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Gaucher disease is caused by the defective activity of the ly-
sosomal hydrolase, glucosylceramidase. Although the x-ray
structure of wild type glucosylceramidase has been resolved,
little is known about the structural features of any of the >200
mutations. Various treatments for Gaucher disease are avail-
able, including enzyme replacement and chaperone therapies.
The latter involves binding of competitive inhibitors at the
active site to enable correct folding and transport of the mu-
tant enzyme to the lysosome. We now use molecular dynamics,
a set of structural analysis tools, and several statistical meth-
ods to determine the flexible behavior of the N370S Gaucher
mutant at various pH values, with and without binding the
chaperone, N-butyl-deoxynojirimycin. We focus on the effect
of the chaperone on the whole protein, on the active site, and
on three important structural loops, and we demonstrate how
the chaperone modifies the behavior of N370S in such a way
that it becomes more active at lysosomal pH. Our results sug-
gest a mechanism whereby the binding of N-butyl-deoxynojiri-
mycin helps target correctly folded glucosylceramidase to the
lysosome, contributes to binding with saposin C, and explains
the initiation of the substrate-enzyme complex. Such analysis
provides a new framework for determination of the structure
of other Gaucher disease mutants and suggests new ap-
proaches for rational drug design.

Mutations in the gene encoding for glucosylceramidase
(GCase),4 the lysosomal enzyme that hydrolyzes glucosylcer-
amide (GlcCer), cause Gaucher disease (GD), the most com-
mon lysosomal storage disorder (1). GD is inherited in an au-
tosomal recessive fashion and occurs with a particularly high
frequency within the Ashkenazi Jewish population (2, 3).
More than 200 mutations (4) have been reported for the
GCase gene, which result in a decrease or complete loss of
enzymatic activity, due either to reduced catalytic activity or

to a reduced lysosomal GCase concentration. GD has been
shown to increase the risk of certain types of malignancies
(5–8) and of Parkinson disease (9, 10). Three common clini-
cal subtypes of GD are known, type 1, the most common vis-
ceral form in adults, type 2, the acute neuropathic form in
children, and type 3, the chronic neuropathic form.
GD is a monogenetic disease, and the current therapy of

choice is enzyme replacement therapy (11–16). However, be-
cause GCase cannot pass through the blood-brain barrier, the
neurological symptoms in types 2 and 3 GD do not respond to
enzyme replacement therapy. Therefore, alternative treat-
ments such as substrate reduction therapy have been devel-
oped (17). Another novel therapeutic approach involves the
use of highly specific small molecules that act as chaperones,
which increase the activity and stability of mutant forms of
GCase as they pass through the secretory pathway (18–20).
However, chaperone therapy is still in its infancy, and the ra-
tional design of highly specific, small chemical chaperones is
limited by experimental and computational procedures. One
chaperone that has been relatively well studied is Miglustat�
(N-butyl-deoxynojirimycin (NB-DNJ)). NB-DNJ was initially
used in substrate reduction therapy but later proved to be a
potent chaperone because it increased the activity of wild type
(WT) GCase and of the mutants S364R, N370S, V15M, and
M123T (21, 22). The x-ray structure of WT GCase bound to
NB-DNJ has been solved (23), and the structures of GCase
bound to various other small molecules, some of which could
potentially be used as chemical chaperones (21, 24–28), have
been reported (21, 29–34).
Although some biochemical and cell biological information

is available on the behavior of the N370S mutant (25, 31, 35–
40), no structural information is available for this or for any
other purified GCase mutant. The lack of such data has se-
verely hampered efforts to understand the molecular basis of
altered GCase activity in GD mutations and to rationally de-
sign chaperones that might restore their activity. To gain new
mechanistic insight into the structure of the N370S mutation,
we have undertaken a series of molecular dynamic (MD) sim-
ulations using several structural and statistical analysis meth-
ods. Using these tools, we are able to explain the reduced ac-
tivity of the N370S mutant and the role of NB-DNJ in the
partial recovery of activity; furthermore, we have explored the
structural basis for the shifted pH optimum of N370S (36).
Our results are in good agreement with available experimen-
tal data.

