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ABSTRACT: Mucopolysaccharidosis IVA (MPS IVA) is a lysosomal storage disease caused by mutations in the gene encoding for
the enzyme N-acetylgalactosamine-6-sulfate sulfatase (GALNS), leading to lysosomal accumulation of keratan sulfate (KS) and
chondroitin-6-sulfate. In this study, we identified and characterized bromocriptine (BC) as a novel PC for MPS IVA. BC was
identified through virtual screening and predicted to be docked within the active cavity of GALNS in a similar conformation to that
observed for KS. BC interacted with similar residues to those predicted for natural GALNS substrates. In vitro inhibitory assay
showed that BC at 50 yuM reduced GALNS activity up to 30%. However, the activity of hrGALNS produced in HEK293 cells was
increased up to 1.48-fold. BC increased GALNS activity and reduced lysosomal mass in MPS IVA fibroblasts in a mutation-
dependent manner. Overall, these results show the potential of BC as a novel PC for MPS IVA and contribute to the consolidation
of PCs as a potential therapy for this disease.
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D 1 ucopolysaccharidosis IVA (MPS IVA, Morquio A, Table 2. Affinity Energies for Substrates against GALNS
OMIM 253000) is a lysosomal storage disease (LSD) Crystal Structure with FGly79 or Cys79
caused by mutations in the gene encoding for the enzyme N- Affinity energy (kcal mol™")
Substrate GALNS—Cys79 GALNS—FGly79
Table 1. Summary of Interactions Predicted between KS —77 83
Substrates and GALNS Crystal Structure” c6S 63 —67
Substrate Hydrogen bonds Hydrophobicinteractions G6S =32 =57
4MUGPS -S54 =57
KS EGly79, Tyr108 Leu78, Pro110, Glul12, His142,
GInl11, Argl75 Phel67, 11e294, Cys489, Trp520,
His236, Lys310Ser521  HisS22.
C6S Asnl06, Tyr108 His236, Leu78, FGly79, His142, Ile294,
Lys310 Gln311, Trp520. —
Ser521 Received: January 29, 2020 Chemistry Leters
G6S Asnl06, Lys310 Ser521  Leu78, Tyr108, His236, GIn311. Accepted: June 24, 2020

4MUGPS  Lys140, His236 Lys310  FGly 79, Asnl06, Tyr108, His142, Published: June 24, 2020
116294, Gln311, 11¢416, Phe418,
Trp520, SerS21.

“Interactions were predicted by using LigPlot+ v.2.2.
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Figure 1. Molecular dynamics simulation for GALNS and ligands. Simulations were carried out for 100 ns using GROMAC 4.5.5. The trajectories
were analyzed by RMSD for the protein docked with each ligand (A), for the ligands (C), and by the affinity energy (E). Average of RMSD for the
protein docked with each ligand (B), the ligands (D), and the affinity energy (F) are also presented. KS: keratan sulfate, C6S: chondroitin-6-sulfate,
G6S: galactose-6-sulfate, sMUGPS: 4-methylumbelliferyl--p-galactopyranoside-6-sulfate, and BC: bromocriptine (ANOVA Holm-Sidak test *** p

< 0.0001, n = 50001).
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Figure 2. Clustering of top 20 hits interacting with human GALNS. (1) Bromocriptine, (2) Dihydroergotamine, (3) Ergocristine, (4) Algestone
acetophenide, (5) Dexamethasone-21-sulfobenzoate, (6) Picrotin, (7) ZINC03872491, (8) Nimorazole, (9) Penfluridol, (10) Palosuran, (11)
Bisoctrizole, (12) Plevitrexed, (13) (6S,12ar)-Tadalafil, (14) Lumacaftor, (15) Talniflumate, (16) Tarazepide, (17) Devazepide, (18) Ezetimibe,
and (19) Pranlukast.

acetylgalactosamine-6-sulfate sulfatase (GALNS, EC 3.1.6.4).'
GALNS deficiency leads to the lysosomal accumulation of the

glycosaminoglycans keratan sulfate (KS) and chondroitin-6-
sulfate (C6S)." Patients under enzyme replacement therapy
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Figure 3. (A) BC structure. (B) In silico molecular docking keratan sulfate (yellow), and BC (green) within the active site cavity of human GALNS
(PDB: 4FDI). Catalytic residue (FGly79) and calcium ion from GALNS are shown in red and blue, respectively. (C) Protein—ligand interactions
between human GALNS and BC. Green and black residues are residues interacting through hydrogen bond and hydrophobic interactions,

respectively.

