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Abstract Background: In the severe neurodegenerative
disorder mucopolysaccharidosis type IIIB (MPSIIIB or
Sanfilippo disease type B), deficiency of the lysosomal
enzyme N-acetyl-a-glucosaminidase (NAGLU) results in
accumulation of heparan sulfate. Patients present with a
severe, rapidly progressing phenotype (RP) or a more
attenuated, slowly progressing phenotype (SP). In a
previous study, residual NAGLU activity in fibroblasts of
SP patients could be increased by culturing at 30�C,
probably as a result of improved protein folding and
lysosomal targeting under these conditions. Chaperones
are molecules which influence protein folding and could
therefore have therapeutic potential in SP MPSIIIB patients.
Here we studied the effects of 1,302 different compounds
on residual NAGLU activity in SP MPSIIIB patient

fibroblasts including 1,280 approved compounds from the
Prestwick Chemical Library.
Methods: Skin fibroblasts of healthy controls, an SP
MPSIIIB patient (homozygous for the temperature sensitive
mutation p.S612G) and an RP MPSIIIB patient (homozy-
gous for the p.R297* mutation and non-temperature
sensitive), were used. A high-throughput assay for mea-
surement of NAGLU activity was developed and validated,
after which 1,302 different molecules were tested for their
potential to increase NAGLU activity.
Results: None of the compounds tested were able to
enhance NAGLU activity.
Conclusions: This high-throughput screen failed to identify
compounds that could enhance residual activity of mutant
NAGLU in fibroblasts of SP MPSIIIB patients with
temperature sensitive mutations. To therapeutically simulate
the positive effect of lower temperatures on residual
NAGLU activity, first more insight is needed into the
mechanisms underlying this temperature dependent
increase.

Introduction

In mucopolysaccharidosis type IIIB (MPSIIIB or Sanfilippo
disease type B; OMIM#: 252920), deficiency of the
lysosomal enzyme N-acetyl-a-glucosaminidase (NAGLU;
EC: 3.2.1.50) results in accumulation of the glycosamino-
glycan (GAG) heparan sulfate (Muenzer 2011). Patients
generally present between the age of 1 and 4 years with a
delay in neurocognitive development, predominantly affect-
ing speech and language skills, which is followed by a
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progressive neurocognitive decline accompanied by behav-
ioral problems (Valstar et al. 2010). There is a wide
spectrum of disease severity, ranging from a severe, rapidly
progressing phenotype (RP) to a more attenuated, slowly
progressing phenotype (SP). Whereas RP patients often die
in their late teenage years or early adulthood, patients
with an SP phenotype may show a stable developmental
impairment for years (Moog et al. 2007; Valstar et al.
2010). No disease modifying treatment is yet available.

Recently, we showed that culturing skin fibroblasts of
MPSIIIB patients with an SP phenotype at 30�C signifi-
cantly increased residual NAGLU activity, probably due
to improved protein folding, decreased degradation, and
improved targeting to the lysosome (Meijer et al. 2016).
Chaperones are molecules that could induce comparable
effects and may be considered as potential therapeutic
agents for SP MPSIIIB patients. Molecular chaperones,
including the heat shock proteins, are endogenous chaper-
ones that play an important role in protein stabilization and
are key players in the intracellular protein quality control
system (Hartl et al. 2011). Chemical chaperones, on the
other hand, are exogenous compounds that stimulate
protein folding by nonspecific modes of action (Engin and
Hotamisligil 2010; Cortez and Sim 2014), whereas phar-
macological chaperones stabilize proteins by more specific
binding as they act as ligand to the enzyme or selectively
bind a particular native conformation of the protein (Parenti
2009). The use of pharmacological chaperones has been
investigated for many diseases affecting protein folding,
including LSDs, and several are now in clinical trials
(Hollak and Wijburg 2014; Parenti et al. 2015).

