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Abstract Gaucher disease is a lysosomal storage disorder
caused by deficiency of human acid β-glucosidase. Recent
x-ray structural elucidation of the enzyme alone and in the
presence of its inhibitor was done, which provided an
excellent template for further studies on the binding of
substrate, product and inhibitor. To draw correlations
between the clinical manifestation of the disease driven by
point mutations, L444P and L444R, and the placement and
function of putative S-binding sites, the presented theoret-
ical studies were undertaken, which comprised of molecular
dynamics and molecular docking methods. The obtained
results indicate the D443 and D445 residues as extremely
important for physiological functionality of an enzyme.
They also show, although indirectly, that binding of the
substrate is influenced by an interplay of E235 and E334
residues, constituting putative substrate binding site, and
the region flanked by D435 and D445 residues.
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Introduction

The Gaucher disease is genetically inherited and primarily
encompasses the patients with defective intracellular hy-
drolysis of glucosylceramide leading to common lysosomal
storage disease. The disease is caused bymutations in the gene
encoding the enzyme acid-β-glucosidase (EC 3.2.1.45),
Glycoside Hydrolase Family 30 of the Carbohydrate-Active
Enzymes database (CAZy) [2]. It is a lysosomal hydrolase
cleaving β-glycosyl bonds of glucosylceramide. The
normal enzyme is synthesized as a precursor and contains
a secretory signal sequence. The proteolytic clipping of
the signal sequence occurs during the transport through
the endoplasmic reticulum and Golgi apparatus to the
lysosome [1, 3].

The deficiencies of the human enzyme result in the
disease affecting circa 30,000 individuals. Mutations affect
the turnover number, substrate affinity, and/or activator
binding [4] leading to reduction of a lysosomal enzyme
concentration. This compromises folding in the endoplasmic
reticulum and results in proteasomal degradation of the protein
[5]. The clinical manifestation of the disease is described on
the basis of involvement of central nervous system as 1/ non-
neuronopathic, 2/ acute neuronopathic and 3/ subacute
neuronopathic [6]. Human acid β-glucosidase is a homomeric
protein, most probably the peripheral membrane protein
[7,8]. So far, about 20 mutations of acid-β-glucosidase are
known [9], however, most of them influence the enzymatic
activity leading to disease with the severity depending on the
placement of the mutation. In the recent years several
attempts to answer the question of the placement of the
catalytic center were undertaken. These included site-directed
mutagenesis [4], homology modeling [10] and electrospray
tandem mass spectrometry [11]. The published results
differed in the placement of a substrate-binding site.
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Several studies signified the residues D435 and D445 as
the sites binding the substrate, whereas others indicated
E235 and E340 as a S-binding place. Tandem mass
spectrometry studies identified E340 as a nucleophile [11],
while site-directed mutagenesis identified the E235 residue
as an acid/base catalyst [12]. The point mutation studies
revealed the important steric role of D445 residue, but
disproved it as a catalytic nucleophile [4]. Recently, the
x-ray crystal structure of the enzyme [13] as well as its
interactions with an inhibitor [14] have been published
making the theoretical analysis approaches more visible and
less prone to the methodological errors. In the presented
research, the molecular dynamics studies as well as
molecular docking were used to address the question of
the structural changes induced by the two physiologically
important point mutations, L444P and L444R.

Both mutations, although of entirely different physico-
chemical nature, result in severe neuronopathic disease. It may
be caused by conformational changes and alteration in domains
folding [15]. The analysis of clinical manifestation of the
disease on the ground of previously published results and the
recent x-ray studies attempted to draw correlations between
biological activity and point mutations and to shed light on
the mechanisms that render the activity of the enzyme.

Methods

MD simulations

Mutant construction

The coordinates of the 3D-structure of the human acid-β-
glucosidase (PDB-code: 1OGS) were retrieved from the
protein data bank. Single amino acid mutations, L444P and
L444R, were placed using the program Swiss-View [16]. In
this method an amino acid rotamer library is browsed to to
change amino acids side chains. The method allows to
place the side chains, which do not cause sterical conflicts
with their local environment. The three molecules, the wild
form, L444P and L444R mutants, of the enzyme were
subjected to molecular dynamics procedure described below.
The average structure of last 200 ps of the simulation was
subjected to steepest descent minimization procedure to
obtain a template for molecular docking experiment.

