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Abstract
Mucopolysaccharidosis type I is a rare autosomal recessive genetic disease caused by deficient activity of α-l-iduronidase. 
As a consequence of low or absent activity of this enzyme, glycosaminoglycans accumulate in the lysosomal compartments 
of multiple cell types throughout the body. Mucopolysaccharidosis type I has been classified into 3 clinical subtypes, ranging 
from a severe Hurler form to the more attenuated Hurler–Scheie and Scheie phenotypes. Over 200 gene variants causing the 
various forms of mucopolysaccharidosis type I have been reported. DNA isolated from dried blood spot was used to sequenc-
ing of all exons of the IDUA gene from a patient with a clinical phenotype of severe mucopolysaccharidosis type I syndrome. 
Enzyme activity of α-l-iduronidase was quantified by fluorimetric assay. Additionally, a molecular dynamics simulation 
approach was used to determine the effect of the Ser633Trp mutation on the structure and dynamics of the α-l-iduronidase. 
The DNA sequencing analysis and enzymatic activity shows a c.1898C>G mutation associated a patient with a homozygous 
state and α-l-iduronidase activity of 0.24 μmol/L/h, respectively. The molecular dynamics simulation analysis shows that the 
p.Ser633Trp mutation on the α-l-iduronidase affect significant the temporal and spatial properties of the different structural 
loops, the N-glycan attached to Asn372 and amino acid residues around the catalytic site of this enzyme. Low enzymatic 
activity observed for p.Ser633Trp variant of the α-l-iduronidase seems to lead to severe mucopolysaccharidosis type I phe-
notype, possibly associated with a perturbation of the structural dynamics in regions of the enzyme close to the active site.
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1  Introduction

Mucopolysaccharidosis type I (MPS I) is a rare autoso-
mal recessive genetic disease caused by deficient activity 
of the α-l-iduronidase (IDUA; EC 3.2.1.76), enzyme that 
hydrolyzes the terminal α-l-iduronic acid residues of the 
glycosaminoglycans (GAGs) dermatan sulfate and of hep-
aran sulfate [1]. As a consequence of low or absent activity 
of the mutant enzyme, the GAGs accumulate in the lyso-
somal compartments of multiple cell types throughout the 
body, resulting in a progressive and multisystem dysfunc-
tion. Clinical findings usually include coarse facial fea-
tures, dysostosis multiplex, short stature, corneal clouding, 
hepatosplenomegaly, umbilical hernias, joint contractures, 
failure to thrive, and intellectual disability [2]. There is a 
wide spectrum of symptoms, ranging from a severe Hurler 
form (OMIM#607015) to the more attenuated Hurler–Scheie 
(OMIM#607015) and Scheie (OMIM#67016) phenotypes.
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The gene encoding IDUA is localized on chromosome 
4p16.3, contains 14 exons [3], and encodes a precursor 
protein of 653 amino acids which is glycosylated and pro-
cessed to a mature form of 626 residues [4].

There are more than 200 variants described in the IDUA 
gene that can cause MPS I; the majority are missense vari-
ants [5]. This high degree of molecular heterogeneity is 
thought to reflect the wide clinical variability.

An analysis of the crystallographic structure reveals 
that IDUA has three prominent domains: a TIM bar-
rel domain containing the active site residues (residues 
42-396), a β-sandwich domain containing the N-terminus 
of the enzyme and containing the first β-strand (residues 
27-42 and 397-541), and a third domain that resembles 
the fold of a Type III Fibronectin-like/Ig-like domain and 
consists of the C-terminal residues of the enzyme (residues 
546-642) [6, 7]. The catalytic site of IDUA is structured by 
highly conserved amino acid residues, 5 with a substrate 
binding function (H91, Q181, K264, D349 and R363) and 
2 catalytic residues, D182 as a proton donor, and D299 
as a nucleophile group. A two-step Koshland double-dis-
placement mechanism, yielding a covalent enzyme–sub-
strate intermediate, is formed through catalysis [8].