Suitable candidates for chaperone therapy in MPSIIIB
are 2-acetamido-1,2-dideoxynojirimycin (2AcDNJ) and 6-
acetamido-6-deoxycastanospermine, since they were found
to be potent inhibitors of purified human NAGLU and its
bacterial homolog (Zhao and Neufeld 2000; Ficko-Blean
et al. 2008). Another compound of interest is glucosamine.
Treatment of cultured fibroblasts from MPS IIIC patients
(OMIM#: 252930) with glucosamine partially restored the
activity of the deficient enzyme heparan acetyl-CoA:alpha-
glucosaminide N-acetyltransferase (HGSNAT; EC:2.3.1.78).
This could also be the case for MPSIIIB, as NAGLU binds
glucosamine residues at the non-reducing end of the GAG
chain (Feldhammer et al. 2009; Matos et al. 2014).

Here we aimed to investigate the effects of known
chemical and pharmacological chaperones on residual
enzyme activity in a MPSIIIB fibroblast cell line in which
residual enzyme activity can be increased by culturing at
low temperature. Also, we investigated the effect of the
1,280 approved compounds from the Prestwick Chemical
Library, which have all proven their safety in humans.

Material and Methods

Cell Culture

Cultured skin fibroblasts of healthy controls, a MPSIIIB
patient with an SP phenotype, homozygous for the
temperature sensitive missense mutation p.S612G, and of
a MPSIIIB patient homozygous for the p.R297* mutation
conveying an RP phenotype and previously demonstrated
not to be temperature sensitive, were selected for validation
of the assay and subsequent compound screen (Meijer et al.
2016). Fibroblasts were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% Fetal
Bovine Serum (FBS) and 100 U/mL penicillin, 100 mg/mL
streptomycin, and 250 mg/mL amphotericin at 37�C (unless
otherwise stated) in a humidified atmosphere containing 5%
CO2. Before adding FBS to the medium, bovine NAGLU
was inactivated by incubation of FBS at 65�C for 35 min.
All cell lines were found negative for mycoplasma
contamination.

NAGLU Activity Assay

NAGLU activity in protein homogenates of skin fibroblasts
was measured according to our previously described
method (Meijer et al. 2016). Since this method is unsuitable
for screening of a large number of compounds, an assay
suitable for high-throughput screening was designed, based
on the method described by Mauri et al. (2013). Fluoro-
genic 4-methylumbelliferyl-2-acetamido-2-deoxy-a-D-glu-
copyranoside (4MU-a-GlcNAc) (Moscerdam, Oegstgeest,
The Netherlands) was used as substrate and dissolved to the
required concentration in a 0.1 M citrate 0.2 M phosphate
buffer pH 4.3. The assay was started by adding 50 mL
reaction mixture (12.5 mL 4MU-a-GlcNAc, 37 mL 0.1 M
citrate 0.2 M phosphate buffer pH 3.85 and 0.5 mL 10%
Triton-X100) to each well which was incubated at 37�C
for different time periods. The reaction was stopped by
adding 150 mL 0.2 M sodium carbonate buffer pH 10.5.
Fluorescence of released 4-methylumbelliferone was
measured with a Fluostar Optima Microplate Reader (BMG
Labtech, Ortenberg, Germany), using an excitation and
emission wavelength of 360 nm and 450 nm, respectively.
NAGLU activity was calculated using a calibration curve
of 4-methylumbelliferone (Glycosynth Ltd., Warrington,
Cheshire, UK).

Compound Screen

Cells were harvested by trypsinization, counted using a Z™

series Coulter Counter (Beckman Coulter Inc., Brea,
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California, United States) and diluted in culture medium to
the required concentrations. For each cell line, 100 mL cell
suspension per well was plated in black, clear bottom 96-
well plates (Greiner Bio-One, Kremsm€unster, Austria).
Next day, culture medium was replaced with 200 mL
culture medium containing one of the small compounds
described below and incubated for 5 days following our
standard protocol. After 5 days incubation, plates were
washed three times with phosphate buffered saline (PBS)
and NAGLU activity was measured as described above.

