with that of the second monomer. For
example, IFG binding in the active site of one GCase monomer
may induce the unwinding of loop 1 in the second GCase
monomer, which in turn enables glycerol to bind in the active

site, or vice versa. The lifetime of the conformational change
induced by IFG after exchange for substrate in vivo remains an
open question as well.

(ii) o-Gal A. To elucidate pH-dependent features of a-Gal
A, we determined structures of apo (3.0 A resolution), galactose-
soaked (2.2 A resolution), and DGJ-soaked (2.7 A resolution)
a-Gal A derived from a Chinese hamster ovary cell line (77) at pH
4.5. The asymmetric unit contains one a-Gal A dimer, and
although we subjected our protein samples to deglycosylation
with N-glycosidase F, numerous carbohydrate linkages are
visible in the crystal structures. This is the first report of DGJ-
bound o-Gal A, and we compared our structures with previously
determined structures of fully glycosylated a-Gal A derived from
a human cell line complexed with ethylene glycol and galactose at
pH 7.5 (PDB entries 1R46 and 1R47, respectively) (40). The
three-dimensional structures of o-Gal A complexed with the
hydrolysis product, galactose, or the product analogue inhibitor
DGJ show no polypeptide backbone or active site changes
compared to apo a-Gal A (Figure 4a, rmsd for Ca atoms
of ~0.4 A) but we observe considerably higher B-factors for
the lowest-resolution apo structure compared to DGJ- or galac-
tose-bound a-Gal A. Similarly, the three-dimensional structure
of the protein does not change as a function of pH, presumably
because the disulfide bonds at the mouth of the active site and
elsewhere in the protein preclude such a dramatic rearrangement.
Galactose and DGJ bind in the a-Gal A active site with similar
distorted chair conformations (Figure 4b,c), with the methoxy
arm of DGJ (Figure 1a) stabilized through interactions with
Asp 93. Extensive hydrogen bonding and electrostatic interac-
tions are observed to stabilize these ligands in the a-Gal A active
site, but the 2.7 A resolution limit of the structure of DGJ-bound
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FiGURE 4: a-Gal A structures. (A) Superposition of apo o-Gal A
(beige), galactose-bound a-Gal A (silver), and DGJ-bound a-Gal A
(purple). (B) Active site region of DGJ-bound a-Gal A. F, — F,
difference density immediately following original molecular replace-
ment solution contoured at 2.50. (C) Active site region of galactose-
bound o-Gal A. F, — F, difference density immediately following
original molecular replacement solution at 30. (D) Schematic dia-
gram of hydrogen bonding interactions involved in stabilizing ga-
lactose in the active site of DGJ. Distances are in angstroms.

a-Gal A precludes precise measurement of H-bonding distances
for the chaperone. The galactose-bound structure is the only
a-Gal A structure in which significant numbers of water mole-
cules are visible, and because of its higher resolution (2.2 A), we
can report hydrogen bonding distances (Figure 4d). The higher
resolution of the galactose-bound complex was enabled by the
large size of the crystal. In addition, a strong peak in the
difference (F, — F) electron density map is found at the dimer
interface. This peak was modeled as a Tris molecule, presumably
from the protein buffer. The functional significance of a bound
ligand in this interface is currently unknown but could be
important for the design of pharmacological chaperones that
bind to regions remote from the active site of a-Gal A and
stabilize the functional dimer (see below). Notably, like IFG-
bound GCase but not apo or glycerol-bound GCase, a tyrosine
residue, Tyr 207, is H-bonded with a 2.6 A distance to the o-Gal
A nucleophile Asp 170. Thus, in contrast to GCase, apo o-Gal A
appears preorganized for catalysis, and its apo structure likely
represents the active conformation. This prearrangement is
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consistent with the broad range of a-galactose-containing sub-
strates that can be hydrolyzed by a-Gal A (72).

Stability Comparisons. To study the stability conferred by
pharmacological chaperones on GCase and a-Gal A, we used
differential scanning calorimetry (DSC). We recorded denatura-
tion thermograms for GCase and a-Gal A at pH 5.2 and 7.4 in
the presence and absence of their respective pharmacological
chaperones (Figure 5).

