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Gaucher disease is caused by mutations in the enzyme acid
�-glucosidase (GCase), the most common of which is the sub-
stitution of serine for asparagine at residue 370 (N370S). To
characterize the nature of this mutation, we expressed human
N370S GCase in insect cells and compared the x-ray structure
and biochemical properties of the purified protein with that of
the recombinant human GCase (imiglucerase, Cerezyme�).
The x-ray structure of N370S mutant acid �-glucosidase at
acidic and neutral pH values indicates that the overall folding
of the N370S mutant is identical to that of recombinant
GCase. Subtle differences were observed in the conformation
of a flexible loop at the active site and in the hydrogen bonding
ability of aromatic residues on this loop with residue 370 and
the catalytic residues Glu-235 and Glu-340. Circular dichroism
spectroscopy showed a pH-dependent change in the environ-
ment of tryptophan residues in imiglucerase that is absent in
N370S GCase. The mutant protein was catalytically deficient
with reduced Vmax and increased Km values for the substrate
p-nitrophenyl-�-D-glucopyranoside and reduced sensitivity to
competitive inhibitors. N370S GCase was more stable to ther-
mal denaturation and had an increased lysosomal half-life
compared with imiglucerase following uptake into macro-
phages. The competitive inhibitor N-(n-nonyl)deoxynojirimy-
cin increased lysosomal levels of both N370S and imiglucerase
2–3-fold by reducing lysosomal degradation. Overall, these
data indicate that the N370S mutation results in a normally
folded but less flexible protein with reduced catalytic activity
compared with imiglucerase.

Gaucher disease is a rare autosomal recessive genetic disor-
der caused by mutations in the GBA gene leading to a defi-
ciency of the lysosomal enzyme acid �-glucosidase, EC
3.2.1.45 (GCase).2 Deficiency of the enzyme leads to accumu-
lation of the glycolipid glucosylceramide in the macrophages

of the reticuloendothelial system (1, 2). Although over 200
mutations have been identified in the GBA gene leading to
Gaucher disease, a few common mutations predominate, the
most prevalent being a missense mutation resulting in the
substitution of a serine for asparagine at amino acid residue
370 (N370S) (3). Patients homozygous for the N370S muta-
tion have an attenuated form of Gaucher disease with residual
enzyme activities 10–15% of normal in in vitro assays (4, 5).
How in vitro activity relates to in vivo activity is not clear as
GCase can be activated by the protein saposin C (6, 7) as well
as a variety of phospholipids (8, 9) and detergents (10). The
extent of activation by these compounds differs significantly
depending on the assay conditions chosen (2). The variety of
assay conditions used as well as the use of either partially pu-
rified enzyme preparations or cell extracts has led to conflict-
ing reports to the effect of the N370S mutation on the bio-
chemical and structural properties of GCase. Studies have
demonstrated both normal (11) and altered activation by
phospholipids and/or saposin (12, 13), normal (11, 12, 14) and
reduced (15) stability, as well as normal (13, 16) and altered
post-translational processing (17, 18). Studies on recombi-
nantly expressed forms of N370S GCase, however, indicate
that this mutation results in a stable but catalytically deficient
enzyme. Ohashi et al. (12) found that cells transfected with
the N370S mutant cDNA had comparable RNA and protein
levels to cells transfected with wild type cDNA, and glycosyla-
tion and processing were also comparable with the wild type
enzyme. In that study, the specific activity was 5% of normal,
and the enzyme had a 15-fold higher Km value for the sub-
strate 4-methylumbelliferyl-�-D-glucoside and a 7.8-fold
higher IC50 for the inhibitor conduritol B epoxide. Stability
toward heat denaturation was also normal compared with
both wild type GCase expressed in NIH 3T3 cells and purified
placental enzyme (12). In a similar study, Grace et al. (4, 5)
expressed the N370S GCase mutant in Sf9 insect cells and
found the N370S mutant protein to have a specific activity
10–20% of normal, a higher IC50 value for inhibitors, normal
processing, and thermal stability. These studies concluded
that the N370S mutant is stable but catalytically defective.
Additional studies on recombinant N370S GCase have dem-
onstrated reduced enzymatic activity, normal stability, and
normal binding to LIMP-2, the protein responsible for trans-
porting GCase to the lysosome (5, 11, 12, 19). These results
support earlier investigations on patient fibroblasts and puri-
fied enzyme from type 1 Gaucher patients, which demon-
strated normal processing and stability but decreased activity.
However, it should be noted that these studies were con-

□S The on-line version of this article (available at http://www.jbc.org) con-
tains supplemental Fig. 1.
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ducted prior to the sequencing of the GBA gene, and it is not
known whether the patients were homozygous for the N370S
mutation (6).
Recently, it has been proposed that the N370S mutation

gives rise to an unstable protein that, although catalytically
competent, is misfolded at neutral pH, accumulates, and/or is
degraded in the endoplasmic reticulum before it can be trans-
ported to the lysosome (20). This is based on the observation
that binding of competitive inhibitors can stabilize both nor-
mal and N370S GCase against thermal denaturation and in
cell culture lead to an increase in lysosomal levels of the en-
zymes. This has resulted in the development of several com-
petitive inhibitors as “chemical chaperones” with the goal of
promoting folding of the mutant protein in the ER and facili-
tating transport to the lysosome where, under lysosomal pH
conditions, the inhibitor dissociates and the enzyme regains
activity (17, 18, 21–23).
Although the crystal structure of recombinant human