Missense variants associated with severe or intermedi-
ate-severe MPS I phenotypes have been identified mainly 
in the TIM-barrel domain (approximately 75%). In the 
β-sandwich domain, there are around 20% missense vari-
ants and only 5% in the Type III Fibronectin-like domain 
[9]. Regarding the missense variants reported in the Type 
III Fibronectin-like domain, the variants p.*654Cys, that 
generates a 38-amino acid-extended protein, p.Val620Phe 
and p.Trp626Arg have been associated with a severe 
(Hurler) phenotype, and the variants p.Arg619Gly and 
Ser633Leu have been associated with a more attenuated 
Hurler–Scheie or Scheie phenotype [10]. In this same 
domain, some nonsense variants incorporating an early 
stop codon generate mostly a Hurler phenotype (observed 
in Arg619 and Arg621 positions) [11]. The contribution of 
the Type III fibronectin-like domain in IDUA enzymatic 
activity and how mutations in this region of the IDUA 
can affect the catalysis of the enzyme have not been fully 
understood.

Here, we describe the case of one male patient who 
presents an IDUA variant c.1898C>G/p.Ser633Trp which 
seems to lead to the severe phenotype, in contrast to a previ-
ously reported variant at the same nucleotide and amino acid 
position, identified as c.1898C>T/p.Ser633Leu, that has 
been found in patients with an attenuated phenotype [12]. 
Additionally, here we use a molecular dynamics approach 
to determine the influence of the Ser633Trp mutation on 
the structural dynamics of the α-l-iduronidase and to better 
understand the contribution of the Type III fibronectin-like 
domain to the function of IDUA.

2 � Materials and Methods

This study was made after obtaining appropriate informed 
consent, and the Ethical Committee of Pediatric Hospital of 
Tacubaya approved this study (code number: 309-010-10-17, 
April 15, 2017).

2.1 � Clinical Findings

A 20-month-old male patient is the first son of healthy non-
consanguineous parents with an unremarkable family his-
tory. He was born with neonatal complications, late in crying 
and breathing, hyporeactive Apgar 5/8 Silverman-Anderson 
3/2. Since 3 months of life, he manifested snoring and noisy 
breathing. At the age of 8 months, he presented sleep apnea, 
upper airway obstruction, episodes of breathing cessation 
and cyanosis. He had a history of frequent upper airway 
infections. He was referred to geneticist for facial dysmor-
phic features and short stature.

2.2 � Biochemical and Molecular Analysis

IDUA enzymatic analysis was carried out by Sanofi-Gen-
zyme (México) on dried blood spot (DBS) samples collected 
from the patient and his parents. Fluorescent 4-methylum-
belliferyl (4MU)-α-l-iduronide was used as substrate and 
enzymatic activities were expressed as micromoles of sub-
strate hydrolyzed per liter of blood per hour (μmol/L/h).

Molecular diagnosis was performed by sequencing all 
exons of the IDUA gene at Sanofi-Genzyme (México). 
DNA was isolated from DBS samples collected from the 
patient and his parents and PCR- amplified with short flank-
ing intronic sequences. This was followed by conventional 
Sanger sequencing using Gene Analyzer 3730 (Applied 
Biosystem).

2.3 � Molecular Dynamics Analysis

For molecular dynamics simulations (MD), the suite 
GROMACS [13] version 5.1 was used and the CHARMM-
GUI Input Generator [14] was employed to protein and 
carbohydrates force field (CHARMM36) and to Ser633Leu 
and Ser633Trp mutation constructions; the time step was 
2.0 fs and hydrogen virtual sites were employed. For the 
simulation of the wild-type (WT) and mutant enzymes, the 
PDB 3W81 structure was used. Each monomeric structure 
was independently solvated in a dodecahedral box with 
its nearest edge 1.0 nm away from the protein, and TIP3P 
explicit water model was used for all simulations. Chloride 
ions were added to neutralize each system, and all elec-
trostatic interactions were calculated within the Particle 
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Mesh Ewald (PME) approach. Energy minimization was 
performed using the steepest descent algorithm for 5000 
steps. Then, a restrained MD simulation of 1000 ps was 
performed to allow the solvent to relax; the peptide atoms 
were harmonically restrained to their position in the crys-
tal with a force constant of 1000 kJ/mol/nm2. All simula-
tions were performed at 300 K and 1 atm pressure. The 
free MD run was carried out for 50 ns with the same pres-
sure- and temperature-coupling constants as the restrained 
run. All steps of the simulations were performed using 
periodic boundary conditions.