□S The on-line version of this article (available at http://www.jbc.org) con-
tains supplemental Tables 1–3, Figs. 1–10, and Movies 1– 4.
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MATERIALS AND METHODS

MD Simulations—MD simulations were performed on WT,
N370S, and four other common GD mutations, F213I,
D409H, L444P, and R496H (41). The crystal structure of a
complex of GCase with N-butyl-deoxynojirimycin (PDB code
2V3D) was used as a template for simulations of both WT
GCase and of GCase mutants. Residues 28–31, which are
missing in 2V3D, were modeled from another structure (PDB
code 1OGS). To generate the Gaucher mutants, mutated resi-
dues were manually introduced into the crystal structure, and
side chains were modeled and optimized using scwrl 3.0 (42).
For both WT and N370S, 25 MD simulations were per-
formed, with five independent runs for each group as follows:
GCase, pH 7.4; NB-DNJ/GCase, pH 7.4; NB-DNJ�/GCase,
pH 7.4; NB-DNJ�/GCase, pH 4.5; and GCase, pH 4.5 (Table
1). Three independent runs were performed for the other GD
mutants.
Different protonation states of titratable residues were cho-

sen to simulate GCase and its mutants at physiological (7.4)
and lysosomal (4.5) pH values. The protonation states were
determined using a combination of results derived from con-
stant pH MD simulations (43) and results produced by the
prediction server H�� (44). The results, together with pub-
lished data (23, 45, 46), were visually inspected to prevent
wrong proton assignments in and near the active site. Because
NB-DNJ can exist in either a protonated or an unprotonated
form at pH 7.4, both cases were simulated. A list of protona-
tion states for titratable residues is given in supplemental
Table 1.
To prepare MD simulations, each protein was fitted into a

rectangular box of water molecules; Na� and Cl� ions were
added to obtain a salt concentration of 0.2 M. The position of
each protein structure in a box was optimized by Simulaid
(47) to yield the smallest possible box volume, with a minimal
distance of 15 Å between any protein atom and the edge of
the box. Each system was energy-minimized and equilibrated
for 50 ps at constant volume and constant pressure, with
backbone atoms restrained to their original positions in both
cases. After equilibration, each system was simulated for 10 ns
at 350 K; this temperature was chosen to enhance the signal
of significant observations (the high/low flexibility ratio im-
proved on average by 3.7-fold). Intermediate structures of
GCase were derived every 5 ps; these structures were used in
subsequent analyses and are referred to as “snapshots.” The
total of all snapshots in a MD simulation is referred to as the
trajectory.
All MD simulations were performed using AMBER10 (48),

with the all-atom force field ff03 (49) for the protein, and the
general AMBER force field for NB-DNJ. The antechamber

tool (part of the AMBER package) was used to generate topol-
ogy files and to fit point charges to the electrostatic potential
distribution of NB-DNJ. Geometry optimization and the cal-
culation of the electrostatic potential distribution for NB-DNJ
were performed using Gaussian03 (50). Structures for all MD
simulations were in equilibrium at the beginning of the pro-
duction trajectory.
Active Site Volume Calculations—To analyze the behavior

of the GCase active site, CAVER (51) was used to calculate the
cavity volume for each snapshot. The starting position was
defined as the average of the Glu235, Glu340, and Cys342 C-�
atom coordinates. The cavity volume was calculated from this
position toward the active site entrance on the surface of the
protein. Because the active site is situated in the middle of a
�-barrel fold, it was necessary to determine whether each as-
signed cavity was open toward the correct side, as defined in
the original crystal structure. The curvature and average di-
ameter of the cavity were calculated using CAVER. These
three geometry scores (cavity volume, curvature, and diame-
ter) were calculated for the active sites of other GCase crystal
structures (2NSX B/D and 3GXF B/D) to serve as reference
values. By comparing the active site properties of each MD
snapshot to the reference scores, it was possible to determine
the total number of similar cavity geometries within each MD
run. As some flexibility is observed for protein structures, in-
cluding their active sites, a snapshot was only accepted if its
values showed a maximum deviation of 20% compared with
the reference values. Lower tolerance values (10 and 5%) pro-
duced lower counts; however, the ratio was preserved (data
not shown).
Distance Analysis and Hydrogen Bonding—To monitor

small distance perturbations in and around the active site, the
shortest distances, averages, and standard deviations were
calculated for several residue pairs using POPULUS (52).
Based on this, distances for the following residue pairs (35)
were measured: 127���179, 127���340, 127���396, 127���397,
235���340, 312���370, 315���370, 315���366, 315���349, 313���344,
313���342, and 313���340. To further investigate these interac-
tions, hydrogen bond (HB) counts were calculated using
VMD (53) for the following residue pairs: 127���179, 127���396,
312���366, 312���370, 313���340, 313���342, 315���366, and
315���370.
Root Mean Square Fluctuation (RMSF) Analysis and