GCase has been solved by several investigators under a variety
of conditions, these three-dimensional structures do not pro-
vide insight into the biochemical or structural defect caused
by the N370S mutation (11, 24–30). The N370S mutation site
is located in the catalytic domain of the enzyme, but it is re-
mote from the active site lying at the interface of domains II
and III and is not directly involved in the catalytic activity. It
is also not clear given this location why the N370S mutation
would result in an unstable protein (25).
To resolve the conflicting reports regarding the nature of

the N370S GCase mutation and its effect on activity and sta-
bility, we have expressed the N370S mutant in insect cells and
solved the x-ray structure of the mutant at acidic and neutral
pH values. To confirm the observations made from the x-ray
structure, we also compared the intracellular stability and
biophysical properties of the mutant and wild type enzyme
(imiglucerase).

EXPERIMENTAL PROCEDURES

Biochemical Characterization of N370S GCaseMutant—
N370S GCase was produced in a baculovirus expression sys-
tem, purified, and characterized as described previously (21).
To measure the Km and Vmax values, �2 �g ml�1 of enzyme
was incubated with 0.2, 0.4, 0.6, 1, 2, 4, 6, and 8 mM p-nitro-
phenyl-�-D-glucopyranoside (Sigma) in 0.1 M potassium
phosphate, 0.1% BSA, 0.125% sodium taurocholate, 0.162%
Triton X-100, 0.02% sodium azide, pH 5.9, at 37 °C for 15
min. The reaction was stopped with 0.5 M glycine, pH 10.5,
and the absorbance of the p-nitrophenol product was
measured at 400 nm (�400 � 18.3 mM�1 cm�1) using a
SpectraMax� plate reader with SOFTmax� PRO software
version 3.1.2 (Molecular Devices, Sunnyvale, CA). Data were
fit using the Michaelis-Menten equation with JMP software
(SAS Institute, Cary, NC).
Intracellular Half-life of GCase—In vitromeasurement of

GCase intracellular half-life was performed in NR8383 rat
lung alveolar macrophages (ATCC, Manassas, VA) grown in
Kaighn’s F12/K media (Invitrogen) with 15% heat-inactivated
FBS, 2 mM glutamine, 100 units ml�1 penicillin, 0.1 mg ml�1

streptomycin. For GCase stabilization experiments, cells were

harvested from T150 flasks by gently scraping loosely at-
tached cells, and 5 � 105 cells ml�1 were transferred to tubes
where uptake of 25 �g ml�1 GCase was carried out over a 2-h
period in F12/K media with 4 mg ml�1 BSA and 20 mM

HEPES, pH 6.8. The cells were then washed with 1 mg ml�1

mannan (Sigma) and PBS, pH 7.2, and again plated out in
growth media in triplicate with N-(n-nonyl) deoxynojirimycin
(NN-DNJ) (Toronto Research Chemicals Inc. Ontario, Can-
ada) at the indicated concentration. Cells were harvested at
various time points, washed with PBS, and lysed by freeze/
thawing in 50 mM potassium phosphate, pH 6.5, with 0.25%
Triton X-100 (KP buffer) and protease inhibitors (Roche Di-
agnostics). The lysates were assayed for total protein with the
micro BCA protein assay kit (Pierce, Thermo Scientific, Rock-
ford, IL). GCase activity was measured using the synthetic
substrate 4-methylumbelliferyl-�-D-glucoside (Sigma). The
lysates were diluted in KP buffer, mixed 1:1 with 15 mM

4-methylumbelliferyl-�-D-glucoside in citrate phosphate
buffer, pH 5.4, with 0.25% sodium taurocholate, 1% BSA, and
0.25% Triton X-100 in a 96-well black plate and incubated for 1 h
at 37 °C. The reaction was quenched with 1 M glycine-NaOH, pH
12.5, and fluorescence was measured with a SpectraMax�
Gemini XPS fluorometer at excitation wavelength 365 nm,
emission wavelength 445 nm, and cut-off wavelength 420 nm.
Activity was calculated using a GCase standard curve (pg/�l)
and was normalized to total cellular protein (ng �g�1). A por-
tion of each sample (20 �g) was prepared for Western blot-
ting using a PAGEprep clean-up kit (Pierce) before loading
onto a 4–12% NuPAGE Novex BisTris gel using MES SDS
running buffer (Invitrogen). Protein was transferred to a
PVDF membrane and blotted using a biotinylated polyclonal
anti-GCase antibody. ECL was performed using the
SuperSignal West Pico chemiluminescent substrate (Pierce),
and the amount of GCase remaining at each time point was
determined by densitometry (GE Healthcare).
N370S Crystallization and Structure Determination—