A post-simulation analysis of the principal compo-
nents (PCA) was performed using GROMACS, employ-
ing the modules covar and anaeig for the calculation and 
diagonalization of the covariance matrix and analysis of the 
eigenvectors, respectively. The principal components (PCs) 
were obtained from mapping the C-alpha atoms of all the 
simulated trajectories of WT, Ser633Leu, and Ser633Trp 
IDUA variants. The eigenvectors and the corresponding 
eigenvalues were produced by the diagonalization of the 
covariance matrix. Eigenvectors stand for the directions of 
atomic motions which are independent of each other in the 
multidimensional space, while the eigenvalues describe the 
corresponding magnitude. The frequency of sampling from 
all MD simulations was set to 100 ps. To extract distinct 
conformational states of the structures, the principal com-
ponents PC1 and PC2 were used. The GROMACS sham 
module was used to compute the probability sampling (u) 
landscape in the PC1–PC2 conformational space from the 
simulated trajectories identified by the anaeig module.

3 � Results and Discussion

3.1 � Clinical Features of Patient with c.1898C>G/p.
Ser633Trp IDUA Mutation Corresponding 
with Hurler Phenotype

At clinical examination, the patient had a short stature 
(78 cm of height; − 3 S.D.), 10 kg of weight (− 3 S.D.) 
and a head circumference of 50.5 cm (> 90th percentile). 
A detailed clinical and radiological examination was car-
ried out, which showed coarse facial features, the skull with 
scaphocephaly, a bulging frontal bone (Fig. 1A), mild cor-
neal clouding, a depressed nasal bridge, a wide nose and 
anteverted nares, nasal congestion, long philtrum, thick 
lips, small and spaced teeth (Fig. 1B), enlarged tongue, low 
set ears (Fig. 1C), short neck and trunk, gibbus deformity, 
protruding abdomen, umbilical hernia (Fig. 1D), the liver 
edge was palpated 2 cm below the right costal margin, blue 
cutaneous pigmentation with dorsal distribution (Fig. 1E), 
limited extension of the arms and small joints (Fig. 1F), 

and claw hands (Fig. 1G). He presented global develop-
mental delay, no ability yet to walk and speak at the age of 
20 months.

A skeletal radiologic analysis showed evidence of dysos-
tosis multiplex. Scoliosis was evident (Fig. 2A), broadening 
of ribs bilaterally (Fig. 2B), lumbar gibbus with vertebral 
hypoplasia (Fig. 2C), scaphocephaly (Fig. 2C), hand bullet-
shaped phalanges and widened metacarpals pointed proxi-
mally (Fig. 2D), widened diaphysis and cortical thinning 
of long bones (Fig. 2D and G), and pelvis with rounded or 
flared iliac wings (Fig. 2A and D). Clinical features agree 
with a severe phenotype of MPS I [2]. The patient started on 
enzymatic replacement therapy at 2 years of age.

4 � Molecular and Enzymatic Analysis

4.1 � c.1898C>G/p.Ser633Trp Variant Yields an IDUA 
with Low Enzymatic Activity

The DNA sequencing analysis and enzymatic activity shows 
a c.1898C>G variant associated a patient with a homozy-
gous state and IDUA activity of 0.24 μmol/L/h, respectively. 
Enzymatic IDUA activity was 10 times less than the refer-
ence minimum level of this enzyme (2.02–16.10 μmol/L/h). 
Clinical, biochemical and molecular evidence should arouse 
suspicion of a Hurler MPS I phenotype. The residual enzy-
matic activity observed in the Ser633Trp variant, which 
would not be expected to cause a severe phenotype, may 
be due to the use of a synthetic substrate, which could suffi-
ciently evaluate the impact of the variants on the disposition 
of the residues that make up the active site of enzyme, but 
might lack sensitivity to assess perturbations in regions of 
the enzyme involved in binding to the natural substrate that 
are farthest from the active site.

Sequence analysis of parental genomic DNA showed that 
both parents are heterozygous for c.1898C>G variant, with 
no clinical phenotype of MPS I. Enzymatic IDUA activity 
was 1.29 μmol/L/h and 3.25 μmol/L/h for the father and the 
mother, respectively. These levels were 5.4 and 13.5 higher 
than the ones observed in the patient, respectively. The low 
enzyme activity observed in the father, which would be 
expected to be greater because he is a heterozygous with 
a normal allele, could be explained by a condition known 
as pseudodeficiency, in which clinically normal individuals 
shows levels of enzyme activity below the normal levels 
[15].