(ERT) with elosulfase alfa have shown considerable improve-
ments in clinical symptoms of the disease.” Unfortunately,
ERT has limited effects correcting the skeletal, corneal, and
cardiac abnormalities,” as well as abnormal growth.3 On the
other hand, although hematopoietic stem cell transplantation
has shown some clinical benefits,* this is a high-risk procedure
with many possible complications and high mortality. In this
sense, it is necessary to improve the efficacy and safety of
current therapies as well as to develop novel treatment
alternatives. Gene therapy is under preclinical evaluation,®
while alternative ERT delivery systems® and hosts for
producing recombinant GALNS’~® and novel enzymes'®
have been proposed.

Genotype-phenotype correlations have predicted that
GALNS mutations may affect the hydrophobic core, salt
bridges, ligand affinity, solvent-accessible surface, and N-
glycosylation sites.'' ~'* It has been proposed then the use of
small molecules, called pharmacological chaperones (PCs), to
promote the correct folding of misfolded or unfolded proteins,
as well as the proper intracellular trafficking of a mutated
protein.'” Compared to ERT, PCs have advantages such as a
wide tissue distribution profile, reduced immuno§enicity
issues, and ease of administration via oral route.®'” In
LSDs, PCs have been experimentally tested on Fabry disease
(migalastat), Gaucher disease, Pompe disease, gangliosidosis
(GMI1 and GM2), MPS II, and MPS IVB.'® Recently, we
reported ezetimibe and pranlukast as the first PCs for MPS
IVA."” These molecules increased the activity and thermo-
stability of human recombinant GALNS (hrGALNS), reduced
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the lysosomal mass, and normalized the abnormal autophagic
processes in MPS IVA patient-derived fibroblasts. In this work,
we describe the identification and characterization of
bromocriptine (BC) as a novel PC for MPS IVA based on a
virtual screening strategy using the GALNS crystal structure
(PDB 4FDI). Experimental procedures are detailed in
Supporting Information (SI).

We started by making the computational validation of
GALNS crystal structure and identified the presence of an
isomeric variable residue (Val283). Geometrically, GALNS
Val283 residue has angle changes inferior to 3° between the
bonds for the isomeric variants and an orientation change of
180° between isoforms for methyl groups in the radical
nonpolar aliphatic region (Figure S1A (SI)). The transition
probability of this residue between isomeric states was 50%;
then both isomeric variants are equally probable in GALNS
structure. Nevertheless, the lowest RMSD was predicted for
the protein backbone of State 1 (p < 0.0001) (Figure S1B
(SI)). We thus performed all molecular dockings and virtual
screening using State 1 of the protein, considering that a lower
RMSD is associated with higher protein stability and, hereby, a
better computational GALNS representation.

With this protein backbone selected and given that no
substrate-binding analysis has been reported for this GALNS
crystal structure,” we then modeled the interactions between
natural and artificial GALNS substrates with this GALNS
crystal structure. Table 1 summarizes the predicted inter-
actions between GALNS crystal structure and ligands. Leu78,
FGly79, Tyr108, Hisl42, Asp, 233, His236, 1le294, Lys310,

https://dx.doi.org/10.1021/acsmedchemlett.0c00042
ACS Med. Chem. Lett. 2020, 11, 1377-1385
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Figure 4. (A) Inhibitory assay for hrGALNS incubated with
fluorogenic substrate 4MUGPS with or without BC. The results are
reported as the percentage of the enzyme activity relative to the
control group. (B) Effect of BC on the production of hrGALNS in
HEK293 cells. Cells were transfected with plasmid pCXN-GALNS
and treated with different concentrations of BC. (ANOVA Holm-
Sidak test * p < 0.01, ** p < 0.001, *** p < 0.0001, n = 3.)