Chemicals

Taurine, D-arginine, L-homoarginine hydrochloride, saccha-
rose, trimethylamine N-oxide (TMAO), dimethyl sulfoxide
(DMSO �99.9%), ambroxol, D-glucosamine hydrochloride,
N-acetylglucosamine, trichostatin A (TSA), bortezomib,
and ursodeoxycholic acid (UDCA) were all purchased from
Sigma-Aldrich (St. Louis, MO, USA). L-arginine monohy-
drochloride, trehalose and 4-phenylbutyrate (4-PBA) were
from Merck (Darmstadt, Germany), b-alanine from BDH
(Analytical Chemicals, VWR International, Radnor, PA,
USA), glycerol and betaine were from Arcos Organics
(Geel, Belgium), and glycine from Serva Electrophoresis
GmbH (Heidelberg, Germany). Tauroursodeoxycholic acid
(TUDCA) was from Calbiochem (Merck Millipore, Bill-
erica, MA, USA), 2-acetamido-1,2-dideoxynojirimycin
(2AcDNJ) from Bio-connect (Life Sciences, Huissen, The
Netherlands), and suberanilohydroxamic acid (SAHA or
Vorinostat) from Cayman Chemical Company (Ann Arbor,
MI, USA).

The compounds used in our screen were first dissolved in
milliQ (Synergy Water Purification System, Merck Millipore,
Billerica, MA, USA), sterilized using a 0.45 mm syringe filter
(Merck Millipore, Billerica, MA, USA) and diluted in culture
medium to the required concentration. Except for UDCA,
ambroxol, bortezomib, TSA, and SAHA, for which stock
solutions were prepared in DMSO and subsequently diluted
in culture medium (final DMSO concentration 1.0%).

The Prestwick Chemical Library (Prestwick Chemical,
Illkirch, France) consisted of 1,280 compounds (2 mM
stock solutions in DMSO), which were diluted in culture
medium to a final concentration of 10 mM (final DMSO
concentration 0.5%).

Western Blot Analysis

Cell pellets were dissolved in milliQ supplemented with
cOmplete™ protease inhibitor cocktail (Roche, Mannheim,
Germany) and disrupted by sonification using a Vibra Cell
sonicator (Sonics & Materials Inc., Newtown, CT, USA).
Protein concentration was measured in whole cell lysates as

described by Lowry et al. (1951). For Western blot analysis
of NAGLU, 50 mg of protein was loaded onto a NuPAGE
Novex 4–12% Bis-Tris pre-cast polyacrylamide gel (Invi-
trogen, Carlsbad, CA, USA) that after electrophoresis was
transferred onto an Amersham Protran Nitrocellulose
Blotting Membrane by semidry blotting (GE Healthcare
Life Sciences, Little Chalfont, UK). Membranes were
blocked in 30 g/L bovine serum albumin (Sigma-Aldrich,
St. Louis, MO, USA) in 0.1% Tween-20 in PBS (TPBS).
Antibodies used were: rabbit anti-NAGLU antibody 1:800
(ab169874; Abcam, Cambridge, UK), mouse anti-b-actin
antibody 1:10,000 (Sigma-Aldrich, St. Louis, MO, USA),
goat anti-rabbit and donkey anti-mouse antibody 1:10,000
(IRDye 800CW and IRDye 680RD, respectively; LI-COR
Biosciences, Lincoln, NE, USA). Primary antibodies were
dissolved in TPBS and secondary antibodies in TPBS with
Odyssey® blocking buffer and SDS 0.01%. Between
antibody incubations membranes were washed five times
with TPBS. Blots were analyzed using the Odyssey® CLx
Infrared Imaging System (LI-COR Biosciences, NE, USA).