Undetectable enzymatic activity for the same variant of 
IDUA was recently reported in patients with clinical diag-
nosis of MPS I [16]. Nevertheless, the consequences of this 
missense variant in the MPS I phenotype have not been pre-
viously well defined.
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Interestingly, the variant p.Ser633Leu reported in a 
Pakistani patient generated an attenuated (Scheie) phe-
notype when it was present in the homozygous form, or 
a severe (Hurler) phenotype (in a Thai patient) when it 
was found in combination with an p.Arg75Thr variant 
[12, 17]. This leucine mutant, expressed in COS-7 cells 
(a cell line derived from the kidney of the African Green 
Monkey), showed an in vitro IDUA enzymatic activity of 
5.4 nmol/h/mg cell protein, 16 times less than obtained 
for the wild-type enzyme expressed in the same system. 
IDUA folding, protein stability, or a glycosylation profile 
in this expression system could explain, at least partially, 
the reason why this mutant with significantly decreased 
in vitro activity does not generate a severe phenotype of 
the disease in carrier patients.

5 � Structural Dynamics Analysis

5.1 � Ser633Leu and Ser633Trp Mutations Do Not 
Modify the Global IDUA Structure

To our knowledge, Ser633Trp is the fourth missense muta-
tion reported in the Type III fibronectin-like domain of 
IDUA that causes a severe (Hurler) phenotype.

The molecular dynamic simulations performed in this 
study allow us to illustrate the effect of the Ser633Trp 
mutations on the molecular dynamics of the human α-l-
Iduronidase, and the results were compared with those 
obtained for the wild-type structure (PDB: 3W81) and the 
Ser633Leu variant model.

Fig. 1   Clinical features. A 20 month-old boy with Mucopolysaccha-
ridosis I. A Scaphocephaly with frontal bossing. B Coarse facial fea-
tures, thick lips, spacing and irregular shaped teeth. C Low set ears. 

D Protuberant abdomen, umbilical hernia and thoracolumbar kypho-
sis. E Mongolia spots. F Limited extension of the arms. G Claw 
hands
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Minimal changes in the overall structure of the protein 
were observed for Ser633Leu or Ser633Trp variants, com-
pared to the WT IDUA structure (Fig. 3A). Root-mean-
square displacement (RMSD) values for the C-alpha atoms 
for Ser633Leu mutant after optimization substitution was 
1.58 Å and 1.6 Å for Ser633Trp, compared with atoms in the 
WT structure (PDB: 3W81), agreeing with previous reports 
[18]. The RMSD is an indication of a change in a protein 
structure with respect to the initial position of atoms. A large 
RMSD means that the protein has undergone large structural 
changes. In the regions surrounding the mutation site, the 
structures did not show important changes (Fig. 3B). A par-
tial exposition to solvent of the side-chain in the tryptophan 
variant was observed (39% of total possible area exposi-
tion), in contrast to the leucine variant (3.4%) or the serine 
wild-type residue (0.6%), which are hidden to the solvent. 
These little differences did not significantly affect the spatial 

position of neighboring residues (Fig. 3B). Major structural 
differences between structures occurred in loops that natu-
rally have the largest movements, as judged from B-factors 
in the crystallographic structure (Fig. 3C).

5.2 � Ser633Trp Mutation Modified the Collective 
Structural Dynamics of IDUA

In order to gain a better understanding of the collective 
dynamics of each individual structure, we plotted RMSD 
values for the C-alpha atoms of all structures across each 
50-ns trajectory (Fig. 4). RMSD showed that the equilibra-
tion was reached more rapidly in the WT and Ser633Leu 
structures (10 ns approximately) than in the Ser633Trp 
structure (around of 25 ns), suggesting that serine and leu-
cine amino acids can confer more conformational stability 
to the IDUA enzyme in contrast to the tryptophan variant. 