Statistics—To calculate the average RMSF and standard error
for the whole protein or for various regions in the protein,
such as loop 1 (residues 341–350), loop 2 (residues 393–396),
and loop 3 (residues 312–319) (54), and of the active site resi-
dues (Glu235, Glu340, and Cys342) (55), values from all five
simulations were used. The RMSF values of all residues or
subsets were tested for significant differences between WT
and N370S by using the �RMSF in each position and the p
value of the t-distribution (statistical inference). Five separate
simulations were conducted; a total of 25 pairwise compari-
sons was possible. If the p value was below 0.01 (0.05), the
comparison was considered significantly different. The num-
bers of comparisons with a significant increase or decrease
between WT and N370S RMSF values were counted. Each
count of significant observations (increase or decrease) was

TABLE 1
GCase terminology used in the text

Abbreviation Description

GCase-pH 7.4 GCase at pH 7.4
NB-DNJ/GCase-pH 7.4 GCase at pH 7.4 with unprotonated NB-DNJ bound
NB-DNJ�/GCase-pH 7.4 GCase at pH 7.4 with protonated NB-DNJ bound
NB-DNJ�/GCase-pH 4.5 GCase at pH 4.5 with protonated NB-DNJ bound
GCase-pH 4.5 GCase at pH 4.5
GCase(N370S)-pH 4.5a GCase N370S mutant at pH 4.5

a Other GCase mutants are referred to appropriately in the text.
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divided by its total count (significant and nonsignificant). Fi-
nally, the absolute difference of both scores was chosen as a
statistical measure, ranging from 0 (no significance) to 1 (very
significant).
Loop Analysis—The affinity (interaction strength) of loops

1 and 3 was measured according to Equation 1,

aff�l1,l3� � �
i � 0

n �
j � 0

k 1

d�l1i,l3j�
(Eq. 1)

where l is the loops and d is the shortest distance between the
side chains of the residue pairs i and j. The higher the affinity
score, the stronger the spatial interaction between the loops.
To compare different MD setups, the affinity scores for all
snapshots were sorted in ascending order. These sorted data-
sets were used to derive a single comparison score between
WT and N370S under each condition by calculating the root
mean square difference between the paired datasets. The av-
erages and the standard deviations of all affinity scores were
calculated for WT and mutants.
The side chain torsion angles � and � were measured for all

residues in both loops to assign the secondary structure for
each snapshot (56). The total occurrence of all observed sec-
ondary structure states was counted for each residue in the
loops. These states include H/h � helix; t � turn; E � strand;
C � coil. The most important residues could be identified by
comparing the change in these counts.
Solvent-accessible Surface Area and Potential Docking Sites

with Saposin C—The solvent-accessible surface area was
measured using POPS_A (57) and correlated to the RMSF
changes between WT and N370S, resulting in a list of surface
patches with altered flexibility. These patches were compared
with the predicted docking site of GCase and saposin C (resi-
dues 314, 317, 318, 348, 358, 362, 365, 366, 369, 370, 372, 373,
441, 443–445, 463, 464, and 487) (39), and the overlapping
patches were further investigated.

RESULTS

We now report predicted structural differences between
the WT GCase and the N370S mutant, based on MD simula-
tions, and analyze the effect of NB-DNJ binding. Prior to de-
tailed analysis, we examined the orientation of NB-DNJ
within the active site and the dissociation of the ligand during
MD simulations. Unprotonated NB-DNJ interacts better with
N370S than with WT, whereas NB-DNJ� at pH 7.4 binds
equally well to both WT and N370S. The NB-DNJ�/GCase
complex is very stable at pH 4.5 (supplemental Table 2).
RMSF Analysis—MD simulations can be used to describe

the flexibility of proteins. The resulting RMSF measurements
can be calculated for a whole protein, giving insights into its
general flexibility, or for regions of the protein, such as loops,
or for the active site. Here, we use MD to examine the flexible
behavior of WT and mutant GCase under various conditions.
WT and N370S were explored in the most detail. For the
other GD mutants, fewer simulations were conducted; simu-
lations of R496H, and to some extent of F213I, are of the most
relevance, because D409H and L444P do not form stable pro-

teins (32). Nevertheless, the results for the latter are included
to underline the unique differences between WT and N370S
GCase.
N370S is more stable than WT GCase at pH 7.4 (Fig. 1 and

supplemental Table 3), consistent with observations demon-
strating that the pH optimum of N370S is shifted from 4.5 to
6.4 (25). This trend is very significant, because when compar-
ing the five WT and five N370S MD results, 21 of the total 25
comparisons have a p value �0.01, resulting in a probability
score of 0.88. N370S may be more stable than WT at pH 4.5,
although this does not reach statistical significance (Fig. 1) or
t-distribution score (supplemental Table 3; probability score
of 0.13). None of the other GD mutants display as low a flexi-
bility as GCase(N370S)-pH 7.4 (supplemental Fig. 1). NB-
DNJ� stabilizes both WT and N370S at pH 7.4 and 4.5 (Fig.
1), whereas unprotonated NB-DNJ destabilizes both WT and
N370S. NB-DNJ had no consistent effect on the other GD
mutants (supplemental Fig. 1).
MD results (GCase RMSF with and without bound NB-

