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a b s t r a c t

Niemann-Pick disease (NPD) type A and B are recessive hereditary disorders caused by deficiency in acid
sphingomyelinase (ASM). The p.Ala359Asp mutation has been described in several patients but its
functional and structural effects in the protein are unknown. In order to characterize this mutation, we
modeled the three-dimensional ASM structure using the recent available crystal of the mammalian ASM
as a template. We found that the p.Ala359Asp mutation is localized in the hydrophobic core and far from
the sphingomyelin binding site. However, energy function calculations using statistical potentials indi-
cate that the mutation causes a decrease in ASM stability. Therefore, we investigated the functional effect
of the p.Ala359Asp mutation in ASM expression, secretion, localization and activity in human fibroblasts.
We found a 3.8% residual ASM activity compared to the wild-type enzyme, without changes in the other
parameters evaluated. These results support the hypothesis that the p.Ala359Asp mutation causes
structural alterations in the hydrophobic environment where ASM is located, decreasing its enzymatic
activity. A similar effect was observed in other previously described NPDB mutations located outside the
active site of the enzyme. This work shows the first full size ASM mutant model describe at date,
providing a complete analysis of the structural and functional effects of the p.Ala359Asp mutation over
the stability and activity of the enzyme.

© 2016 Elsevier Inc. All rights reserved.
1. Introduction

Niemann-Pick disease types A and B (NPDA and NPDB) are
metabolic disorders in which harmful quantities of sphingomyelin
are accumulated in the body organs. Both diseases are caused by
pathogenic mutations in the SMPD1 gene that encodes for the acid
�olica de Chile, Departamento
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sphingomyelinase (ASM) enzyme. NPDA patients exhibit hep-
atosplenomegaly, progressive psychomotor deterioration and res-
piratory failure, and do not survive past early childhood. In contrast,
NPDB is clinically heterogeneous and its onset is usually in mid-
childhood. Most patients exhibit visceral involvement with little
or no neurological involvement, allowing survival into adulthood
[1,2]. NPD patients with intermediate phenotypes between types A
and B have also been described, representing the expected con-
tinuum spectrum caused by the inheritance of different mutations
in the SMPD1 gene [3,4].

ASM is a lysosomal hydrolase responsible for sphingomyelin
breakdown into phosphocholine and ceramide [5]. Within this
organelle, ASM performs an essential function maintaining the
dynamics of the membrane, causing reorganization of micro-
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domains and stimulating downstream signaling events [6]. In
addition, ASM is the major responsible for ceramide levels in cells,
an important signaling lipid involved in different cellular responses
[7].

Currently, more than a hundred different mutations have been
described for this enzyme [8e11]. In an attempt to understand how
these mutations affect the function of the enzyme, different ge-
notype/phenotype correlations have been done [8e10,12].
Recently, the crystallographic structure of the human ASM (hASM)
(PDB: 5JG8) was published [13], where the SAP domain is shown in
an open configuration. At the same time, different structures of
ASM frommouse [14], highlighting the open (PDB: 5FIB) and closed
(PDB: 5FI9) conformations of the SAP domain were reported,
providing an excellent opportunity to establish correlations be-
tween the effect of the mutations described and its spatial position
in the enzyme structure.

Recently, we studied the p.Ala359Asp (c.1076C > A) mutation of
the ASM that causes NPDB in the Chilean population [12]. We
described the clinical characteristics of 13 homozygous patients for
this mutation, all of them showing a moderate to severe NPDB
phenotype. Also, we established that the frequency of p.Ala359Asp
in the healthy population is 1/105.7, which is higher than expected
for the estimated number of NPDB patients reported. These results
provided important information in terms of the clinical character-
ization and epidemiological incidence of p.Ala359Asp in the Chil-
ean population.