N370S GCase was partially deglycosylated with peptide:N-
glycosidase (30 units/mg protein in 1% Nonidet P-40, 2 mM

tris(2-carboxyethyl)phosphine/PBS, pH 7.0, for 48 h at 2.5 mg
ml�1 protein concentration). The deglycosylated protein was
then purified and exchanged into 10 mM MES, 1 mM tris(2-
carboxyethyl)phosphine, 0.1 M NaCl, pH 6.5 buffer, using a
Superdex 200 10/300 column (GE Healthcare). Fractions were
collected and concentrated to 5–7 mg ml�1 before setting up
crystal drops. Crystals were grown by sitting drop vapor diffu-
sion using a Phoenix drop setter robot (Art Robbins Instru-
ments, Sunnyvale, CA). More specifically, 0.5 �l of protein
mixed with 0.5 �l of well solution of either 0.7 M potassium
phosphate dibasic, 0.7 M sodium phosphate monobasic, 0.1 M

HEPES, pH 7.4, with a final pH of 7.1 (neutral), or 1 M ammo-
nium sulfate, 0.2 M potassium chloride, 0.05 M guanidine hy-
drochloride, 0.1 M sodium citrate, pH 5.4 (acidic). Crystals
appeared within 3 days and were cryoprotected with 20%
glycerol and flash-frozen in liquid nitrogen. Data were col-
lected at ALS503 (Advanced Light Source at Lawrence Berke-
ley National Laboratory, Berkeley, CA) and processed using
MOSFLM (31) and Scala (32). The structures were solved by
molecular replacement using Molrep (33) with Protein Data
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Bank 1OGS as the search model. Iterative manual model
building was carried out with Coot (34), coupled with refine-
ment using Refmac5 (35). The coordinates and structure fac-
tors were deposited in the Protein Data Bank (code 3KE0 and
3KEH).
Circular Dichroism Spectroscopy (CD)—Samples were dia-

lyzed into 10 mM citrate-phosphate, 150 mM NaCl at either
pH 5.4 or 7.1 using a 10-kDa molecular mass cutoff Slide-A-
Lyzer (Pierce). CD spectra were obtained at 0.4 mg ml�1 pro-
tein in a 1-cm quartz cuvette at 25 °C using a Jasco J-810 spec-
tropolarimeter (Jasco Inc, Easton, MD). For each spectrum,
two accumulations were made over a 250–350 nM wavelength
range using a 1 nm data pitch, 10 nm/min scan speed, 8-s re-
sponse, and a 2.5 nm bandwidth. A corresponding buffer
spectrum was subtracted from each sample spectrum.
Differential Scanning Calorimetry (DSC)—DSC analysis was

performed using a CAP-VP-DSC microcalorimeter (GE
Healthcare). Samples were prepared to a final concentration
of �16 �M after a dialysis as described above. Thermal dena-
turation curves were generated for both molecules at pH 5.4
and pH 7.1 in 10 mM citrate-phosphate, 150 mM NaCl buffer.
Samples were heated from 10 to 100 °C at a scan rate of
90 °C h�1, cooled at 90 °C h�1, and reheated to 100 °C to eval-
uate unfolding reversibility. Data analysis was performed in
Origin 7.0 (OriginLab Corp, Northampton, MA) equipped
with the DSC analysis add-on (GE Healthcare). Each protein
excess heat capacity curve was corrected by reference sub-
traction of a matching buffer scan followed by concentration
normalization of the data. Base-line correction was performed
by manual selection of pre- and post-transition base lines,
followed by linear interpolation of the base line in the transi-
tion region. The transition midpoint (apparent Tm) was deter-
mined by calculating the apex of the thermal denaturation
curve from the first derivative of the normalized data.

RESULTS

Biochemical Characterization of the N370S Mutant—The
biochemical characterization of recombinant human GCase
(imiglucerase, Cerezyme�) and N370S mutant GCase ex-
pressed in baculovirus system are shown in Table 1. Imiglu-
cerase, which is currently used in enzyme replacement ther-
apy for Gaucher disease, contains a histidine at position 495.
This differs from the sequence of the native human GCase
sequence, which has an Arg at this position. The Arg to His
substitution at 495 does not alter the protein structure or en-
zymatic activity (30). As reported previously (12), the N370S
mutation results in reduced Vmax and �3.5-fold higher Km
values using the artificial substrate p-nitrophenyl-�-D-gluco-
pyranoside compared with imiglucerase. The N370S mutant
also has a 10-fold higher IC50 for the competitive inhibitors

NN-DNJ and isofagomine. To evaluate any potential effect on
intracellular transport of the mutant enzyme, we previously
measured binding to the luminal domain of LIMP-2, which is
the protein responsible for the normal intracellular trafficking
of GCase to the lysosome (19). The N370S mutant and imi-
glucerase have similar affinities for LIMP-2, as measured by
surface plasmon resonance.
Crystal Structures of N370S GCase—N370S GCase crystals