DNJ) were compared with experimentally derived measure-
ments of the melting temperature of GCase at several pH val-
ues with and without the chemical chaperone isofagomine
(IFG) (31, 58). Experimental (58) and computational results
are consistent with each other and suggest that chaperones
stabilize WT and N370S GCase at both pH 7.4 and 4.5 (see
supplemental Fig. 2). However, when comparing the flexibility
changes (RMSF) with the experimentally derived melting
temperatures, the trends are only in partial agreement for
GCase at pH 7.4. This is likely due to the difference in chemi-
cal structure between the two chaperones, viz. IFG and NB-
DNJ. Nevertheless, the simulations suggest that binding of
NB-DNJ� to GCase at pH 7.4 results in stabilization, in
agreement with the experimental melting temperature data.
Comparative RMSF analysis of the three loops and the ac-

tive site residues for WT and N370S revealed several trends
(supplemental Fig. 3). Loop 1 (supplemental Table 3), includ-
ing Cys342, and loop 3 are less flexible in GCase(N370S)-pH
7.4 (probability score of 0.69 and 0.67, respectively). Loop 2,
Glu235, and Glu340 show no significant changes between WT
and N370S at pH 7.4 and pH 4.5. When NB-DNJ� is bound,

FIGURE 1. RMSF values for WT GCase and N370S. Values are means � S.E.
n � 5. Asterisks indicate statistical significance based on the standard error
and t test results (p � 0.01), which are given in supplemental Table 3.
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loops 2 and 3 and Glu235 are stabilized at pH 7.4 and 4.5 for
WT and N370S (supplemental Fig. 3).

In summary, RMSF analysis demonstrates that N370S is
more stable than WT at pH 7.4, particularly in loops 1 and 3,
including Cys342, a residue important for catalytic activity
(32). The stability of loop 1 may contribute to the shifted pH
optimum observed for N370S. The results also suggest that
NB-DNJ destabilizes GCase at pH 7.4 and that NB-DNJ�
forms a stable complex with GCase.
Interaction of GCase with Saposin C—Saposin C (SapC)

activates GCase and enhances its binding to anionic phospho-
lipids in the lysosome (59); binding is compromised in N370S
(38) and can be restored by IFG (25). A direct interaction be-

tween GCase and SapC has been proposed (60), and a poten-
tial mode of interaction has been reported (39). As the inter-
action is based on a computational docking model, the
following conclusions are dependent on the validity of this
previously published data. However, the predicted changes
correlate with the predicted SapC binding interface. MD sim-
ulations (supplemental Fig. 4) demonstrate changes in the
putative SapC/GCase interaction interface (39) in N370S.
More stabilized patches were observed for N370S compared
with WT at pH 7.4 (75%), whereas destabilized patches are
observed with GCase(N370S)-pH 4.5 (45%). Loop 1 of N370S
is stable at pH 7.4 but not at pH 4.5. NB-DNJ� has a signifi-
cant effect on the predicted SapC/GCase interaction interface
(Fig. 2) and stabilizes residues 314–318, 441–445, and loop 1,
but it has little effect on residues 358–373, 464, and 487,
which were stable in the absence of NB-DNJ. The stabilization of
a protein-protein interface of this scale (�RMSF/RMSFWT) can
enhance the binding affinity within a protein complex (61); in
contrast, a destabilization can decrease the ability to interact.
These results imply that NB-DNJ� can enhance the interaction
between GCase and SapC at pH 4.5 by reducing the flexibility of
residues in the protein-binding interface.
Hydrogen Bonding Network and Distance Analysis of the

Active Site—Distances between important residues in and
around the active site (supplemental Fig. 5), as well as HB in-
teractions, were determined for WT and for N370S (Table 2).
As expected, the altered side chain of N370S results in longer
distances to any other interacting amino acid, but differences
are also observed for other residue pairs, including the active-
site residues Glu235, Glu340, and Cys342. For GCase-pH 7.4
and 4.5, the agreement between all measured distances in WT
and N370S is 	60% (Fig. 3). Binding of unprotonated and
protonated NB-DNJ at pH 7.4 does not significantly improve
this agreement. At pH 4.5, NB-DNJ� significantly improves
the agreement between the measured distances of WT and
N370S to 87%. The most dramatic and statistically significant
changes between WT and N370S in HBs were observed for
the amino acid pairs 312���370, 313���340, 313���342, and
315���366 (Table 2), which are likely to affect the integrity of
the active site, causing the reduced catalytic activity of
GCase(N370S)-pH 4.5.
According to MD, Trp312 in WT GCase forms a �/H inter-

action (62) with Asn370 at pH 4.5 (Fig. 4A). This interaction
has not been observed in any GCase crystal structure; rather,
an HB was observed in some crystal structures (32, 35, 58, 63)