In order to advance in the characterization of this ASMmutation
and taking advantage of the current new information regarding the
human sphingomyelinase structure, we generated a complete ho-
mology model of the p.Ala359Asp-ASM mutant. The structural
analysis indicates that the mutation predominantly produces al-
terations in the surface of the protein in terms of the electrostatic
potential and stability, with no alterations in the active site or in
zinc ions coordination. To correlate these findings with the func-
tional effect of this mutation, we characterized the expression and
enzyme activity of p.Ala359Asp-ASM in human skin fibroblasts, al
well as its lysosomal localization using a green fluorescent protein
reporter. The results obtained indicate that p.Ala359Asp-ASM ac-
tivity is significant lower than the wild-type protein. However, we
did not find changes in the expression or destination of the protein.
Considering published data [14] and our own results, the mutation
is located outside the active site of the enzyme, similar to other
previously described SMPD1 mutations that cause NPDB. Finally,
this work describes the first full size protein model of an ASM
mutant described at date, providing a simple and effective in silico
approach for the characterization of other ASM mutants.

2. Material and methods

2.1. Homology model in the closed conformation of hASM and
p.Ala359Asp mutant

We modeled the p.Ala359Asp-ASM with the Modeller 9.15
software [15] using the closed conformation of ASM from Mus
musculus (PDB: 5FI9) as template [14], and catalityc domain of the
hASM (PDB: 5JG8) [13]. The open conformation of p.Ala359Asp was
modeled only with 5JG8 as template. Fifty models were con-
structed, and from these, the best 10 potential DOPE models were
chosen. Their quality was evaluated with PROSA2003 [16], Pro-
check [17] and VERIF3D [18] to choose the best model.

2.2. Macromolecular electrostatics calculation and prediction of the
effect of mutations on protein stability

The Poisson-Boltzmann electrostatic potential surface was
calculated with APBS [19] in Pymol [20], with protonation states
corresponding to the lysosomal pH value of 5.0. The protonation
state of the ionizable residues was calculated using PROPKA, atomic
charges and radii were assigned from AMBER force field using
PDB2PQR software [21]. The surface potentials were calculated at
0.15 M ionic concentration, 310 K, with a dielectric constant of 2.0
for protein and 78.0 for solvent. The effect of the mutation on
protein stability was evaluated by function energy calculations
using statistical potentials with DUET [22].
2.3. Cell culture

Human skin fibroblasts were maintained in DMEM supple-
mented with 10% (v/v) FBS and 1% (v/v) penicillin-streptomycin.
The control and homozygous p.Ala359Asp NPDB skin fibroblasts
were established from biopsies obtained at the Pontificia Uni-
versidad Cat�olica de Chile after informed consent and with the
approval of our Institutional Review Board.
2.4. Quantitative real-time reverse transcriptase-polymerase chain
reaction assay

Total RNA was extracted from the fibroblast, pretreated with
DNase I (Invitrogen, Carlsbad, CA, USA), and then reverse-
transcribed to cDNA using random primers (Invitrogen). Real-
time polymerase chain reactions (qPCR) were performed by SYBR
Green I chemistry (SYBR Green PCR Master Mix, Applied Bio-
systems, Naerum, Denmark) with 25 ng of template cDNA and
specific primers present at 200 mM using the ABI 7500 sequence
detection system (Applied Biosystems). Primers sequences: SMPD1:
CTCGGGCTGAAGAAGGAACCCA (F) and AGCGTCTCCACACCTCCAC-
CAT (R). 18S: GTAACCCGTTGAACCCCATT (F) and CCATCCAATCGG-
TAGTAGCG (R).
2.5. Immunoblotting

Cell extracts (10 mg) were resolved by SDS-PAGE and transferred
onto nitrocellulose membranes. Membranes were blocked by
overnight incubation at 4 �C in 5% (w/v) milk powder dissolved in
Tris-buffered saline (TBS) and 0.1% (w/v) Tween 20 (TBST). The
membranes were then rinsed in TBST and incubated at room
temperature for 2 h in the presence of a polyclonal anti-ASM
antibody from Abcam (CAT #ab83354) (1:2000 dilution). The
membranes were washed again in TBST, and incubated at room
temperature for 2 h in the presence of a HRP conjugated anti-rabbit
IgG antibody (1:5000 dilution).
2.6. In vitro acid sphingomyelinase assay