Trp520, and Ser521 were common residues interacting with
selected substrates (Figure S2 (SI)). Asnl106, Pro110, Glul12,
Lys140, Phel67, Argl75, GIn311, Ile416, Phe418, Cys489, and
His522 were also predicted as residues that interacted with the
evaluated substrates (Figure S2 (SI)). Compared with our
previous study, where a modeled GALNS structure was used
and both KS and Cé6S were able to fit within the GALNS active
cavity,'* the use of GALNS crystal structure allowed us to
predict more GALNS-C6S interactions than those predicted
with the modeled structure. Among the interacting residues,
TrpS520, Ser521, and His522, which are located in the protein
C-terminus, were predicted to interact with KS, C6S, and
4MUGPS. These interactions were not previously predicted
using the modeled GALNS structure, which could be due to
differences observed in the C-terminal domain between
GALNS modeled and crystal structures.'* This prediction
correlates with the crystal structure analysis, which suggests
that GALNS C-terminus could represent a barrier for accessing
the active cavity, contributing to substrate selectivity of the
enzyme.l3 Furthermore, a comparison of interacting residues
in GALNS active site with that of paralogous sulfatases, such as
iduronate-2-sulfatase and arylsulfatase C, suggests that residues
FGly79, Lys140, His236, Lys310, and GIn311 are important
for the enzyme—substrate interaction.”””'

Predicted affinity energy between GALNS and substrates
suggests a lower affinity for the artificial substrate 4AMUGPS
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(—5.4 kcal mol™) than for KS (—7.7 kcal mol™) and C6S
(—6.3 kcal mol™) (Table 2). This prediction correlates well
with the one obtained using the modeled GALNS structure'*
and with the affinity results regorted for arylsulfatase A with
natural and artificial substrates.”> A key transformation in the
catalytic site of sulfatases is the transformation of a cysteine
precursor present in their active site to formylglycine (FGly).”!
We then modeled the effect of FGly79 presence in the active
cavity on the affinity energy since previous studies using
modeled GALNS structure have Cys instead of FGly.'* FGly79
presence in the active site reduced the affinity energy for all
evaluated substrates (Table 2), which implies a higher affinity.
These results suggest a key role of FGly79 not only in GALNS
activity”” but also in the GALNS—substrate interaction. Due to
the importance of FGly79 in GALNS biological activity and
predicted role in GALNS—substrate interaction, further
modeling was done using the crystal GALNS structure with
FGly79 at the active cavity.

Molecular dynamics simulations predicted significantly
higher RMSD values for GALNS docked with substrates
(KS, C6S, 4MUGPS, and G6S) than for the free protein,
suggesting that GALNS—substrate interactions may induce a
structural change in GALNS. These values, however, were not
significantly different among the evaluated substrates (p >
0.05) (Figures 1A—B). It was also predicted that all substrates
were stable within the active cavity during the simulation time
(Figures 1C—D). Modeled enzyme—substrate interaction
showed that GALNS has the highest affinity for KS among
the evaluated substrates (—120.5 + 5.5 kJ mol™"), followed by
C6S (=524 + 2.8 k] mol™!), 4MUGPS (—46.9 + 3.7 kJ
mol™"), and G6S (—37.9 + 2.9 kJ mol™") (Figures 1E—F).
These results correlate well with previous simulations using an
in-silico GALNS structure model'* and the docking results
presented above.