FIGURE 2. Effect of NB-DNJ on stability of the GCase/SapC interface.
A, �RMSF/RMSFWT between WT and N370S at pH 4.5 with (black) and with-
out (red) NB-DNJ�. Predicted interaction sites with SapC are highlighted in
gray (39). Positive values indicate increased flexibility for N370S; negative
values decreased flexibility. B, GCase surface color-coded for RMSF changes
between WT and N370S. Blue patches, decreased flexibility for N370S; red
patches, increased flexibility for N370S; orange patches, residues with in-
creased flexibility for N370S that are part of the GCase/SapC interface; green
patches, residues with decreased flexibility for N370S that are part of the
GCase/SapC interface; yellow patches, residues that are part of the GCase/
SapC interface and show no change in flexibility for N370S. The active site is
colored pink. Residue numbers for each altered surface patch are given.

TABLE 2
HB occupancies at the active site
HB occupancies were calculated using VMD (53). Occupancies of 
100 are obtained if multiple HBs are formed between two residues. Values with an asterisk are
significant according to nonoverlapping standard deviations.

Pairs
7.4 7.4 NB-DNJ 7.4 NB-DNJ� 4.5 NB-DNJ� 4.5

WT N370S WT N370S WT N370S WT N370S WT N370S

127���179 9.3 55.5* 3.1 12.2* 0.1 0 0 0 11.6 24.3
127���396 42.3* 21.9 44.0* 15.4 43.6 42.2 44.5 47.1 39.1 23.2
312���366 12.1 16.5 9.8 9.8 14.2* 5.0 16.0* 10.1 10.3 8.2
312���370a 8.8* 0.1 8.9* 0.0 6.1* 0.0 9.9* 0.7 17.9* 0.0
315���366a 0.1* 0.1 0.1 0.0 0.1 0. 7.9* 2.7 0.3 17.7*
313���340a 100.8 114.9 97.5 113.0* 126.6* 115.0 115.6 114.8 77.4 119.9*
313���342a 27.6 41.7* 38.6* 31.5 55.5* 48.1 41.1* 36.2 15.2 21.6*

a HB pairs with the most significant changes for the active site are shown.
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(difference in the frequency of Trp312���Asn370 HB between
WT and N370S, p � 0.03). Upon interaction of Trp312 with
Asn370, formation of an HB between residues Asp315 and
Ser366 is blocked. Because the HB between Trp312 and Asn370
is missing in GCase(N370S)-pH 4.5, a new HB between resi-
dues Asp315 and Ser366 can be formed (Fig. 4B). Consequently,
because Asp315 is part of loop 3, which itself interacts directly
with loop 1, a change in the behavior of the loops occurs. For
NB-DNJ�/GCase-pH 4.5, the active site is stabilized, and the
Trp312���Asn370 and Asp315���Ser366 HBs show a similar occu-
pancy without affecting loop 3 (Fig. 4C). For NB-DNJ�/

GCase(N370S)-pH 4.5, a 6-fold decrease in the occupancy of
the HB between Asp315 and Ser366 is observed (Fig. 4D).
These changes in WT and N370S at pH 4.5 upon binding of
NB-DNJ� cause both to show similar trends for the
Trp312���Asn370 (no significant difference, p 
 0.08) and
Asp315���Ser366 (p 
 0.1) HBs. Thus, NB-DNJ� induces a con-
formational change in GCase(N370S), which prevents the
abnormal behavior of HBs and loops 3 and 1 at pH 4.5.
The interaction between Tyr313, which is part of loop 3, and

Glu340/Cys342 is important for the stability of the active site
residues (46). The difference in HB occupancy was calculated
between WT and N370S (Fig. 5). Because the conformation of
loop 3 is changed in GCase(N370S)-pH 4.5, Trp312 shows an
altered behavior, allowing formation of an HB between Tyr313

and Cys342 at a significantly higher frequency compared with
WT (p � 0.03). For GCase(N370S)-pH 4.5, a Tyr313���Glu340

HB (p � 0.02) is observed more often than in the WT. The
increase in these HB occupancies results in a decreased dis-
tance (measured in Å) between Glu235 and Glu340 (acid cata-
lyst and base) (supplemental Fig. 6), which should be 	5.5 Å
for optimal enzymic activity of glycosyl hydrolases (64). Once
NB-DNJ� is bound to GCase, the effect is reversed, with a
small increase in HB occupancies for 313���340 and 313���342
in WT (Tyr313���Glu340, p 
 0.4; Tyr313���Cys342, p 
 0.15).
The smallest differences with respect to HB occupancies be-
tween WT and N370S GCase are found for NB-DNJ�/

FIGURE 3. Comparison of distances of pairs of important amino acids in
and around the active site in WT and N370S. The total distance agree-
ment for pairs between WT and N370S for all simulation settings is given as
a percentage score. An asterisk indicates statistical significance.