Statistical Analysis

Data analyses were performed using SPSS software for
Windows (version 23.0, SPSS Inc., Chicago, IL, USA). A
p-value of <0.05 was considered statistically significant.

Results

Effects of Culturing at 30�C on Mutant NAGLU

Previously it has been shown that residual activity of
NAGLU in fibroblasts of MPSIIIB patients with an SP
phenotype can be increased by culturing at 30�C (Meijer
et al. 2016). To further investigate the increase in activity of
mutant NAGLU at low culture temperature, NAGLU
protein and activity levels were determined in control and
MPSIIIB fibroblast cell lines after culturing at 37 and 30�C
(Fig. 1a). Western blot analysis of fibroblasts from a healthy
control cultured at 37�C showed that NAGLU consists of
two forms: a precursor form with an apparent molecular
weight of 85 kD and a mature form with an apparent
molecular weight of 82 kD. In the SP p.S612G MPSIIIB
cell line, only the precursor form was detected after
culturing at 37�C, whereas after culturing at 30�C both
NAGLU forms could be observed. This corresponded with
an increase in NAGLU activity from 0.41 nmol mg�1 h�1

after culturing at 37�C up to 4.06 nmol mg�1 h�1 after
culturing at 30�C (Fig. 1b; NAGLU activity in control
fibroblasts cultured at 37�C: 19.71 nmol mg�1 h�1). In
fibroblasts of the RP p.R297* MPSIIIB patient, no NAGLU
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protein was present under either of these conditions
(measured NAGLU activities: 0.14 and 0.15 nmol mg�1 h�1

after culturing at 37�C and 30�C, respectively).

Optimization and Validation of the 96-Well NAGLU Assay

Prior to the compound screen, a method suitable for high-
throughput applications was developed based on the
method described by Mauri et al. (2013) and optimized
for incubation time, 4MU-a-GlcNAc substrate concentra-
tion and cell density (Supplementary figure 1). Based on
these results we decided to use 10,000 cells/well and to
measure NAGLU activity after 5 days of culturing using
1 mg/mL 4MU-a-GlcNAc substrate incubated at 37�C for
24 h. Since at present no compound is known that can
enhance residual NAGLU activity in MPSIIIB fibroblasts,
fibroblasts of a healthy subject were used as a positive
control and plated at a density of 2,500 cells/well in each
plate. As chaperones only act on missense variants, p.
R297* MPS IIIB fibroblasts plated at a density of 10,000
cells/well were included as a negative control. Since this
cell line contains a mutation resulting in a premature stop,
no protein will be synthesized and no activity was expected
to be measured.

Using these conditions, the Z-factor of the assay was
determined, which is considered a reliable measure for
evaluation and validation of high-throughput screens
(Zhang et al. 1999). A calculated Z-factor of 0.69 classified
this assay as “excellent.”

Effect of Chemical Chaperones

Chemical chaperones are generally divided into two
subgroups: the osmolytes and hydrophobic compounds
(Cortez and Sim 2014). Several classes of osmolytes were
studied: free amino acids and amino acid derivatives (b-
alanine, glycine, taurine, D-arginine, L-homoarginine hydro-
chloride, L-arginine monohydrochloride), carbohydrates
(trehalose and saccharose), polyols (glycerol), methyl-
amines (betaine and TMAO), and organosulfur compounds
(DMSO). In addition the effect of the hydrophobic
chaperones 4-PBA and the bile acids UDCA and TUDCA
was assessed.

None of the 15 chemical chaperones tested, enhanced
NAGLU activity in MPSIIIB fibroblasts after 5 days incu-
bation at different concentrations (Fig. 2a).

Effect of Pharmacological Chaperones, Previously
Investigated in LSDs

Pharmacological chaperones previously studied for poten-
tial effects in LDSs were assessed and included ambroxol
(Maegawa et al. 2009), the proteasome inhibitor bortezomib
(Shimada et al. 2011; Macías-Vidal et al. 2014) and the
HDAC inhibitors TSA and SAHA (Pipalia et al. 2011).
None of these compounds enhanced residual NAGLU
activity in p.S612G MPSIIIB fibroblasts (Fig. 2b).