We then proceeded to identify potential PCs that bind to
human GALNS via a virtual screenin§ strategy against the
ZINC In Man subset from ZINC," similar to the one
previously reported using the modeled GALNS structure
where ezetimibe and pranlukast were assessed as potential PCs
for GALNS."* In this study, we used the crystal structure of
human GALNS with the FGly79 residue in the active cavity. A
structure-based clustering of the top 20 hits after virtual
screening (Table S1 (SI)) allowed the identification of five
clusters, showing a wide variety of structures that can fit within
the GALNS active cavity (Figure 2). Besides structural
similarities observed among the evaluated compounds, some
functional similarities were also observed within the members
of some clusters. For instance, cluster I includes molecules that
interact with dopamine and alpha-adrenergic receptors; while
compounds in cluster II have a corticoid-like structure and
share the mineralocorticoid receptor as a potential common
target. Conversely, no common activity or target was identified
for compounds in clusters III, IV, and V.

Our rationale for the selection of a potential PC for human
GALNS lies on potential side effects of the molecule and its
safety. These are factors of major concern in long-term drug
administration, especially in a daily treatment scheme, which is
usually required by MPS IVA patients. We did not consider for
further investigation analgesic, antibiotic, antineoplastic,
antiestrogen, antipsychotic, and vasodilator drugs listed in
the top 20 hits, given their potential side effects during long-
term administration (Table S1 (SI)). Among the top 20 hits,
BC (Figure 3A) was ranked as the first among the 11,421

https://dx.doi.org/10.1021/acsmedchemlett.0c00042
ACS Med. Chem. Lett. 2020, 11, 1377-1385
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Figure S. Effect of BC on GALNS activity in MPS IVA patient fibroblasts. GM00958 (4, p.A393S), GM00593 (B, p.R386C/p.F285del), and
GMO01361 (C, p.R61W/p.W405_T406del) MPS IVA fibroblasts were treated with different concentrations of bromocriptine for 48 h after which
the GALNS activity was measured in the cell lysate. All assays were performed in triplicate (ANOVA Holm-Sidak test ** p < 0.001, *** p < 0.0001,

n=3).

compounds present in ZINC In Man subset. Moreover, two
structural analogs of BC (ZINC71928211 and
ZINC71928212) were also among the top 20. BC is a
dopamine receptor agonist administered orally, with strong
activity against D2 dopamine receptors and a partial activity
against the D1 dopamine receptors in the central nervous
system.”* BC was first approved by the FDA in 1978, and
current indications include the treatment of symptomatic
Parkinson’s disease and spastic and extrapyramidal disorders
(10—40 mg per day), hyperprolactinemia and acromegaly (5—
7.5 mg per day), and diabetes mellitus type II (0.8 mg per
day).”**> Several repurposing studies of BC have shown the
potential applications as an antitumoral,”® antiviral (against
Zika virus), and antiparasitic (against Trypanosoma cruzi)
agent.”””® Moreover, BC has shown a good safety profile in
children and adolescents,” which represent an important
population among MPS IVA patients.g’O BC presents potential
side effects that include nausea, vomiting, dizziness, and
fatigue; while more serious and rare (<0.1%) side effects
include fibrosis and cardiovascular incidents.”* However, the
incidence of most of these side effects is relatively low (<8%),
except for dizziness that can be as high as 49%.”" We thus
select BC for further study as a GALNS PC, given it was
ranked first in the virtual screening, has a wide therapeutic
window and good safety profile, and has side effects that can be
considered mild. BC does not share the same cluster of
ezetimibe and pranlukast, previously reported as GALNS
PCs," suggesting that they do not share common properties
(Figure 2), making BC an interesting GALNS PC candidate.
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Among the top 20 hits, other potential PCs were identified.
For instance, tarazepide, talniflumate, devazipide, and
lumacaftor were clustered with ezetimibe and pranlukast.
These molecules share structural characteristics which is a
starting point for the design of novel GALNS PCs.