FIGURE 4. Active site of WT and N370S. A, for GCase-pH 4.5, a �/H interaction is observed between Trp312 and Asn370, which stabilizes the conformation of
loop 3 and of interacting loop 1, maintaining a correct active site configuration. B, for GCase(N370S)-pH 4.5, residues 313 and 370 cannot interact, and
Trp313 cannot shield the loops and the helix and is therefore not able to prevent a HB between Asp315 and Ser366, and loop 1 and 3 are rearranged. C, NB-
DNJ�/GCase-pH 4.5. D, NB-DNJ�/GCase(N370S)-pH 4.5 behave similarly, and no bond is observed between Asp315 and Ser366 for N370S. Loop 1 is in blue;
loop 3 is orange, the active site residues are pink, and residues from the interacting helix to the right of the active site are in green.
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GCase-pH 4.5, where the optimal distance of 	5.5 Å between
Glu235 and Glu340 is restored for GCase(N370S).

In summary, the interaction between loops 1 and 3 is al-
tered in N370S due to formation of a different HB network.
This causes a suboptimal configuration of the active site resi-
dues Glu235 and Glu340, which can be reversed upon NB-
DNJ� binding. Binding of unprotonated NB-DNJ is less effec-
tive in the WT compared with N370S, also due to changes in
the HB network.
Interactions of Loops 1 and 3—Of the three flexible loops

located at the entrance to the active site (23), loops 1 and 3
display the most significant RMSF differences between WT
and N370S. The transition from closed to open conforma-
tions (Fig. 6A) demonstrates that GCase(N370S)-pH 7.4
shows the highest similarity to GCase-pH 4.5 (Fig. 6B; root
mean square loop affinity �0.25). GCase-pH 7.4 shows an
interaction between loops 1 and 3, which allows loop 1 to
cover most of the active site (Fig. 6C). In contrast, the stabili-
zation observed for loop 1 in GCase(N370S)-pH 7.4 results in
a closed conformation of loops 1 and 3, which does not cover
all of the active site; this behavior is reversed at pH 4.5, proba-
bly due to changes in loop 3, as exemplified by a secondary
structure change of a helical turn within this loop (supple-
mental Fig. 7). Such a secondary structure change had already
been suggested based on crystal structures (35), but the MD
simulations show the transition of this helical turn into a helix
and finally into an unfolded coil structure. Addition of NB-
DNJ� to GCase-pH 7.4/4.5 reduces the differences between
WT and N370S (supplemental Fig. 8, root mean square loop
affinity �0.25). Comparison of the average affinity scores of
WT and N370S with the other four GD mutations reveals that
only R496H shows some similarity at pH 4.5 (supplemental
Fig. 9). In summary, we have shown that changes in the con-
formations of loops 1 and 3 are critical for the activity of
GCase, because they cause an altered loop interaction and
changes in the active site topology in N370S at pH 4.5 and in
WT at pH 7.4.

Active Site Geometry—Finally, the impact on active site
properties, such as cavity volume, size, and curvature were
investigated (Fig. 7A). Snapshots for each simulation were
analyzed for all three scores and assigned as “correct” if they
did not deviate significantly (
20% for each score) from a set
of selected GCase reference crystal structures. At pH 7.4,
N370S has a significantly higher percentage of correct cavity
geometry (30%) than GCase WT (Fig. 7B). This scenario
changes at pH 4.5 where WT GCase shows a significantly
higher percentage of structures with correct cavity geometry
versus N370S (16%). At pH 4.5, NB-DNJ� eliminates the dif-
ferences in cavity geometry between WT and N370S. Analysis
of the other Gaucher mutants (supplemental Fig. 10) shows
no consistent behavior; F213I, which shows improved activity
when binding some small chaperones (65), displays improved
cavity geometry with unprotonated NB-DNJ at pH 7.4. As
observed for loop affinity, R496H behaves similarly to N370S
and WT at pH 4.5. In summary, N370S displays more confor-
mations with nonoptimal cavity geometry at pH 4.5, but not
at pH 7.4, compared with WT.