(i) GCase. GCase precipitates immediately after the fold-
ing—unfolding transition has occurred, which is observed by the
heat capacity falloff in DSC (Figure 5a). Thus, we cannot extract
thermodynamic parameters from these data and are limited to
comparing relative melting temperatures and shapes of the
melting curves. A modest increase in the melting temperature
() of GCase is observed for the acidic-pH environment when
compared to neutral pH [49.3 °C at pH 7.4 vs 51.7 °C at pH 5.2
(Figure 5a and Table 3A)]. A broad transition is observed for apo
GCase at both pH values (Figure 5a), indicating low coopera-
tivity and possibly a population of intermediate states during
unfolding. One hypothesis for explaining this behavior is that the
domains of GCase are not composed of distinct regions of the
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Table 3: Summary of Melting Temperatures from Differential Scanning
Calorimetry of (A) GCase with and without IFG at pH 7.4 and 5.15 and (B)
o-Gal A with and without DGJ at pH 7.4 and 5.2

T, (°C)

(A) GCase
pH 7.4 GCase 49.3
GCase with IFG 58.0
pH 5.2 GCase S1.7
GCase with IFG 554

(B) o-Gal A
pH 74 o-Gal A 43.0
o-Gal A with DGJ 60.6
pH 5.2 o-Gal A 60.2
o-Gal A with DGJ 73.5

Table 4: Thermodynamic Parameters for Thermal Denaturation of o-Gal
A with and without DGJ at pH 7.4 and 5.2

AHC:II AHVH
(x10° cal) (x10°cal) »*(x10% fit analysis

pH 7.4 GLA 1.18 1.16 1.9 two-state
GLA with DGJ 2.11 0.91 2.1 non-two-state

pH 52 GLA 141 1.31 0.33  two-state
GLA with DGJ 2.12 1.32 1.47 non-two-state

amino acid chain (see above), and thus, the unfolding pathway
may involve many intermediate conformational variations.

In the presence of a slight molar excess of IFG, the melting
temperature of GCase measured by DSC increases reproducibly
to 58 °C at pH 7.4 and to 55.4 °C at pH 5.2 (Figure 5a and
Table 3A). Thus, the binding of IFG to GCase confers more
stability to GCase at a neutral pH reflective of the ER than at a
pH of the lysosome. Presumably, this effect is dictated by the
nanomolar binding affinity of IFG (23). In addition, binding of
IFG to GCase sharpens the folding—unfolding transition of the
denaturation curves, suggesting a more cooperative unfolding
transition when IFG is bound. It is likely that IFG binding to the
TIM barrel of GCase reduces its conformational flexibility,
leading to increased thermostability and cooperativity of unfold-
ing.

(ii) a-Gal A. a-Gal A undergoes thermal unfolding without
aggregation (Figure 5b), and we conducted the a-Gal A unfold-
ing experiments under conditions of microscopic reversibility (see
Experimental Procedures). The stability of apo a-Gal A exhibits
considerable pH sensitivity: the T}, s 48 °C at pH 7.4 and 60.2 °C
at pH 5.2 (Table 3B). Thermal unfolding of apo a-Gal A at both
pH values is accompanied by an enthalpy of ~100 kcal/mol per
dimer that is fit well to a two-state model (Table 4). These results
suggest that dissociation of the dimer and unfolding of each
monomer occur simultaneously (73), and hence, the folded
monomer is not stable. The lack of concentration dependence
on Ty, further supports the model in which no dissociation of the
dimer occurs prior to unfolding.