Docking experiments were then carried out to evaluate the
interaction between BC and human GALNS (Figure 3). BC
docks into the GALNS active cavity in a similar pose to that
predicted for KS (Figure 3B), with an affinity energy of —10.8
kcal mol™. BC was predicted to interact with the following
GALNS residues: Leu78, Tyrl08, Prol110, Glnlll, Glull2,
Cys165, Phel67, Tyrl70, Argl7S, His236, and GIn311, which
are similar to those predicted for natural GALNS substrates
(Figure 3C). Molecular dynamics simulations predicted that
BC induces similar structural changes in GALNS than those
observed for natural GALNS substrates (Figure 1B). BC
showed an average binding energy of —65.6 + 3.65 kJ mol ™},
which is significantly higher than that for KS (=120.5+5.5 kJ/
mol) (Figure 1F), suggesting that BC will not compete with
GALNS natural substrate within the lysosome.

We then assessed the BC chaperone activity. We first used
hrGALNS produced in P. pastoris,”*” which has been
previously used in the characterization of PCs for MPS
IVA."” We evaluated the interaction of BC with hrGALNS
through an inhibition assay. An inhibition of up to 30% was
observed between 0.001 and SO yM of BC (Figure 4A),
suggesting that BC binds to the active cavity of the enzyme and
a direct binder of GALNS. This reduction in the enzyme
activity is lower than the one observed with ezetimibe and

https://dx.doi.org/10.1021/acsmedchemlett.0c00042
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Figure 6. Normalized histogram overlays of wild type fibroblast (WT, A) and MPS IVA patient’s fibroblast (GM00593, B, and GM01361, C)
untreated and treated with BC. (D) Fold change in MFI relative to the control group, labeled WT fibroblast, was calculated. Three independent
experiments per BC treatment and cell source were analyzed via flow cytometry (***, p < 0.001).

pranlukast, which was 40% and 50%, respectively, at a
concentration of 10 uM". However, we did not observe any
correlation between enzyme inhibition and binding energy. For
instance, ezetimibe and pranlukast showed enzyme activity
inhibitions of 40 and 50%, with a predicted binding energy of
—76.7 and —52.5 kJ/mol, respectively; while BC showed an
activity reduction of up to 30% with a binding energy of —65.6
kJ/mol.

We then evaluated the effect of adding BC during hrGALNS
production in HEK293 cells. Compared to DMSO treated
cells, BC treatment showed a significant (p < 0.001) increase in
GALNS activity. It was observed activities 1.36- and 1.48-fold
higher than the control at BC concentrations of 1 and 10 uM,
respectively (Figure 4B). Although this increment in GALNS
activity is similar to that observed with ezetimibe and
pranlukast, it is important to note that they were obtained at
significantly higher BC concentration (1 and 10 yM) than the
one used for ezetimibe and pranlukast (0.001 #M)."” Despite
the fact that BC needs higher concentrations to those observed
for ezetimibe and pranlukast to improve GALNS activity, these
results show the potential application of BC as a PC to increase
the activity of a hrGALNS.

To further challenge the potential PC activity of BC, we
assessed its effect on MPS IVA fibroblasts GMO00593
(p-R386C/p.F285del), GMO00958 (p.A393S), and GMO01361
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(p.R61W/p.W405_T406del)."”” In the case of MPS IVA
fibroblasts GM00958 (p.A393S), the treatment with BC did
not induce any increment in GALNS activity (Figure SA).
These results suggest that this mutation is not responsive to
BC treatment and differs from those results obtained with
ezetimibe and pranlukast, for which a significant increment in
GALNS activity (up to 2.5-fold) was observed.'” On the other
hand, GM00593 (p.R386C/p.F285del) fibroblasts showed a
1.52-fold increase in GALNS activity at 10 uM, while
GMO01361 (p.R61W/p.W40S_T406del) fibroblasts presented
a 1.50-fold increase at 0.1 uM (Figures SB—C). The observed
enhancement in GALNS activity for GM00593 fibroblasts is
lower than the one obtained with ezetimibe (2.5-fold increase
with 0.01 yM), while no increase in enzyme activity was
previously observed with pranlukast. The enhancement in the
activity of GALNS induced by BC using GM01361 fibroblasts
is similar to that previously observed with ezetimibe (1.6-fold)
and pranlukast (1.5-fold)," suggesting that mutations present
in these fibroblasts are easy to treat by PC therapy since they
respond to different PCs. However, GALNS activity was
significantly reduced in these fibroblasts at 1 and 10 uM BC
(Figure SC). As has been reported, PCs are mainly competitive
inhibitors that bind to the enzyme active cavity in a mutation-
dependent manner.'®'” In this sense, the reduction of enzyme
activity in GMO1361 fibroblasts may suggest that these