The ASM activity was measured using the “Acid sphingomyeli-
nase activity kit” from Echelon Bioscience Incorporated (Salt Lake
City, UT, USA). Briefly, the fibroblast samples were resuspended in
100 mL 1 mM PMSF/water and subjected to 3 freeze-thaw cycles.
20 mL of the samples and the diluted standards were loaded into the
96-well plate. 30 mL of the substrate buffer were added and 5 min
later 50 mL of the diluted ASM substrate were added to each well.
The platewas incubated at 37 �C for 3 hwith shaking. Then, 50 mL of
the stop buffer was added and after 10 min at room temperature
the plate was read at 360 nm excitation and 460 nm emission. The
values were calculated using the standard curve and normalized to
protein concentration measured with the BCA kit (Thermo Scien-
tific, Rockford, IL, USA).
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2.7. ASM vectors and localization

The constructs carrying ASM fused to green fluorescent (ASM-
GFP) were generated using the pcDNA3.1(�) plasmids containing
the wild-type ASM [8] and the p.Ala359Asp mutation previously
generated by us [12]. The complete cDNA of wild-type and
p.Ala359Asp ASM were amplified using Pfx DNA polymerase
(Invitrogen) and the following primers: 50 GTAGGAAGCGCGA-
CAATGCCCCGCTAC 30 (sense) and 50 GTGAAAGCTTGCAAAA-
CAGTGGCCTTGGCCA 30 (antisense). To generate the fusion protein
the complete cDNA was cloned using the “CT-GFP fusion TOPO
expression kit” (Invitrogen) according to the manufacturer's in-
structions. Both constructs were sequenced to ensure that the C-
terminal GFP tag was in-frame with the ASM cDNA.

Transfections of these constructs were performed using the
Lipofectamine 2000 reagent (Invitrogen) into HEK293T cells, ac-
cording to the manufacturer's instructions. 47 h post-transfection
the cells were treated with Lysotracker-Red probe (Invitrogen).
The medium was removed and the prewarmed (37 �C) 500 nM
probe-containing medium was added and incubated for 1 h. The
cells were then washed, fixed and mounted with fluoromount.
Fluorescent images were captured with a confocal Olympus mi-
croscope (Olympus, Tokyo, Japan).
2.8. Nomenclature

Two nomenclatures have been used for describing the muta-
tions in NPDA/B: the “historical” nomenclature that refers to a
reference sequence that lacks two codons due to a naturally
occurring length polymorphism in the signal peptide portion of the
SMPD1 gene, and the “current” nomenclature which includes these
two codons. In this paper the p.Ala359Asp (c.1076C > A) mutation
was named and the three-dimensional model was generated using
the current gene sequence (RefSeq NM_000543.3). In some cases
we included the historical nomenclature to facilitate reading for
clinicians and investigators with a general knowledge of NPDA/B.
3. Results and discussion

3.1. Model of the sphingomyelinase p.Ala359Asp mutant

The structure of the hASM has three regions. The SAP domain
consists of four a-helices stabilized by three disulphide bonds, a
connector region of 167e198 residues rich in prolines, and a
Fig. 1. Homology model of p.Ala359Asp-ASM. A) open conformation, B) closed conformati
85 to 613. The SAP domain is colored in light brown (residues 85 to 170), the catalytic domain
p.Ala359Asp is indicated as red spheres. Zinc ions are shown as yellow spheres. (For interpre
version of this article.)
catalytic domain that belongs to the calcineurin-like phosphoes-
terase family (PFAM code: PF00149) consisting in two 6-stranded
b-sheets surrounded by a ring of a-helices [13]. As expected, the
homology model of the p.Ala359Asp-ASM model agrees with the
crystal structure of the human sphingomyelinase, where the
orientation and positioning of the three distinct regions present in
the wild-type ASM (SAP, connector and catalytic domain) are not
affected by the mutation (Fig. 1A). The crystallographic structure of
hASM only describes the open conformation of the SAP domain.
Considering this, in order to study the effect of the mutation in the
two possible conformations we modeled the closed conformation
of the hASM for the wild-type and p.Ala359Asp mutant. We used
the closed conformation describe in the mouse protein (PDB: 5FI9)
as template and the catalytic model of the hASM (PDB: 5JG8, resi-
dues 174 to 611) (Fig. 1B).