The addition of DGJ to a-Gal A at both pH values increases
the T, ~13 °C, to 60.6 °C at pH 7.4 and to 73.5 °C at pH 5.2
(Table 3B). In contrast to the case for GCase with IFG, the
increase in stability of o-Gal A with DGJ bound is approximately
the same at low and high pH. The calorimetric enthalpy of
unfolding of a-Gal A in the presence of DGJ is ~200 kcal/mol
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per dimer, which corresponds to twice the calculated van’t Hoff
(two-state) enthalpy (Table 4). van’t Hoff analysis suggests that
ligand binding in this case results in a non-two-state unfolding
transition with lower cooperativity. One possibility is that ligand
binding leads to the preferential stabilization of the TIM barrel
domain where binding takes place. Specifically, the TIM barrel,
stabilized by the binding of DGJ, and f-barrel domains within
each a-Gal A monomer unfold independently but at the same
temperature. Two lines of evidence support this interdomain
cooperativity for unfolding of a-Gal A with DGJ. First, the half-
inhibitory concentration (ICs) is in the nanomolar range for the
inhibition of a-Gal A by DGJ (54), and we have shown that DGJ
binds in the active site, located in the TIM barrel. With a slight
excess of DGJ, all available active sites are expected to be
saturated with inhibitor, and no other binding sites have been
identified for DGJ on a-Gal A. Second, Sturtevant plot analysis,
which uses the slope of the plot of 1/7T}, and In[ligand] to
determine the number of bound ligands per molecule, indicates
1.7 DGJ molecules, or close to 2, are bound per dimer for a-Gal
A. This analysis uses the slope of the plot of 1/T;, and In[ligand]
to determine the number of bound ligands per molecule. No
plateau is expected in a plot of Ty, versus ligand concentration if
the ligand binds only to the folded state of the enzyme. This
behavior is well-documented and a result of the interplay between
temperature-dependent (a) equilibrium between the folded and
unfolded protein conformations, (b) the binding constant of the
ligand for the folded enzyme, and (c) unfolding coupled to ligand
dissociation (64—066).

DISCUSSION

In the ER, numerous protein chaperones aid the folding of a
nascent polypeptide, influence the timing of folding, or recognize
features or flaws of the newly folded protein, such as the extent of
glycosylation or disulfide bond formation (9, 10, 74). These quality
control systems are highly redundant and have evolved to prevent
proteins compromised in any way from continuing on the path to
maturation. Primary quality control in the ER is thought to be
governed by certain biophysical properties of the folded protein,
namely, reduced thermal stability as detected by incorrectly
exposed hydrophobic patches or mobile loops. Proteins recog-
nized as misfolded can be refolded and recovered by the ER-
assisted folding (ERAF) pathway or degraded by the ER-asso-
ciated degradation (ERAD) pathway (75). Conditions that desta-
bilize proteins, such as missense mutations or changes in pH, can
shift the fate toward ERAD and reduce the degree of ER export.
Because the newly folded protein is not tested for partial function,
many mutant proteins, which exhibit properties different from
those of the wild-type protein, do not have the opportunity to
perform their cellular function before they are degraded. The lack
of activity due to ER degradation often leads to disease states, such
as those described here for Gaucher and Fabry disease.

Conversely, conditions that stabilize proteins, such as the
presence of pharmacological chaperones, osmolytes, or a reduced
temperature of cell growth, can increase the fraction of newly
folded enzyme capable of ER export. The goal of pharmacolo-
gical chaperones is to bind specifically to a partially active mutant
enzyme target to pass detection by ER quality control machinery
and promote proper cellular trafficking. There are several ways
that a pharmacological chaperone may help trafficked proteins,
both wild-type and mutant, pass the ER quality control system
and reach their correct destinations. The chaperone may (1)
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interact while the protein is folding and decrease the amount of
time it takes to fold, thereby reducing the chance that it will be
recognized as unfolded; (2) bind once the protein is fully folded
and stabilize it so that it is less likely to unfold or to be recognized
as misfolded; (3) stabilize the protein and promote normal post-
translational modification (e.g., glycosylation) and processing
within the ER lumen; (4) stabilize the protein in environments
that would otherwise promote unfolding or degradation such as
the low pH of the endosome and lysosome or the protease-rich
environment of the lysosome; (5) induce or stabilize a conforma-
tion that promotes interaction with a binding partner required for
proper trafficking; or (6) use all or some combination of the
above.