appeared readily in a focused screen based on the published
conditions for imiglucerase at acidic (25) and neutral pH (26).
The N370S GCase crystallized in the space group C2221 at
both pH values with two molecules in each asymmetric unit,
and it has nearly identical cell dimensions compared with sev-
eral previously published GCase structures (Table 2). The
structures of N370S GCase at the two pH values are very sim-
ilar to each other and to the apo-GCase structures deposited
in the Protein Data Bank (1OGS, 3GX1, 3GXD, 2F61, 2NT1,
2J25, and 2WKL). N370S GCase has the same three-domain
structure as other recombinant GCase as follows: domain I
containing residues 1–27 and 383–414; domain II, an Ig fold
containing residues 30–75 and 431–497; and domain III, the
catalytic domain of residues 76–381 and 416–430, which
form a (�/�)8 TIM barrel (Fig. 1, a and b). There are two
amino acid changes in the N370S GCase sequence compared
with imiglucerase. One is the mutation N370S and the second
one is H495R, which is the same sequence as the native
GCase. Both changes can be seen clearly in the electron den-
sity map (supplemental Fig. 1). The root mean square devia-
tion over C� is 0.5 Å or less, indicating the two sequence dif-
ferences do not change the overall structure of the N370S
mutant.
In previously published crystal structures of GCase, three

loops surrounding the active site, loop 1 (amino acids 311–
319), loop 2 (amino acids 342–354), and loop 3 (amino acids
394–399) presented in multiple conformations, indicating the

TABLE 1
Biochemical properties of N370S compared with imiglucerase

Sample Km Vmax
Kd for

LIMP-2 (19)
IC50

for IFG
IC50 for
NN-DNJ

mM �mol min�1

mg�1
nM �M �M

Imiglucerase 0.9 49.6 120 0.05 2.2
N370S 3.3 17.7 130 0.5 20

TABLE 2
Data collection and refinement statistics

N370S, pH 5.4 N370S, pH 7.1

Data collection
Space group C2221 C2221
Cell dimensions
a, b, c 109.5, 285.1, 92.2 Å 107.8, 285.9, 92.0 Å
�, �, � 90, 90, 90° 90, 90, 90°

Resolutiona 50-2.7 Å (2.78-2.70 Å) 50-2.8 Å (2.88-2.80 Å)
Rsym

b 14.7% (51.5%) 15.8% (35.5%)
I/s�I� 7.3 (2.5) 8.4 (2.3)
Completeness 99.5 (94.1) 94.7 (91.1)
Redundancy 6.1 (2.7) 5.2 (2.4)

Refinement
Resolution 50-2.7 Å 50-2.8 Å
No. of reflections 37,753 31,773
Rcryst

c/Rfree
d 17.2/22.9% 21.4/27.3%

Root mean square deviation
Bond length 0.019 Å 0.015 Å
Bond angles 1.7° 1.6°

No. of refined atoms
Protein 7902 7902
Water 252 85
Sugar 42 42

Ramachandran outliers 0.2% 0.8%
a Numbers in parentheses refer to the highest resolution shell.
bRsym � �ij�(Ii(j) � �I(j)��/�ij Ii(j), where Ii(j) is the intensity of the ith observation
of reflection j. Ii(j) is the weighted mean of all measurements of j.

c Rcryst � �j�Fo(j)� � �Fc(j)�/�j�Fo(j)�, where Fo and Fc are the observed and calcu-
lated structure factors.

d Rfree was calculated as for Rcryst, but on 5% of data excluded before refinement.
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dynamic flexibility of these three regions.3 We compared the
conformations of these loops in the N370S GCase structure to
those of the published GCase structures in the presence and
absence of inhibitors (Table 3). Loop 3 of N370S GCase dis-
plays the identical two conformations in each asymmetric
unit as those in GCase, with or without inhibitors bound, and
therefore does not appear to be affected by the mutation.
Loop 2 samples a range of motions in the N370S GCase struc-
ture as noted in the published structures indicating a general-
ized flexibility in this region. In contrast, loop 1 adopts one of
two conformations, extended or �-turn. In the absence of in-
hibitors, loop 1 is observed in either conformation, but the
extended conformation occurs more frequently (Fig. 2 and
Table 3). In the presence of isofagomine, NN-DNJ, or NB-
DNJ, only the �-turn conformation is observed, although in
the GCase-conduritol B epoxide structure, only the extended
conformation is present. In N370S GCase at either pH, we
only observed the extended conformation of loop 1 (Fig. 3, a
and b). In the apo-structures of GCase, if loop 1 adopts both
the extended and the �-turn conformations, then Trp-312 in
only the �-turn conformation forms a hydrogen bond with
Asn-370, as observed in 3GXI and 2NT1 (Fig. 3, c and d). If
only the extended conformation is present in the GCase apo-
structure, as in the case of 1OGS and 2F61, only one of the
two monomers forms a hydrogen bond between Trp-312 and
Asn-370 (Table 3). In the co-crystal structures of GCase with
isofagomine, NN-DNJ, or NB-DNJ, this H-bond is lost even
though loop 1 has the �-turn conformation. In the structure
of N370S GCase at acidic pH, Trp-312 can no longer interact