DISCUSSION

In the current MD study, we have analyzed the structural
changes responsible for the reduced activity of the N370S
GCase mutation and have examined the effect of the chaper-
one, NB-DNJ. The major findings are summarized in Fig. 8
and in the supplemental movies 1–4, in which the importance
of loops 1 and 3 can be clearly distinguished. At pH 7.4, a de-
stabilization of loop 1 is observed for the WT relative to
N370S, which causes restricted access to the active site. At pH
4.5, loop 1 is stabilized in the WT; however, due to changes in
the HB network in N370S, specifically the bond between
Asp315 and Ser366, loop 3 is displaced, causing a dramatic
change in the active site, in the interacting loops, and at the
SapC/GCase interface. Binding of NB-DNJ� can compensate
for the majority of these differences. It should be emphasized
that all of the MD simulations reported in this study need to
be experimentally verified. For instance, changes in the loop
structure in N370S could be experimentally verified by amide
hydrogen/deuterium exchange mass spectroscopy, a method
previously used for GCase (31).
In most cases, excellent agreement was found between pub-

lished experimental data and our MD analyses (Table 3).
Moreover, to ensure the integrity and statistical significance
of our data, we ran five independent simulations per setting
for WT and N370S, and three simulations for the other muta-
tions, producing 110 simulations of 10 ns each. This ex-
tremely large computational analysis provides a comprehen-
sive framework to investigate mutations occurring in GCase.
However, ultimately it will be only possible to confirm the
MD predictions by using additional experimental techniques
such as NMR or x-ray crystallography.
The main differences between WT and N370S at pH 4.5

originate in the altered HB network within the active site. WT
GCase can form a stabilizing �/H bond for Trp312���Asn370,
particularly at pH 4.5. This bond stabilizes loop 3 and, as a
consequence, interacting loop 1. Furthermore, it balances the

FIGURE 5. HB occupancy for 313���340 and 313���342. The �ratio (�occu-
pancy/occupancyWT) between WT and N370S HB occupancy is shown for
the residue pairs 313���340 and 313���342. A value 
0 indicates a higher oc-
cupancy for N370S and �0 a higher occupancy for WT GCase. An asterisk
indicates statistical significance.
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interaction between Tyr313 and Glu235/Glu340, ensuring the
correct distance between Glu235 and Glu340 (64).
For N370S a completely different scenario emerges, with

loop 3 destabilized to adopt an altered secondary structure
(35). Because Trp312 cannot interact with Asn370, the interac-
tion between Asp315 and Ser366 is not blocked. This new HB
causes loop 3 to be pulled toward the helix in which N370S is
located, reducing its interaction with loop 1. This rearrange-
ment causes a stronger interaction of Tyr313 with the two ac-
tive site residues, Glu235 and Glu340, resulting in a reduced
distance between them of 	4.5 Å. In extreme cases, loop 1
can cover the majority of the active site, as reflected in its in-
ferior cavity geometry. Finally, the changes in the loops cause
increased flexibility for nearby surface residues. Most of these
surface patches are part of the predicted binding interface of

FIGURE 7. Active site properties. A, depiction of acceptable (accessible,
top) and incorrect (inaccessible, bottom) active site cavities. B, percentage of
snapshots in the MD simulations for WT and N370S with a correct active site
geometry. An asterisk indicates statistical significance.

FIGURE 6. Interaction of loops 1 and 3. A, interaction strength between loops 1 and 3 is plotted for all snapshots, starting at an open configuration, via a
medium and, subsequently, a closed loop configuration. B, overall difference for the loop 1 and 3 interaction is presented as a heat plot. Different behavior
is colored red (score � 1) and similar behavior is dark-blue (score � 0). The asterisk indicates statistical significance. C, snapshot of a medium and strong in-
teraction for loop 1 (blue) and 3 (orange). Active site residues are in pink. For GCase-pH 4.5 and GCase(N370S)-pH 7.4 (green boxes), the majority of the active
site residues are visible for a medium and strong loop interaction. In contrast, for GCase-pH 7.4 and GCase(N370S)-pH 4.5 (red boxes), the majority of the
active site is inaccessible.
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GCase with SapC (39). Thus, N370S affects both the activity
of GCase at pH 4.5, but may also interfere with the activation
of GCase and its ability to bind anionic phospholipids (25, 38).
These results demonstrate the importance of loop 1, which is
thought to be responsible for membrane association (54).
Our MD analyses also reveal that upon binding of NB-

DNJ�, Asp315 and Ser366 interact less in N370S; however, an
optimal distance of 5.5 Å is obtained between Glu235 and
Glu340 in both N370S and WT. Loops 1 and 3 interact less

upon NB-DNJ� binding (35). Thus, once NB-DNJ� has sta-
bilized the GCase structure, it enhances the interaction with
SapC. Subsequently, NB-DNJ� is released and replaced by
GlcCer, similarly to IFG (25).
NB-DNJ occurs in both an unprotonated and a protonated

state at pH 7.4, consistent with its pKa value of 7.1 (23). Thus,
a fraction of NB-DNJ (unprotonated) is less soluble at pH 7.4,
allowing its binding to the GCase active site. At pH 4.5, proto-
nated NB-DNJ is more soluble and therefore competes less