Molecular dynamics

All the studied proteins, wild type as well as the mutants,
were embedded in a solvent box consisting of 9939 and
6264 simple point charges (spc) water molecules [17] and

octanol molecules, respectively. A twin-range cutoff was
used for long-range interactions: 1.5 nm for electrostatic
interactions and 1.2 nm for van der Waals interactions [18].
The Shake algorithm was used to constrain hydrogen bond
length [19]. The simulation was performed under the
constant pressure of 1 bar applied independently in all
three directions. A coupling constant tP of 0.5 ps and
compressibility of 4.5×10-5bar-1 were applied. The protein
and solvent molecules were coupled separately to an
external bath at 300 K, using a coupling constant of tT=
0.1 ps [20]. In all the studies, the simulation time was 1 ns
and the trajectory was integrated with 1 fs time step. All
simulations and data analysis were performed using the
Gromacs v. 3.0 software [21]. The protein, as well as the
water parameters, was those of the oplsa (OPS-AA/L all-
atom) force field [22]. Structural diagrams, were prepared
using the programs VMD [23], and Pymol [24].

Docking experiments

Following the results reported by Hetenyi and van der
Spoel blind docking procedure was used for search for
putative binding places [25]. Docking experiments were
carried out using the program AutoDock, version 3.0.5 [26]
supported by the program ADT [27]. The structure of the
macromolecule as well as the substrate, product and
inhibitor was held fixed. All the docking runs were
performed using the Lamarckian genetic algorithm (LGA).
The docking procedure began with a population of random
ligand conformations in random orientations and at random
translations. During the docking experiment, the population
size was 50 and 250000 energy evaluations or 27000
generations were used. The final 150 docked conformations
were obtained in 150 different runs. The elitism number,
the rate of gene mutation and the rate of gene crossover
were equal to 1, 0.02 and 0.8, respectively. The probability
that docking solution in the population would undergo a
local search was set to 0.06 and the constraint was set to a
maximum of 300 iterations per search. The maximum
number of successes or failures before changing the size of
local search space (rho) was both set to 4. A pseudo-Solis
and Wets local search was used to minimize energy of the
population. Translations were set to have a maximum limit
of 2 Å/step and the orientation step size for the angular
component and the torsions had a maximum limit at 50
degrees/step. The data analysis was performed using the
custom written Perl and tcl scripts.

The distances between the center of masses of ring
carbons for substrate product and inhibitor and the center of
mass of Cα atoms constituting the pairs of metabolically
important residues were the criterium used for elucidation
of clusters of best fitting conformers.
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Results and discussion

Structural fluctuations

To provide a picture of the global drift of the studied model
in the liquid environment the analysis of the time-
dependent Cα rms deviations (RMSD) was conducted
(Fig. 1). It may be observed that the maximal drift for all
the studied structures is on the order of ∼0.17 nm and
reaches a plateau after ∼0.75 ns of simulation. An initial
rise of ∼0.05 nm was observed for all the simulations. This
feature is most probably owed to the relaxation of the X-ray
derived structure. The following rise of RMSD is most
probably attributable to inaccuracies in the force field as
well as the relaxation motion of proteins.

To examine the fluctuations of the structure on a residue-
by-residue basis, the time averaged rms fluctuations
(RMSF) of Cα atoms during the last 200 ps of simulation

were analyzed (Fig. 2). The average time period (0.8-1 ns)
was determined on the observation of Cα RMSD drift. The
analysis of Fig. 2 reveals that RMSFs adopt large values in
the vicinity of N- and C-terminus. This behavior is
attributed to the presence of loops preceding the terminal
ends. Following the studies of Premkumar et al. [14], a
special attention was given to the regions Ser345-Glu349

(loop1) and Val394-Asp399 (loop2). Thus, after rejection of
10 terminal residues from both ends, the standard devia-
tions of Cα fluctuation are equal to ±0.0169 nm,
±0.0160 nm and ±0.0140 nm for wild-type, L444P and
L444R structure, respectively. The analysis of standard