The (N-acetyl)glucosamine inhibitors D-glucosamine, N-
acetylglucosamine, and 2AcDNJ, which were previously

Fig. 1 (a) Western blot analysis of NAGLU protein levels and (b)
corresponding activity levels (nmol mg�1 h�1) after culturing
MPSIIIB patient and control fibroblasts at 37 and 30�C for 1 week.

NAGLU activity was measured as was described previously (Meijer
et al. 2016). NAGLU activity in control fibroblasts cultured at 37�C
was 19.71 nmol mg�1 h�1
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Fig. 2 (continued)
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Fig. 2 (a) Effect of treatment with different classes of chemical
chaperones on residual NAGLU activity in p.S612G MPSIIIB
fibroblasts. (b) Effect of treatment with pharmacological chaperones
used in other protein folding diseases including LDSs, on residual
NAGLU activity in p.S612G MPSIIIB fibroblasts. (c) Effect of
treatment with pharmacological chaperones used in MPS III on

residual NAGLU activity in p.S612G MPSIIIB fibroblasts. NAGLU
activity levels are shown in fluorescence (arb. units). All compound
concentrations were tested in triplicate. Mean � SD is given. (d)
Western blot analysis of the effect of treatment with N-acetylglucos-
amine (NAG) and 2AcDNJ for 5 days on NAGLU protein levels in p.
S612G MPSIIIB fibroblasts
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shown to affect NAGLU and HGSNAT in MPSIIIB and
MPS IIIC respectively, were also investigated (Zhao and
Neufeld 2000; Ficko-Blean et al. 2008; Feldhammer et al.
2009; Matos et al. 2014). As is shown in Fig. 2c, treatment
with these compounds did not lead to significant enhance-
ment of NAGLU activity levels.

To investigate whether any of these compounds did have
an effect on protein levels, which, due to a too strong
inhibitory effect, may not have resulted in detectable
changes in enzyme activity, the effect of N-acetylglucos-
amine and 2AcDNJ on NAGLU protein was assessed on
Western blot (Fig. 2d). Treatment with neither of these
compounds led to higher expression of the precursor of
NAGLU or the formation of the mature form of the
enzyme.

Prestwick Chemical Library

So far none of the compounds tested showed any effect
on residual activity of mutant NAGLU. Therefore the
Prestwick Chemical Library was tested consisting of 1,280
approved drugs (Fig. 3a). All compounds with a fluorescent
signal of 500 arb. units or above the mean background were
selected for further analyses. These included the antihyper-
tensive drugs benzamil hydrochloride (PCL-657) and
doxazosin mesylate (PCL-858), the anti-osteoporetic drug
ibandronate sodium (PCL-1285), the xanthine oxidase
inhibitor used for the treatment of gout, allopurinol (PCL-
1213), and the antiseptic drug aminacrine (PCL-1717). To
validate the results of the screen, MPSIIIB p.S612G
fibroblasts were incubated for 5 days with the selected
compounds at increasing concentrations. Both ibandronate
sodium and allopurinol did not show any significant effect
on NAGLU activity (Fig. 3b). For aminacrine, benzamil
hydrochloride, and doxasozin mesylate a dose dependent
increase in fluorescent signal was observed. However, the
same increase in fluorescence was obtained when the assay
was repeated in the absence of the 4MU-a-GlcNAc
substrate, indicating that there is no actual increase in
residual NAGLU activity upon treatment with these
compounds.

Discussion

We assessed the effect of 1,302 different molecules on
residual enzyme activity in a MPSIIIB patient fibroblast cell
line which responded with a significant increase in NAGLU
activity when cultured at 30�C instead of 37�C (Meijer et al.
2016). As enzyme activity is related to the efficiency of
protein folding, culturing at 30�C may improve folding of
the mutant NAGLU enzyme (Fan 2003; Gootjes et al. 2004).
Unfortunately, none of the molecules tested in our assay,

including the 1,280 compounds from the Prestwick Chemical
Library, were effective.