FIGURE 8. Significant changes between WT and N370S in and around the active site. WT (blue) and N370S (red) are superimposed for GCase-pH 7.4/4.5
and NB-DNJ�/GCase-pH 7.4/4.5. Only loop 1 (top), loop 3 (bottom left with cylinder), and the helix (bottom right) where Asn370 is situated are shown. Impor-
tant side chains are shown as sticks. The distance between Asp315 on loop 3 and Ser366 on the helix is shown as a dashed line (indicated by #). Residue
N370(S) is shown at the bottom end of the helix on the left side; the active site residues are depicted above loop 3. NB-DNJ� is shown as sticks. The orange
circle highlights destabilized loop 1 in the WT compared with the more stable N370S loop 1. For GCase, pH 4.5, loop 3 is dislocated for N370S due to a bond
between Asp315 and Ser366. NB-DNJ� can stabilize both loops 1 and 3 for WT and N370S; at pH 4.5 NB-DNJ� is less flexible in the active site compared with
pH 7.4. The supplemental movies 1– 4 illustrate the conformational changes.

TABLE 3
Comparison of literature observations and MD

Observation Reference
Experimental

dataa MD simulations in the current study

N370S pH optimum of 6.2 25 � N370S less flexible, loop 1 stabilized, better loop 1 and 3
interaction, active site geometry more often correct

Loop 3b destabilized at pH 4.5 35 � Destabilization
NB-DNJ stabilizes GCase WT and N370S 58 � Stabilization
In crystal structure with chaperones, loops 1 and 3 interact less well 35 � Less interaction for bound NB-DNJ�
Secondary structural change in loop 3 35 � For N370S, changes are observed at pH 4.5
The activity of N370S at higher pH is similar to the activity of WT
at lysosomal pH

40 � Similar trend in the active site configuration and the
arrangement of loops 1 and 3

Loop 3 interacts less with the N370S helix, which might favor
interaction between residues 315 and 366

35 � Confirmed in MD simulations

3 orders of magnitude more IFG needed to increase activity of WT
compared to N370S

25 � The affinity of unprotonated NB-DNJ at pH 7.4 is lower
for the WT than for N370S

N370S reduces the interaction of GCase and SapC, which can be
reversed by IFG

25, 38 � Interaction with SapC is likely to be disrupted but can be
restored by binding of NB-DNJ�

a The availability of experimental data is indicated by a plus sign, and lack of experimental data by a minus sign; the information is based on analysis of GCase crystal
structures.

b In Ref. 35, loop 3 is referred to as loop 1.
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with GlcCer. Our data also suggest that the binding of unpro-
tonated NB-DNJ is less strong, which may destabilize the
GCase/NB-DNJ complex at pH 7.4. For the WT, unproto-
nated NB-DNJ may even dissociate from the active site, which
may explain why IFG only increases WT GCase activity at
concentrations 3 orders of magnitude higher than for N370S
(25). However, as the majority of NB-DNJ at pH 4.5 is proto-
nated, it forms a stable complex with GCase until GlcCer re-
places it.
Some of the results of this study also help explain the

shifted pH optimum of N370S from pH 5.2 to 6.4 (25). A
lower RMSF is observed for N370S, which mainly originates
from loop 1 (which is highly flexible in the WT at pH 7.4).
This stabilization also includes Cys342, a residue important for
GCase activity (32). Together, these changes favorably affect
the interaction between loops 1 and 3 in N370S.
Analysis of the results of the other GD mutations (F213I,

D409H, L444P, and R496H), demonstrates that only N370S
displays a significantly more stable RMSF at pH 7.4. Further-
more, even with bound chaperone, the other mutants do not
show any consistent trends, with only F213I significantly sta-
bilized by NB-DNJ. These findings underlie the unique char-
acter and behavior of N370S. The novel analytical framework
presented here could also be used to investigate the impact of
known chaperones on the less frequent GD mutations, and
may help for in silico screening of potential new chaperones
that could be used in rational drug design.
In summary, we have shown the structural mechanism re-

sponsible for the reduced activity of the N370S GCase muta-
tion. Our data suggest that NB-DNJ, and possibly other chap-
erones, not only ensures the correct initial folding and
targeting of GCase to the lysosome, but also mediates the for-
mation of the enzyme-substrate complex in the lysosome and
the interaction of GCase with SapC.
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