with Ser-370, but rather it forms a hydrogen bond with Ser-
366 on the same helix (helix 7, according to the numbering in
Ref. 25). At neutral pH, Trp-312 forms a hydrogen bond with
Ser-370 in one of the two conformations. The Trp-312 side
chain density appears at the same position in the second con-
formation, but it is less well defined. Thus, the exact orienta-
tion of the side chain remains uncertain. Tyr-313 is also lo-
cated on loop 1 and is observed to form a hydrogen bond with
the catalytic residue Glu-235 in the extended conformation.
In the �-turn conformation of GCase, Tyr-313 swings out and
allows easier access to the catalytic residues. Upon binding of
isofagomine, NN-DNJ, and NB-DNJ, but not conduritol B
epoxide, Tyr-313 hydrogen bonds with Glu-340 rather than
Glu-235. Only one orientation of Tyr-313, which hydrogen
bonds with Glu-235, is observed in N370S GCase.
No major structural difference is observed between the

crystal structure of N370S GCase and the published struc-
tures of the three wild type recombinant GCases produced in
a Chinese hamster ovary cell line (imiglucerase), a human
fibrosarcoma cell line (velaglucerase alfa), or a carrot cell line
(taliglucerase alfa) at either acidic or neutral pH. In addition
to the conformational differences already noted in the three
loops surrounding the active site, a few charged, polar, or gly-
cine residues on the flexible loops in the Ig-like domains also
showed differences in orientation between N370S and the
wild type GCases (data not shown). These residues are on the
surface farther away from the active site and have higher B
factors, which is indicative of their higher flexibility. It is un-
likely that this difference in the orientation of surface polar
residues will have a gross impact on the overall structure. A
more significant difference is a subtle change in the orienta-

3 The numbering of the active site loops is based on the sequence number,
and similar to reference Lieberman et al. (26, 28).

FIGURE 1. Structure of N370S GCase at neutral and acidic pH values. a, N370S GCase at pH 7.1. b, N370S GCase at pH 5.4. Green, domain I; pink, domain II;
light blue, domain III. Catalytic residues are shown as orange sticks. Ser-370 is shown as red sticks. c, overlay of pH 7.1 N370S GCase structure (cyan) with imi-
glucerase at neutral pH (2NT1, pink). d, overlay of pH 5.4 N370S GCase structure (green) with imiglucerase at acidic pH (3GXI, orange).
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tion of Trp-312 and its ability to hydrogen bond with the resi-
due in position 370. How the difference in this hydrogen
bonding potential affects the catalytic activity of GCase or
N370S is not clear. However, the lack of different conforma-
tions for the loop 1 region indicates that the N370S mutation
results in a more rigid structure, which could have an adverse
effect on catalysis.
Solution Structure Comparison by Circular Dichroism—

There is a high degree of similarity between the crystal struc-

tures of N370S GCase and the wild type enzyme at all pH val-
ues and in the presence and absence of a variety of inhibitors.
Therefore, the possibility that the crystallization conditions
were favoring a stable conformation that was not representa-
tive of the solution structure or that the alternative conforma-

TABLE 3
Comparison of crystal structures of GCase
The abbreviations used are as follows: GOL, glycerol; IFG, isofagomine; CBE, conduritol B epoxide; ND, not determined.

PDB code Protein source�molecule
at active site Space group pH Loop 1

conformation
Tyr-313 H-bond

to catalytic residues
Trp-312 H-bond

to helix 7a Ref.

1OGS Imiglucerase C2221 4.5 Extended Glu-235 1 25
Extended Glu-235

2NT0 Imiglucerase P21 4.5 Extended Glu-235 26
�GOL Extended Glu-235

3GXM Imiglucerase P21 4.5 �-Helical 1 28
Extended Glu-235

3GXD Imiglucerase P21 4.5b �-Helical 1 28
Extended

3GXI Imiglucerase P21 5.5 �-Helical 1 28
Extended Glu-235

2J25 Imiglucerase C2221 5.5 �-Helical 1 24
Extended Glu-235

2F61 Imiglucerase C2221 6.0 Extended 1 11
Extended Glu-235

2NT1 Imiglucerase P21 7.5c �-Helical 1 26
Extended Glu-340

2NSX Imiglucerase P21 4.5 �-Helical (IFG) Glu-340 26
�IFG Extended (GOL)

3GXF Imiglucerase P21 7.5c �-Helical (IFG) Glu-340 28
�IFG Extended (GOL)

1Y7V Imiglucerase C2221 4.6 Extended Glu-235 27
�CBE Extended Glu-235

2WKL Velaglucerase alfa C2221 7.0 �-Helical 1 30
Extended Glu-235 1

2V3F Taliglucerase alfa P21 6.5 �-Helical Glu-340 29
�BTB �-Helical Glu-340

2V3D Taliglucerase alfa P21 6.5 �-Helical Glu-340 29
�NB-DNJ �-Helical Glu-340

2V3E Taliglucerase alfa P21 6.5 �-Helical Glu-340 29
�NN-DNJ �-Helical Glu-340

3KE0 N370S GCase C2221 5.4 Extended Glu-235 1 This study
Extended Glu-235 1

3KEH N370S GCase C2221 7.1 Extended Glu-235 1 This study
Extended Glu-235 NDd

a Numbering of the helix is same as Ref. 25.
b This was crystallized at pH 5.5 and soaked to pH 4.5.
cA very similar condition as was used for N370S crystallization at neutral pH. The final pH is likely at pH 7.1.
d The side chain of Trp-312 in one of the confirmations has poorer density than the other one. Its density is at the same position, but the orientation is a little bit hard to
define.