Fig. 2   Radiological analysis. Skeletal X-rays showed evidence of dys-
ostosis multiplex. A and B Frontal and lateral chest radiograph dem-
onstrates scoliosis and broadening of the ribs bilaterally (arrow). C 
Lumbar spine demonstrates lumbar gibbus centered at L1 with hypo-
plasia (arrow). E Scaphocephaly, enlarged image of a J-shaped sella 

turcica from a lateral radiograph of the skull. F Radiograph of the 
hand demonstrates bullet-shaped phalanges and widened metacarpals 
pointed proximally. D and G Long Bones showed widened diaphy-
sis and cortical thinning. A and D Pelvis demonstrates an abnormally 
formed pelvis with rounded or flared iliac wings
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Interestingly, equilibration RMSDs through molecular 
dynamics simulation were greater for WT and Ser633Trp 
variants (around 2.25 Å), indicating major global structural 
changes with respect to the initial structure from these mod-
els, compared with Ser633Leu variant (1.8 Å). These results 
suggest different profiles in the molecular dynamics of the 
three IDUA models that depend on the particular mutation, 
rather than the effect of the IDUA mutation in the disease 
phenotype. These results agree with 30-ns molecular dynam-
ics simulations of WT and the relatively high frequency 
of variants p.Arg89Gln, p.Arg89Trp, and p.Pro533Arg of 
IDUA. Overall RMSD values of these mutants were greater 

than for the WT IDUA structure in all cases [19]. However, 
it is not clear whether those molecular simulations were car-
ried out including the sugars reported in the crystal structure 
or if these were omitted, which could modify the results of 
the molecular dynamics.

Another recent report showed that in silico models of 
human WT-IDUA produced through different online serv-
ers yielded structures with greater RMSD values than the 
crystallographic structure, reinforcing the idea that methodo-
logical approaches are determinant to the structural analysis 
of IDUA [20].

However, it is noteworthy that these mutants are struc-
turally localized around the active site (Arg89), perhaps 
directly affecting the conformation of the enzyme active 
site without disturbing the secondary structure. In the case 
of Pro533 amino-acid, localized in the IDUA β-sandwich 
domain, it has been reported that it could be involved in 
the conformation of the TIM barrel of IDUA as well as the 
spatial positioning of the Asn372-linked N-glycan that con-
tributes to substrate binding, and that may impair catalysis 
and also possibly the ability of IDUA to bind to its natural 
substrates [6, 7].

5.3 � The Overall Motions Between the Three IDUA 
Structures are Different

In order to analyze which are the regions that contribute 
most in the structural dynamic changes in each of the mod-
els, which are reflected through the RMSD, principal com-
ponents analysis (PCA) was carried out. PCA is a widely 
used approach to extract the slow and functional motions 
of biomolecules from the MD trajectories. PCA is defined 

Fig. 3   Effect of mutations on overall structure. A Superposition of 
IDUA WT (red), Ser633Leu (green) and Ser633Trp (blue) final struc-
tures. B Conformation of side-chain of neighboring amino acids (oxy-
gen, nitrogen and carbon atoms are colored red, blue and light gray, 
respectively), close to position 633 to IDUA WT (red), Ser633Leu 

(green) and Ser633Trp (blue). C Cartoon representation of the crystal 
structure of the IDUA (PDB 3W81), colored according to B-factors. 
B-factor distribution is shown in rainbow colors ranging from blue 
(low B-factors) to red (high B-factors)

Fig. 4   The RMSD of each simulated IDUA model throughout a 50 ns 
molecular dynamics simulation. The RMSD of IDUA WT (light grey 
line) is compared with Ser633Leu (dark grey line) and Ser633Trp 
(black line) models
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on the basis of the calculation and diagonalization of the 
covariance matrix to obtain orthogonal eigenvectors and 
corresponding eigenvalues. The eigenvectors of the matrix 
represent the directions of the concerted motions, whereas 
the eigenvalues of the matrix indicate the magnitude of the 
motions along the direction [21]. Projections of the first two 
principal components (eigenvectors) of WT, Ser633Leu and 
Ser633Trp variants of IDUA, revealed that the WT and Ser-
633Leu structures explore a different area of conformational 
space, and sampling that conformational space explored by 
the Ser633Trp mutant (Fig. 5A) suggested that the pres-
ence of the tryptophan residue might change the confor-
mational space of IDUA, and this could be associated to 
poor enzyme catalysis. The extreme projection of the MD 
trajectory along eigenvector 1 to each structure is shown in 
Fig. 5B in the form of sausage plots. The thickness of the 
sausage plot shows the extent of motion. For WT IDUA, the 
most significant conformational changes were observed in 
the regions encompassing residues 102-106, 227-230, 245-
253, 372-377, and 443-453, all in the major loops or turns. 
In the Ser633Leu and Ser633Trp IDUA models, only resi-
dues 102-106 have shown similar conformational changes as 
the WT protein. It is worth highlighting that the residues of 
loop 372-377 showed minimal changes across the molecu-
lar dynamic simulation of the Ser633Leu and Ser633Trp 