In the open conformation, the distance from the p.Ala359Asp
position to the SAP domain (center of mass) and to the Zn2þ ions of
the active site were 45 Å and 20e21 Å respectively. In the closed
conformation the mutation was located 38 Å from the SAP domain
(center of mass) and 22e23 Å from Zn2þ ions of the active site. In
both conformations (open and closed) the distance between the
p.Ala359Asp mutation and either the SAP or the catalytic domain
are far enough to suggest that the residue does not participate
directly in lipid binding (SAP) or in sphingomyelin breakdown
(catalytic). Previous reports indicate that the Ala359 residue is part
of or is located near the substrate-binding region [23,24]. However,
our results demonstrated that this residue is located in an a-helix
far from the active site, with its lateral chain pointing to the hy-
drophobic core of the protein and surrounded by the lateral chains
of the hydrophobic residues Leu355, Pro356, Leu363, Tyr369 and
Leu371. Residue Ala359 is buried into the protein with a relative
accessibility to the solvent of only 0.1% Therefore, the change of this
residue to Asp would elicit a dramatic disturbance in this hydro-
phobic environment.

To estimate local changes in stability between the wild-type
and the p.Ala359Asp-ASM enzymes, we performed function en-
ergy calculations using statistical potentials (Fig. 1C). The results
indicate that, in terms of the pseudo energy parameter (DDG),
the mutation causes a protein destabilization of �3.65 kcal/mol
(Site Directed Mutator, SDM) [25] and of �2.57 kcal/mol ac-
cording to the DUET web server [22]. Considering that protein
overall stability is usually between 5 and 10 kcal/mol, the DDG
change caused by p.Ala359Asp strongly suggest a destabilization
of the hydrophobic core. As was described before, most of the
on, C) local hydrophobic environment of p.Ala359Asp. Our model includes aminoacids
in green (residues 200 to 613) and the rich proline linker in blue (residues 171 to 199).

tation of the references to colour in this figure legend, the reader is referred to the web
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already characterized mutations potentially responsible for dis-
ease, destabilize the folded state by about 2e3 kcal/mol, sug-
gesting that mutations that in fact cause the pathology would be
in this range [26].

Next, we evaluated changes in the electrostatic surface po-
tential in the open and closed conformations caused by the
p.Ala359Asp using Poisson-Boltzmann (Fig. 2). In the wild-type
ASM structures we observed several changes in the electro-
static surface potential between the closed and the open
conformation. In particular, we found great differences at the
active site. The open conformation presented an extremely
negative surface around the SM binding site, whereas the closed
conformation presented a neutral distribution, with a negative
zone limited to the Zn2þ ions binding site. The rest of the ASM
surface mainly shows a positive distribution at pH 5.0 in both
conformations. Interestingly, the positive charge of the surface
has been described as necessary for the interaction with the
negative charges of the lysosome membrane [27]. On the other
hand, the predominantly negative charge observed at the active
site in the open conformation described here may be a mecha-
nism for discrimination of positively charged lipids, favoring the
interaction with the positive choline group of the
sphingomyelin.