FIGURE 2. Active site loop conformations of N370S GCase. N370S GCase
structures are shown in shades of blue at pH 7.1, and shades of green at pH
5.4. Imiglucerase structures are shown in shades of pink at neutral pH
(2NT1), and shades of yellow at acidic ph (3GXI). Two conformations are
shown for each structure.

FIGURE 3. Loop 1 conformations and H-bonds with active sites and helix
7. a, N370S GCase at pH 7.1 in shades of blue. b, N370S GCase at pH 5.4 in
shades of green. c, imiglucerase at neutral pH (2NT1) in shades of pink. d,
imiglucerase at acidic pH (3GXI) in shades of yellow. Two conformations are
shown for each structure. H-bonds are shown as dotted lines.
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tions observed in GCase structures are a result of a crystal
packing artifact could not be ruled out. To further probe the
secondary and tertiary structure difference between N370S
GCase and imiglucerase in solution, near and far UV CD was
performed at both neutral and acidic pH values. The far UV
spectra for the native and N370S GCase are nearly identical at
both pH values (data not shown). This is consistent with the
crystallographic data that no major changes occur in the sec-
ondary structure as a result of the mutation. Although the
near-UV CD spectra of imiglucerase indicates the protein is
quite sensitive to pH change (Fig. 4a), the spectra for N370S
GCase at the neutral and acidic pH values almost overlay
completely with each other (Fig. 4b). The CD spectra for the
N370S mutant at both pH values resemble that of imiglu-
cerase at acidic pH. A distinct difference in the spectra occurs
around 295 nm, a region that is associated with tryptophan
side chains and is indicative of the tertiary structure sur-
rounding these residues in the protein. When the orientation
of all 12 tryptophan side chains in imiglucerase and N370S
GCase crystal structures at both neural and acidic pH are
compared, three tryptophan residues are found in different
side chain orientations (Fig. 4c). Tryptophan 312 is observed
to adopt drastically different conformations, and tryptophan

348 appears to be sampling slightly different random orienta-
tions, as occurs with loop 2 in general. Imiglucerase has two
different conformations for tryptophan 378, but N370S
GCase only displays one of the two imiglucerase conforma-
tions. As with the crystal structure, the difference in the CD
spectra between the N370S mutant and imiglucerase corre-
lates with a change in the orientation of tryptophan residues,
in particular Trp-312 on loop 1, and possibly to a lesser extent
Trp-378. Among the 19 tyrosine residues in GCase, Tyr-313
on loop 1 also adopts two alternative conformations in imi-
glucerase but only has one orientation in N370S (Fig. 4d and
Table 3). Imiglucerase shows a clear pH-dependent change in
the local environment of one or more aromatic residues. This
pH-dependent change is absent with the N370S mutant. The
fact that the N370S mutation does not possess alternative
conformations of loop 1 in the crystal structures and does not
undergo a pH-dependent change in this region again suggests
that the molecule is less flexible in this area compared with
imiglucerase.
Differential Scanning Calorimetry—The crystallographic

and CD data do not indicate a structural change in the N370S
mutant that would lead to global instability. In contrast, these
data suggest a more rigid structure with less flexibility, which

FIGURE 4. Solution structure comparison and the conformation of Tyr and Trp residues in GCase. a, CD spectra of imiglucerase at pH 7.1 and 5.4. b, CD
spectra of N370S at pH 7.1 and 5.4. c, overlay of all Trp residues in imiglucerase (2NT1, neutral pH; 3GXI, acidic pH) and in N370S at pH 7.1 and 5.4. d, overlay
of all Tyr residues in imiglucerase (2NT1, neutral pH; 3GXI, acidic pH) and in N370S at pH 7.1 and 5.4. Color scheme is same as in Fig. 3.
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could be expected to increase stability. To examine this, the
thermodynamic stability of N370S GCase versus imiglucerase
was compared by DSC at pH 5.4 and 7.1. Thermal denatur-
ation for both N370S GCase and imiglucerase was irreversi-
ble, preventing a complete thermodynamic analysis. However,
improved thermal stability at acidic pH was observed for
N370S GCase and imiglucerase with an increase in the appar-
ent melting temperature (Tm) of �6 °C for both proteins (Fig.
5 and Table 4). The apparent Tm of N370S GCase is nearly
2 °C higher than imiglucerase at both pH values, indicating
increased thermal stability.
Intracellular Half-life—Crystallographic, biochemical, and

biophysical analysis did not indicate any structural or bio-
chemical changes that suggest the N370S mutation results in
a misfolded or unstable protein nor did they explain the ob-
servation that competitive inhibitors can increase the intra-
cellular levels of N370S and GCase in general. Although our
studies demonstrate a catalytic defect that is in line with ear-
lier observations (4, 5, 12), we were studying purified folded
proteins so the possibility that competitive inhibitors could
affect a population of misfolded molecules that we were not
isolating could not be completely ruled out. To evaluate this
possibility, we studied the effect of the competitive inhibitor
NN-DNJ on the lysosomal stability of the purified and folded
N370S and imiglucerase in a rat macrophage cell line. To fa-
cilitate uptake into macrophages, imiglucerase is remodeled
to expose terminal mannose residues during the manufactur-
ing process. The N370S GCase purified from insect cells natu-
rally contains pauci-mannose glycan structures, and no fur-