variants. This loop contains the Asn372 that attaches to a 
high mannose type N-glycan that has been suggested to con-
stitute part of the substrate-binding pocket (Fig. 5D) [7, 22].

Alterations in the conformational dynamics of these 
residues may impair catalysis and possibly also the bind-
ing to its natural substrates. Similar observations have been 
reported in dihydrofolate reductase from E coli, where it was 
observed that the mutation of an amino acid distant from the 
catalytic site altered the dynamics of a loop associated with 
the catalytic function of the enzyme [23].

On the other hand, the loop encompassing residues 243-
253 showed a significantly smaller contribution to global 
displacements in both mutants, compared to those observed 
in the IDUA WT structure. Amino acid residues that form 
this loop, and that have not been previously reported as 
mutation sites associated with the development of MPS I, 
connect α-helix 9 with β-strand 9 in the TIM-barrel domain. 
Catalytic function associated to this loop has not been 
reported for IDUA, but recent reports highlight the effect 
of the flexibility of non-catalytic loops on enzymatic activ-
ity, perturbing enzymatic transformation of substrates and/
or binding of these by improving the natural dynamics of 
global structures. [24].

Interestingly, in the Ser633Trp mutant, the contribu-
tion of the Ig-like and β-sandwich domains in the overall 

Fig. 5   Principal component analysis of IDUA WT and mutant struc-
tures. A Projection of trajectory onto first two eigenvectors for IDUA 
WT (black), Ser633Leu (red) and Ser633Trp (blue). B Sausage plots 
along PC1; the thickness of the plot depicts the extent of motion to 
IDUA WT (a and d), Ser633Leu (b and e) and Ser633Trp (c and f) 
structures. The region circled in (c) and (f) shows higher flexibility in 

Ser633Trp domains. Red arrows highlight the 243-255 loop. C Rep-
resentative snapshot of the alpha-helix 10 extracted at 0, 1, 5, 25, and 
50 ns of simulation time. D Sausage plots along PC1 for WT IDUA 
with the N-glycan attached to Asn372 residue indicated as a stick 
model



75c.1898C>G/p.Ser633Trp Mutation in Alpha-l-Iduronidase: Clinical and Structural…

1 3

dynamics of the mutant, analyzed through the principal 
component 1, was significantly higher compared to the 
mutant Ser6333Leu or WT IDUA (Fig. 5B). The increase 
in the dynamics of these domains seems to affect the 
dynamic of some regions of the elements that form the 
TIM barrel. This disturbance is evident in α-helix 10 
encompassing residues 269-286, which is close to the 
active site and attaches Asn372 N-glycan (Fig. 5C), so it 
could be affecting the dynamics necessary to perform the 
substrate transformation and therefore the function of the 
enzyme.

An analysis of residue per residue displacements over 
the whole simulation period of 50 ns, through Root Mean 
Square Fluctuations (RMSF), for WT and two mutated 
IDUA models are presented in Fig. 6A. Regions with large 
atomic displacements along the trajectory agree with PCA 
analysis. A significant rise RMSF was observed for resi-
dues ~ 100-107, ~ 227-234, ~ 332-343, ~ 369-379, ~ 405-417, 
and ~ 426-433 in all three models, whereas in WT above 
average fluctuations are also observed in the loop encom-
passing residues 269-286. To IDUA mutants, significant rise 
RMSF was observed for the residues ~ 280-293 to Ser633Leu 
(localized at the end of α-helix 10) and residues ~ 262-293 
(α-helix 10) and ~ 443-452 (loop that connects β-strand 17 
with β-strand 18 in the β-sandwich domain) for the Ser-
633Trp variant, compared whit WT IDUA.