https://dx.doi.org/10.1021/acsmedchemlett.0c00042
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mutations are more sensitive to BC than those present in
GMO00593 fibroblasts. Overall, these results show the PC
activity of BC over mutated GALNS with a marked mutation-
dependent chaperone activity, suggesting that its use should be
on an individualized patient basis.

Although the BC concentrations used in this study agree
with those used in previous in vitro studies of BC (i.e., ~0.6 to
100 uM),*”*73¢ the BC pharmacokinetics evaluation in
Parkinson’s disease patients has shown that total plasma
concentrations are between ~0.01 yuM (6.5 ug L™") and 0.25
uM (165 pug L"), with a 90 to 96% protein binding, suggesting
a very low concentration of the free drug.”’ In this sense, the
BC concentrations described in the present study are
significantly higher than those found in human plasma,
which limits the direct translation of this drug to the clinics.
However, BC can be used as a starting point for the de novo
development of molecules with a chaperone activity in MPS
IVA.

Previously, we showed that measurement of lysosomal mass
by LysoTracker staining can be used as a phenotypic assay for
drug screening in MPS IVA patient-derived cells."” Sub-
sequently, wild-type and MPS IVA patient fibroblasts
GMO00593 and GMO1361 were exposed to different BC
concentrations, labeled with Lysotracker deep red, and
analyzed via flow cytometry. Wild-type cell population treated
with BC were not affected (Figure 6A), suggesting that BC
does not have any positive or deleterious effect on wild-type
GALNS. In fact, we did not observe any change in GALNS
activity on BC treated wild-type fibroblasts compared to
untreated fibroblasts (data not shown). On the other hand, the
histogram of MPS IVA patient fibroblasts treated BC exhibits a
leftward shifting with respect to the untreated group histogram
(Figure 6B—C), suggesting a lysosomal mass reduction. To
quantify this change, we assessed the fold change in the median
fluorescence intensity (MFI) relative to the control, i.e. wild-
type fibroblasts at the same experimental condition (Figure
6D). GM00593 fibroblast treated with 1 and 10 uM of BC
showed a relative fold change in MFI from 61.8 + 8.4 to 18.2
+ 1.3 and 10.5 + 0.7, respectively. Similarly, GM01361
fibroblast showed a reduction from 48.3 + 7.7 to 11.7 + 1.3
and 7.3 & 0.3 after being treated with 0.01 and 0.1 uM of BC,
respectively (Figure 6D). Compared to the enzyme activity
test, it was unexpected the observed reduction in the fold
change in MFI for GM00593 and GMO01361 fibroblasts after
treatment with 1 and 0.01 uM BC, respectively. This
discrepancy in the observed trends could be explained by
differences between techniques and their sensitivity. Never-
theless, these results showed that BC not only increases
GALNS activity but also can induce a reduction of lysosomal
mass.

In conclusion, we identified and characterized BC as a novel
PC for GALNS, which binds to hrGALNS and increases the
activity of the enzyme during its production in mammalian
cells (HEK293 cells). It is noteworthy that this compound also
increased GALNS activity in MPS IVA fibroblasts, in a
mutation-dependent manner. Nevertheless, higher concen-
trations of BC were needed compared to those previously
reported for ezetimibe and pranlukast. These results confirm
that our strategy allows the identification of PC for GALNS
and confirm ezetimibe as the best PC described for this
enzyme. Nevertheless, medicinal chemistry optimization could
improve the chaperone activity of BC. In addition, these results
offer valuable information for the rational design of novel PC

1383

for GALNS. Overall, these results contribute to the
consolidation of PCs as a potential therapy for MPS IVA
and suggest that a similar strategy could be applied to the
identification of PCs for other LSDs.
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