ther processing is required. Because imiglucerase is delivered
directly to the endosomal/lysosomal compartment via the
mannose receptor on the cell surface (36), it is possible to
study the effect of NN-DNJ on lysosomal GCase while remov-
ing any effect on folding or ER degradation. Endogenous rat
GCase is not recognized by the polyclonal antibody used in
this experiment (Fig. 6, a and b), making it possible to follow
the intracellular half-life of recombinant human GCase by
Western blotting. Following a 2-h uptake of imiglucerase,
GCase activity increases two and a half-fold above back-
ground levels (data not shown). This is then followed by a
decrease in both protein and activity levels with �20% re-
maining after 24 h. Addition of 10 �M NN-DNJ results in in-
creased lysosomal stability with �50–60% of protein and ac-
tivity remaining after 24 h (Fig. 6a). Uptake of N370S GCase
is comparable with that of imiglucerase based on Western
blotting. However, due to the reduced specific activity of the
N370S GCase mutant, activity levels could not be reliably de-
termined above background levels. Interestingly, and in line
with the DSC results, N370S GCase has increased intracellu-
lar stability compared with imiglucerase (40 versus 20% re-
maining after 24 h), and a higher concentration of NN-DNJ
was required to achieve the same level of intracellular stabili-
zation as imiglucerase (50 versus 10 �M) (Fig. 6, b and c).

DISCUSSION

The crystal structure of N370S GCase is virtually indistin-
guishable from that of the wild type recombinant enzymes at
both pH values studied. As reported for the wild type en-
zymes, there are subtle changes in the orientation of residues
in the loop 1 region but no global changes in the overall do-
main structure with C� root mean square deviation at 0.5 Å
compared with the imiglucerase structures. A few exposed
polar and charged residues in the Ig domain showed different
conformations with high temperature factors (B factors),
which indicate their inherent high dynamicity. The main ef-
fect of the N370S mutation on GCase structure is a change in
the orientation of tryptophan 312 in the loop 1 region of the
molecule. In the wild type enzyme, Trp-312 and loop 1 can
exist in two conformations, one extended and the other
�-helical. The Tyr-313 on loop 1 also adopts different orienta-
tions and can hydrogen bond with either of the catalytic resi-
dues Glu-235 and Glu-340. As with Trp-312, Tyr-313 in the
N370S mutant only exists in one conformation and that re-
sembles imiglucerase at acidic pH. Interestingly, we did not
observe a pH effect on the crystal structure of N370S GCase.
Similarly no effect of pH was observed on the solution struc-
ture of the N370S GCase as determined by circular dichroism
spectroscopy. This differs from the effect of pH on imiglu-
cerase in solution where a pH-dependent change in the envi-
ronment of aromatic residues was observed. The CD spectra
of N370S GCase at both acidic and neutral pH resembled that
of imiglucerase at acidic pH.
Previous studies have suggested that residues in the loop 1

region may play a role in the access of substrate to the active
site (26). The different orientations of loop 1 and Tyr-312
have been observed to change upon binding to inhibitors al-
tering access to the catalytic site. Our results also suggest, but

FIGURE 5. Thermal denaturation curves for imiglucerase and N370S
GCase as measured by DSC. Excess molar heat capacity (kcal mol�1 °C�1)
plotted against temperature (°C) from 35 to 70 °C for 16 �M samples in 0.1 M

citrate/phosphate buffer, imiglucerase, pH 5.4 (solid line), rGCR, pH 7.1
(dashed line), N370S, pH 5.4 (dash dot dot line) and N370S, pH 7.1 (dotted
line).

TABLE 4
Melting temperatures of imiglucerase and N370S at neutral and acid
pH values

Imiglucerase N370S

Tm 	 � °C Tm 	 � °C
pH 7.1 51.30 	 0.02 53.05 	 0.06
pH 5.4 57.67 	 0.04 59.54 	 0.12
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do not explain, an important role for this loop flexibility in the
catalytic mechanism of GCase. How the different orientation
of residues affects activity is not clear. Recent studies by Liou
and Grabowski (37) indicate that the N370S mutation results
in a catalytic defect in both the glucosylation and deglucosyla-
tion steps of substrate hydrolysis. The authors (37) proposed

that the involvement of Asn-370 in the catalysis is through
isolated conformational effects near the active site, rather
than a global change. This is consistent with our crystal struc-
tures in that only small changes near the active site, mainly
involving the conformation of loop 1 residues, were observed
in N370S GCase. We also observed an increase in Km for