While the mutation does not affect the electrostatic potential
of the active site, its presence clearly induces a local change over
the protein surface in both conformations, mainly in the open
one, changing from a neutral charged zone in the wild-type ASM
to a charged zone in p.Ala359Asp ASM. Interestingly, similar
perturbations in protein stability consistent with a set of struc-
tural effects, such as reduction in hydrophobic area and loss of
electrostatic interactions among others, have been observed in
different human proteins affected by single residue mutations
[26]. All these data strongly support the idea that the
p.Ala359Asp mutation causes a general destabilization of the
protein structure including the active site of the ASM, which
probably explains the protein malfunction in NPDB disease by
Fig. 2. Electrostatic potential changes induced by the p.Ala359Asp. Active site view (uppe
shown as yellow spheres in the active site. Poisson-Boltzmann electrostatic potential was cal
surface. (For interpretation of the references to colour in this figure legend, the reader is re
acting as a long range effect mutation.
According to the recently published structure, 103 mutations

were located in the catalytic core, 19 in the C-terminal sub-
domain, 8 in the saposin domain and 4 in the Pro-rich linker, and
most of them are predicted to affect the fold or stability of ASM
[14]. Our analysis of some of the published mutations suggests
that most of those that cause NPDA disease are located closely to
the active site, producing alterations in the activity of the enzyme
or in the coordination of Zn2þ ions (Supplementary Table I). On
the other hand, NPDB mutations are mainly located on the pro-
tein surface, modifying the ionic charges of amino acids and
therefore causing changes in protein structure stability. This
differential localization of mutations could explain in part the
degrees of severity observed in both NPD types.
3.2. ASM expression and enzymatic activity in wild-type and
p.Ala359Asp fibroblasts

To determine the consequences of the p.Ala359Asp mutation
in protein function we cultured skin fibroblasts from a control
individual and from a patient homozygous for this mutation,
under standard conditions. First, we evaluated the transcript and
protein expression of the enzyme and we found no differences
between the control and the patient's cells (Fig. 3A and B). Also,
we did not find differences in the protein levels of the culture
media, corroborating that the secretion of the mutant protein is
similar to the secretion of the control ASM (Fig. 3C). To evaluate if
the p.Ala359Asp mutation interferes with the correct destination
of the ASM to lysosomes we generated the fusion proteins wild-
type-ASM-GFP and p.Ala359Asp-ASM-GFP. We corroborated that
both proteins are sorted to the lysosome, since the GFP reporter
co-localizes with the lysotracker marker (Fig. 3E).

Finally, we measured ASM activity in vitro and found a sig-
nificant difference between the enzyme from wild-type and
p.Ala359Asp fibroblasts being the activity of the mutant protein
3.8% of the wild-type activity (Fig. 3D). This findings are
r models) and p.Ala359Asp localization (lower models, dashed line circle). Zn2þ ions are
culated at pH 5, 0.15 M of ions concentration and colored by potential solvent accessible
ferred to the web version of this article.)



Fig. 3. Homozygous p.Ala359Asp-ASM abundance, sorting and enzymatic characterization. Analysis of ASM: A) mRNA relative expression, B) protein expression, C) Protein
levels in the culture media D) ASM activity, in control fibroblasts and in p.Ala359Asp mutant patient fibroblasts. E) Analysis of HEK293T cells transfected with wild-type-ASM-GFP
and p.Ala359Asp-ASM-GFP fusion proteins. Protein levels and localization of the constructs. Fluorescence microscopy shows Lysotracker-red (lysosomal marker) and GFP fusion
proteins. Colocalization is seen as yellow color (arrows), as the result of the merging of the GFP reporter with the Lysotracker-red. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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consistent with the site-directed mutagenesis and transient
transfection assays in COS-7 cells we reported before, showing
that the p.Ala359Asp mutation significantly reduces ASM activity
to 4.2% of the wild-type enzyme without affecting protein levels
[12]. This residual activity is similar to that observed in other
NPDB mutants [8,11,28e30]. In addition, as it has been described
for other variants, the fact that NPD patients have normal
expression levels of the ASM protein predicts that the frequency
and/or severity of immunologically related infusion reactions to
enzyme replacement therapy (ERT) could be less severe than in
other diseases where deletion mutations are common [24].
Moreover, the fact that the ASM protein is expressed at normal
levels opens the possibility of using small molecules to enhance
the activity of the enzyme.
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