Fig. 1 Drift of protein structure from the initial model. The RMSD of
all Cα atoms from the starting structure is shown as a function of time.
a) wild-type structure; b) L444P mutation; c) L444R mutation

Fig. 2 Fluctuation of protein coordinates. The RMSFs of the Cα
coordinates from their time-averaged values (last 200-ps simulation)
are shown as a function of residue number for the wild-type (a),
L444P (b) and L444R (c) structures. The arrows indicate the positions
of loop1 and loop2 comprising the residues 345–349 and 394–399
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deviations of loop 1 and loop 2 resulted in the following
values: wild type structure: ±0.020 nm, ±0.0044 nm;
L444P: ±0.0142 nm, ±0.0045 nm and L444R: ±0.022 nm,
±0.0065 nm. Taking the standard deviation of RMFS as a
flexibility measure, the obtained results point to the loop 1
as more flexible than the overall structure for both wild type
and L444R structures. One may also observe that the
flexibility of loop 2 is within the L444P and L444R
structures significantly smaller than loop 1.

Following the previously presented logic [14], a conclu-
sion may be drawn that indeed only loop 1 may act as a
doorkeeper of an active site comprising E235 and E340
residues. Additional information on the structural flexibility
is offered by the analysis of time-dependent secondary
structure fluctuations (Fig. 3) [28]. Analysis of Fig. 3
reveals high stability of α-helices in the region encom-
passed by the first 250 and 360–370 residues. The β-sheets
are very stable in the region comprising the residues 460–
497. The lowest time-dependent stability and lowest
structure conservation, induced by the point mutations, is
observed for the regions comprising the residues 65–80 and

260–340. The region 340–350, i.e. the region comprising
the loop 1, is also highly unstable upon introduction of both
point mutations. Furthermore, the obtained results indicate
that L444R mutation does not influence the flexibility of
the loop 1. However, it influences its structural conserva-
tion. This observation is in agreement with the biological
function of the wild-type and mutated enzyme showing the
point mutation having an influence on the activity of an
enzyme [29].

Solvent distribution near mutations points

To study the influence of point mutations on saturation of
metabolically important residues with solvent molecules,
the analysis of the radial distribution function g(r) around
the center of masses of Cα carbons of residues 443–445
was performed. According to the analysis, the g(r) function
follows the changes in the average density of a medium as a
function of a radius from the reference point. Therefore,
this function is appropriate for the examination of the
degree of solvent saturation of the studied residues. The
results of g(r) analysis are shown in Fig. 4. One may
observe that the wild-type and L444R structures are defined
by similar water distribution (Fig. 4a). The L444P mutation
results with a clear maximum of solvent saturation at a
distance of approximately 0.4 nm away from the center of
masses of Cα atoms of 443–445 residues. However, the

Fig. 3 Secondary structure fluctuations (analyzed using the DSSP
program [28] as a function of time for the simulation of a) wild-type
structure; b) L444P mutation; c) L444R mutation of human acid-β-
glucosidase

Fig. 4 The radial distribution function (last 200-ps simulation).
a) water molecules; b) octanol molecules (-□- wild type protein, -○-
L444P mutation, −∈- L444R mutation)
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case is otherwise for octanol distribution. On the other
hand, the wild-type protein and the L444P mutant are
described by similar octanol distribution up to a distance of
1.0 nm away from the reference point. The obtained results
are very interesting when confronted with hydrophobic and
steric properties of the mutated amino acids. Taking into
account their physical features, one could expect that larger
amount of octanol molecules should be attracted by proline
than the lysine or arginine. However, the obtained data was
contrary to that expected. Moreover, L444P mutation leads
to a greater saturation with water molecules, whereas
L444R mutation to greater saturation with octanol mole-
cules. Such a behavior can be explained considering the
steric properties of amino acids. It is possible that the
resultant of L444R mutation is due to the exposure of
the hydrophobic core of domain II, thus remotely attracting
the octanol molecules, whereas L444P mutation is a
consequence of the hydrophobic core, which is concealed
in the structure of the protein.