The observed lack of effect may well be understood if
protein misfolding is not, or only to a limited extend,
involved in the SP MPSIIIB phenotype and if the observed
increase in enzyme activity in fibroblasts cultured at 30�C
is due to other mechanisms. Indeed, our observation on
Western blot that at 37�C culture conditions only the 85 kDa
precursor form of NAGLU is detected while at 30�C also the
mature 82 kDa NAGLU protein is observed rather suggests
differences in protein synthesis and processing.

The majority of chemical chaperones studied here have
remarkable general mechanisms of action and were shown
to influence enzymatic activity in other protein folding
diseases including LSDs (Maegawa et al. 2009; Pipalia
et al. 2011; Shimada et al. 2011; Cortez and Sim 2014;
Macías-Vidal et al. 2014). We consider that, if protein
misfolding is indeed involved in the MPSIIIB SP phenotype,
some effect of these compounds would have been observed.
Our observation that more NAGLU specific compounds
such as the N-acetylglucosaminidase inhibitors N-acetylglu-
cosamine and 2AcDNJ also lacked effect on NAGLU protein
and activity levels further supports the hypothesis that
protein misfolding does not play a major role in MPSIIIB.
In previous studies the binding capacity of 2AcDNJ has
always been assessed using purified NAGLU (Zhao and
Neufeld 2000; Ficko-Blean et al. 2008). As NAGLU is
synthesized in the rough endoplasmic reticulum (ER), it is
possible that these compounds do have the capacity to bind
and stabilize mutant NAGLU, but cannot enter the ER in a
cell culture model as used here. This may also have blocked
potential effects of other compounds tested in this study,
although it is unlikely that compounds which do not reach
the target protein in vitro would have therapeutic properties
in vivo. Thus, despite the promising effects of chaperones in
other LSDs such as Fabry disease, this approach may not
serve all LSDs as was shown here for MPS IIIB (Hollak and
Wijburg 2014; Germain et al. 2016; Hughes et al. 2017).

A limitation of this study is that compounds were tested
in one MPSIIIB cell line. Although this cell line was
selected because its mutation conveys an SP phenotype and
enzyme activity responded favorably to culturing at 30�C,
we cannot exclude that this mutation is insensitive to the
here tested compounds and that they might have had a
positive effect on other mutations. However, allelic hetero-
geneity in MPSIIIB is large, and it would not be feasible to
test all reported mutations (Valstar et al. 2010). A drawback
of high-throughput screens in general is that compound
libraries are often tested in a limited number of concen-
trations, so that an effect of any of the compounds at a
different concentration cannot be ruled out.

Thus, despite a reliable and robust assay, this high-
throughput screen failed to identify compounds that could
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enhance residual activity of mutant NAGLU in fibroblasts
of an SP MPSIIIB patient homozygous for a temperature

sensitive mutation. We conclude that to therapeutically
simulate the positive effect of lower temperatures on

Fig. 3 (a) Effect of treatment with compounds from the Prestwick
Chemical Library (10 mM) on NAGLU activity in p.S612G MPSIIIB
fibroblasts. NAGLU activity levels are shown in fluorescence (arb.
units) and were corrected for the mean plate signal. (b) Validation of
the compounds identified in the high-throughput screen of the

Prestwick Chemical Library in p.S612G MPSIIIB fibroblasts.
NAGLU activity levels are shown in fluorescence (arb. units) after
incubation with or without 4MU-a-GlcNAc substrate. All compound
concentrations were tested in triplicate. Mean � SD is given
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residual NAGLU activity, first more insight is needed into
the mechanisms underlying this temperature dependent
increase in enzyme activity.
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