FIGURE 6. Stabilization of imiglucerase and N370S GCase by small molecule inhibitor NN-DNJ. NR8383 rat lung alveolar macrophages were incubated
with imiglucerase or N370S for uptake. Following the GCase uptake, cells were treated with or without NN-DNJ and lysed at a time course. a, experiment in
which the imiglucerase activities were measured with and without 10 �M NN-DNJ treatment. Percentage of enzyme activity remaining was measured for
uptake of imiglucerase, subtracted by endogenous GCase activity. Inset, Western blot used for quantification of the protein level remained. The total area of
the intact protein band at time 0 on the Western blot was set as 100%. b, Western blot used to quantitate the effect of NN-DNJ on the stabilization of up-
taken imiglucerase and N370S GCase. c, percentage of intact protein remained was plotted against the time post uptake. The endogenous rat GCase was
not detectable with the polyclonal antibody used.
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N370S compared with imiglucerase when using an in vitro
artificial substrate. Both the crystal structure and CD data
point to the aromatic residues on loop 1, namely tryptophan
312 and tyrosine 313, being associated with the decreased
specific activity. Tryptophan 312 can form a hydrogen bond
with the �-helix where Asn-370 is located, and tyrosine 313
forms direct interactions with the catalytic residues. It is con-
ceivable that the change in the interaction between loop 1 and
Asn-370 could have a direct effect on the catalytic activity.
The crystallographic and CD data suggest that the N370S

mutation results in a more rigid structure compared with imi-
glucerase. This is also consistent with the reduced catalytic
activity and increased thermal stability at both acidic and neu-
tral pH conditions. Our structural and biochemical data,
which are consistent with earlier studies, demonstrate that
the N370S mutant protein is processed normally and is pres-
ent at normal levels but has reduced catalytic activity. How-
ever, they do not explain the more recent observations that
competitive inhibitors increase intracellular levels of N370S
GCase.
Although we, and others, have not observed any significant

differences in expression between N370S GCase and wild
type, the possibility that we were isolating a more stable form
of the mutant and an alternative misfolded form was being
degraded in the ER could not be ruled out. To evaluate this
possibility, we investigated the effect of the competitive inhib-
itor NN-DNJ on the intracellular stability of purified N370S
and imiglucerase in macrophages. It is interesting that the
2–3-fold increase in GCase levels we observed after 24 h in
the presence of NN-DNJ is comparable with the increase orig-
inally reported using Gaucher patient fibroblasts (20) as well
as subsequent studies in patient fibroblasts using several dif-
ferent competitive inhibitors (17, 21), suggesting that the
mechanism(s) of action is similar in all cases. In our experi-
ments, both proteins were already folded and targeted to lyso-
some via the mannose receptor, so an effect on protein fold-
ing or transport from the ER to lysosome could be ruled out
in this case (36). The competitive inhibitor isofagomine has
been reported to increase the activity and lysosomal level of
GCase in patient fibroblasts by several mechanisms (17). The
main effect is thought to be mediated through an increase in
protein folding and a subsequent decrease in protein degrada-
tion, presumably in the ER. Although a direct effect on pro-
tein folding has not been demonstrated, it has been inferred
from pulse-chase experiments that demonstrate an altered
glycoform profile following treatment with isofagomine. In-
terestingly, the glycoform processing in the lysosome is also
shown to be altered in the presence of isofagomine suggesting
a general effect on the resistance of GCase to both proteases
and glycosidases. Our data indicate that N370S GCase is cor-
rectly folded (although the rate of folding could be different)
and that the main effect of competitive inhibitors is to de-
crease the susceptibility to proteases whether they are lysoso-
mal or in the ER. Because a percentage of all proteins are
thought to be misfolded and degraded in the ER, both an ef-
fect on ER and lysosomal degradation are likely. What is not
clear is the extent to which each contributes in the case of
N370S GCase. Our results showing that the effect on imiglu-

cerase and N370S GCase is comparable in magnitude to that
observed using patient cells suggest that the major (but not
necessarily the only) mechanism by which competitive inhibi-
tors increase lysosomal levels of GCase is by reducing degra-
dation within the lysosome rather than an effect on protein
folding and trafficking. A reduction in lysosomal degradation
in the presence of unaltered transport to the lysosome is con-
sistent with many of the reports demonstrating an increased
ratio of lysosomal to nonlysosomal protein levels in the pres-
ence of competitive inhibitors (18, 21).
Our results support the earlier biochemical and cellular

studies that demonstrated that the N370S mutation results in
a catalytically deficient enzyme with normal stability that is
expressed at normal or near normal levels. The N370S muta-
tion influences the flexibility of the loop 1 region resulting in
reduced catalytic activity. It is worth noting that upon inhibi-
tor binding, wild type GCase is locked into a single conforma-
tion, displaying rigidity similar to the N370S mutant (Table
3). This increased rigidity in both the N370S mutant enzyme
and the wild type enzyme in the presence of inhibitors confers
an increased stability to both thermal denaturation and lyso-
somal degradation. The increased lysosomal stability in the
presence of inhibitors is consistent with the reported effects
of these compounds on both protein levels and intracellular
distribution and suggests that this mechanism is responsible
for the majority of the increase in protein levels observed
rather than an impact on protein folding or trafficking. Al-
though our results do not fully explain the mechanism by
which the N370S mutation results in reduced catalytic activ-
ity, they do reconcile the earlier observations that the N370S
mutation causes a catalytic mutant with the more recent ob-
servations on the effect of competitive inhibitors.
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