Interestingly, catalytic residues exhibit lower RMSF val-
ues in all IDUA structures throughout the simulation. Repre-
sentative snapshots extracted at 0, 1, 5, 25, and 50 ns confirm 
that catalytic residues exhibit minor displacements (Fig. 6B). 
Despite the low values observed in RMSF, the catalytic site 
shows some distinctly different dynamics between the three 
models. In the WT and Ser633Leu protein models, larger 
molecular displacements were observed in the side chains 
in these residues (Fig. 6B and C), included is the mannose 
residue (Man 7) that constitutes a part of the substrate-bind-
ing pocket [6, 7], compared to that observed for the case of 
the Ser633Trp mutant (Fig. 6D), suggesting that these little 

movements may be important for the catalytic activity of 
the enzyme.

On the other hand, the residues 53 to 67 showed major 
fluctuations in WT IDUA compared with the mutant models. 
These amino acids interact with the carbohydrate attached to 
Asn372 through many polar and nonpolar contacts, princi-
pally with Pro54, Leu56 and His58. Dynamic alterations in 
these residues may impair catalysis and possibly also impair 
binding to its natural substrates (Fig. 7).

Similarly, the loop formed by residues 243-255 showed 
greater mobility in the WT protein, compared to the Ser-
633Leu or Ser633Trp mutants, as judged from the RMSD 
observed for these residues (Fig. 8A). Snapshots extracted 
at 0, 1, 5, 25, and 50 ns showed larger displacements of all 
residues that conform this loop in the WT enzyme (Fig. 8B). 
This is in contrast with what is observed in both mutant pro-
teins, where this loop is "freezing" (Fig. 8C and D), suggest-
ing a relevant participation of these residues in the enzyme 
catalysis or in a correct structuration of the catalytic and 
binding sites.

Amino acid residues that conform this loop have not 
previously been reported as mutation sites associated with 
the development of MPS I. Detailed studies of mutations in 
the Ig-like domain of the IDUA will be necessary to better 
understand its contribution to the function of this enzyme 
and possibly will contribute to the design of new therapies 
against MPS I.

6 � Conclusions

Low enzymatic activity observed for p.Ser633Trp variant 
of the α-l-iduronidase seems to lead to severe mucopoly-
saccharidosis type I phenotype, possibly associated with 
a perturbation of the structural dynamics in regions of the 
enzyme close to the active site or by perturbations of the 
regions of the enzyme that participate in the binding to the 
natural substrate that are further away from the active site.

Fig. 6   RMSFs and catalytic site snapshots from MD simulations. A 
RMSF in C-alpha atom coordinates for each residue of WT IDUA 
(red) Ser633Leu mutant (black) and Ser633Trp mutant (blue), over a 
50 ns molecular dynamic simulation trajectory. Representative snap-

shots of catalytic site residues extracted at 0 (gray), 1 (magenta), 5 
(cyan), 25 (green) and 50 (blue) ns form WT (B), Ser633Leu (C) and 
Ser663Trp (D) IDUA
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Fig. 7   Details of Asn372 N-glycan-IDUA contacts. A Interactions 
between the N-glycan at Asn372 and IDUA observed in the 3W81 
crystal structure, including water molecules (cyan spheres). Polar 
(green dashed line) and hydrophobic (red arc with spokes) contacts 

are shown. The figure was prepared with LIGPLOT. B Representa-
tive snapshots of loop 53-67 extracted at 0 (gray), 1 (magenta), 5 
(cyan), 25 (green) and 50 (blue) ns from IDUA WT, Ser633Leu and 
Ser663Trp

Fig. 8   Loop 233-255-RMSD of each simulated IDUA model 
throughout a 50 ns molecular dynamics simulation. A The RMSD of 
loop 233-255 of IDUA WT (red line) is compared with Ser633Leu 
(black line) and Ser633Trp (blue line) models. Representative snap-

shots of loop 233-255 extracted at 0 (gray), 1 (magenta), 5 (cyan), 
25 (green) and 50 (blue) ns from IDUA WT (B), Ser633Leu (C) and 
Ser663Trp (D). Phenylalanine 247 and 248 (in sticks representation), 
are shown as reference
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