Automated docking of a substrate, product and inhibitor

To confirm the placement of the metabolically important
residues, a set of blind docking experiments were per-
formed. Thus, the substrate (glucosylceramide - GlcCer),
the product (glucose - Gluc), and the inhibitor (conduritol-
β-epoxide) (CBE) were docked onto the native x-ray
derived structure of GlcCerase (Fig. 5). Such an approach
allowed for systematic sampling of the protein surface and
for testing the regions of the protein for the substrate,
product and inhibitors binding capabilities. The analysis of
the results indicates the residues E235, E340 and D443,
D445 to be contributing in the construction of the
metabolically important sites of the enzyme. On the other
hand, analysis of distances between the center of masses of
sugar carbons for glucose and GlcCer, the epoxide ring of
CBE, and the center of mass of Cα atoms constituting the
pairs of metabolically important residues allowed for
elucidation of clusters of best fitting conformers. Conse-

Fig. 5 The binding of an arbitrarily chosen structure of glucosylcer-
amide (a), conduritol-β-epoxide (b), glucose (c) to the active site
D443/D445 (A1, B1, C1) and E320/E340 (A2, B2, C2) of the wild-
type structure of human acid-β-glucosidase. A1, B1, C1 blue mask

represents the residues D443–D445; red mask represents the residue
D444; A2, B2, C2 blue mask represents loop1 (Ser345-Glu349) and
loop2 (Val394-Asp399), whereas red mask the residues E235 and 340
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quently, the substrate docking experiment (Fig. 5a–a2)
resulted in only one structure fitting well to E235 and E340
residues and eight structures to the D443–D445 region. The
results of the inhibitor (Fig. 5b–b2) and the product
(Fig. 5c–c2) docking gave an evidence for good fitting
(over 10 conformers fit well to the metabolically important
residues) of these molecules to the both metabolically
active places.

Conclusion

In 2003, the X-ray structure of GlcCerase at 2.0 Å
resolution was reported [13]. This report was followed by
the publication of an x-ray structure of an enzyme coupled
to its inhibitor [14]. The refined X-ray structure comprises
two molecules per asymmetric unit with the overall fold
consisting of the three domains. Domain 1 comprises the
residues 1–27 and 383–414; domain 2 consists of residues
30–75 and 431–497; and domain 3 is based on residues 76–
381 and 416–430. The recent x-ray studies clearly indicate
the Glu340 and Glu235 residues as an active center of the
enzyme. It has been shown that the activity of an enzyme
may be steered by the two flexible loops: loop1 and loop2
(residues 345–349 and 394–399, respectively), which guard
the entrance to the proposed active site of an enzyme. The
molecular dynamics studies show that only loop 1 is
flexible with flexibility higher than that observed for loop
2. The obtained results clearly depict that L444P mutation
lowers the flexibility of the loop 1, along with the fact that
both the mutations affect the structure stability of the region
comprising the loop 1.The solvent distribution studies
clearly show the differences in octanol and water saturation
suggesting that L444P mutation leads to concealing of the
hydrophobic core while the L444R mutation to the
exposure of the hydrophobic core of the molecule.
Furthermore, the analysis of charge distribution reveals a
similar picture for the wild-type and L444P structures.
Apparently, L444R mutation yields significantly different
results. It is striking that both mutations although of
completely different physical properties, result in the same
neuropathicity and render the enzyme inactive. This
observation leads to the conclusion that the region
comprising the residues 443–445 is somehow involved in
or steers the binding of substrate, product and/or inhibitor.
It is possible that it takes part in hydrophobic/hydrophilic
interactions between the enzyme and its environment (lipid
membrane). Although both mutations have similar clinical
manifestation, the rendering of the enzyme activity is
driven by different physical backgrounds. Subsequently,
the obtained results indicate that L444P mutation influences
directly the substrate binding by decreasing the flexibility

of the loop 1 and destabilization of the region comprising
this loop. L444R mutation, on the other hand, results in
exposure of the hydrophobic core and rendering the
enzyme activity. Possibly, it influences the interactions
between the enzyme and lipid bilayer. Summarizing, the
obtained results show that mutations results in macroscopic
changes influencing the overall physical properties of an
enzyme, thereby influencing its physiological properties.
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