For Gaucher and Fabry disease specifically, understanding the
structural properties of GCase and a-Gal A in the neutral-pH
environment of the ER to the lower-pH environment of the
lysosome provides valuable insight. We hypothesized that DGJ
and IFG promote export from the ER at least in part by
stabilizing these enzymes in the neutral-pH environment of the
ER. Since a-Gal A and GCase have little catalytic activity at
neutral pH (Figure 1c,d), it was not clear if the active site of these
enzymes was preserved. In this study, we used X-ray crystal-
lography to explain how the structures of GCase and a-Gal A
respond to pH changes and ligand binding. The organic solvents
and other components of the crystallization mother liquor for
GCase have no effect on the behavior of loop 1, providing further
evidence that the induced conformation with IFG is functionally
relevant. The a-helical conformation in loop 1 is present at low
and neutral pH but unwinds in the presence of glycerol, which is
known not to be an effective stabilizer even though it binds to the
catalytic center. By contrast, induction of a specific conformation
is not a feature of the action of DGJ as a chaperone for o-Gal A;
therefore, we have shown that conformational changes are not a
necessary feature of an effective chaperone. We also used
differential scanning calorimetry to show that pharmacological
chaperones enhance the stability of GCase and a-Gal A. Both
GCase and o-Gal A are more stable at low pH where they are
most active, and the addition of the respective iminosugar
increases the stability of both enzymes at neutral pH. However,
the stability conferred to GCase by IFG is greater at neutral pH
than acidic at pH, an effect not observed for the DGJ—a-Gal A
complex. Notably, although several studies have addressed
GCase stability with pharmacological chaperones by circular
dichroism (28, 30) or fluorescence (6), these techniques do not
provide insight into the unfolding pathway. To the best of our
knowledge, this thermodynamic stability analysis is the first such
study of o-Gal A. Our experiments were performed with
recombinant wild-type human GCase and o-Gal A, but similar
binding events and protein stabilization likely occur for missense
mutant versions of these lysosomal enzymes that retain catalytic
activity in vitro. We (23) and other researchers (6, 29, 30, 76) have
shown that small molecule inhibitors, including IFG, improve the
export of GCase from the ER and increase lysosomal levels of
both wild-type and mutant GCase in patient-derived cell lines.
From a clinical standpoint, our results are directly applicable to
dual therapy involving (wild-type) enzyme replacement therapy
with pharmacological chaperones. This approach may improve
the efficacy of enzyme replacement therapy by increasing the
stability and lifetime of recombinant GCase in Gaucher patients.

In summary, we have shown that the biophysical properties of
GCase and a-Gal A are consistent with their known function in
the low-pH environment of the lysosome, and these properties
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may be useful for the development of new pharmacological
chaperones. With the knowledge that an increase in stability,
but not necessarily induction of a particular conformational
change, may be key for an effective chaperone, it should now be
possible to design a pharmacological chaperone remote from the
active site or at a dimer interface. A remote binder would confer
stability to the mutant enzyme and enable proper trafficking and
would eliminate competition with the substrate for the active site
once in the lysosome. High-throughput screening has identified
compounds that enhance GCase activity yet are unlikely to bind
in the active site (77). The binding sites for these compounds are
not known, but some non-active site hot spots for ligand binding
on GCase have been identified recently experimentally and by in
silico methods (78). Lastly, it is not known whether a-Gal A
dimerizes or interacts with other proteins to facilitate export from
the ER. Although crystallographic studies did not reveal a change
in o-Gal A conformation upon binding of DGJ, complex folding
pathways are known for dimeric proteins (79). For GCase, new
evidence implicates the lysosomal integral membrane II (LIMP-
2) as its lysosomal trafficking partner (72), although this traffick-
ing mechanism may be tissue-specific (80). Successful export of
GCase from the ER is likely conditional on the binding of LIMP-
2 to GCase, which may depend on the specific conformation of
GCase and its stability. We are currently investigating these
possibilities.
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