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Introduction

Lysosomal Storage Disorders (LSDs) are metabolic diseases
caused by enzyme misfolding or deficiency that leads to
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N-Acetylgalactosamine-6-sulfatase (GALNS) is an enzyme whose deficiency is related to the lysosomal
storage disease Morquio A. For the development of effective therapeutic approaches against this disease,
the design of suitable enzyme enhancers (i.e. pharmacological chaperones) is fundamental. The natural
substrates of GALNS are the glycosaminoglycans keratan sulfate and chondroitin 6-sulfate, which mainly
display repeating units of sulfated carbohydrates. With a biomimetic approach, gold nanoparticles (AuNPs)
decorated with simple monosaccharides, sulfated ligands (homoligand AuNPs), or both monosaccharides and
sulfated ligands (mixed-ligand AuNPs) were designed here as multivalent inhibitors of GALNS. Among the
homoligand AuNPs, the most effective inhibitors of GALNS activity are the p-p-galactoside-coated AuNPs. In
the case of mixed-ligand AuNPs, $-p-galactosides/sulfated ligands do not show better inhibition than the p-b-
galactoside-coated AuNPs. However, a synergistic effect is observed for a-p-mannosides in a mixed-ligand
coating with sulfated ligands that reduced ICsq by one order of magnitude with respect to the homoligand
a-D-mannoside-coated AuNPs. SAXS experiments corroborated the association of GALNS with p-p-galacto-
side AuNPs. These AuNPs are able to restore the enzyme activity by almost 2-fold after thermal denaturation,
indicating a potential chaperoning activity towards GALNS. This information could be exploited for future
development of nanomedicines for Morquio A. The recent implications of GALNS in cancer and neuropathic
pain make these kinds of multivalent bionanomaterials of great interest towards multiple therapies.

accumulation of unmetabolized substrates in the lysosomes.’
Although LSDs are individually considered as rare pathologies,
they collectively affect 1 in 5000 live births. The use of
mimetics of natural substrates that can behave as pharmaco-
logical chaperones (PCs)® is important to develop new thera-
pies for LSDs. PCs are compounds that can specifically bind
and stabilize a protein or restore its lost functionality.” For
example, the drug Migalastat (deoxygalactonojirimycin,
Galafold®), recently approved by the EMA and FDA, is able to
restore the functionality of a-galactosidase A whose malfunc-
tion causes Fabry disease.*
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Among LSDs, Morquio A syndrome (also known as
Mucopolysaccharidosis IVA)® is a rare disease related to the
deficiency of the lysosomal enzyme N-acetylgalactosamine-6-
sulfatase (GALNS), whose natural substrates are the glycosami-
noglycans (GAGs) keratan sulfate and chondroitin 6-sulfate
(Fig. 1).°

Morquio A is currently treated by enzyme replacement
therapy (ERT), namely, by infusion of the orphan medicine

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Natural substrates of the GALNS enzyme: the GAGs chondroitin-
6-sulfate and keratan sulfate.

VIMIZIM® (elosulfase alfa, BioMarin),” which is based on
recombinant human GALNS (rhGALNS). However, thGALNS
suffers from low stability in vivo; thus, a way to improve this
ERT could be to chaperone the enzyme infusion with a
stabiliser. This is the so-called PC/ERT combined therapy
and has been experimented for other LSDs.® This approach
would reduce the dose of the infused enzyme and the
administration frequency, greatly benefitting the patients’
quality of life. The identification of rhGALNS inhibitors is
the starting point for the development of enzyme stabilizers
towards this aim.*

Recently, a repurposing study based on molecular docking
virtual screenings identified the small molecules ezetimibe
and pranlukast,’ and bromocriptine'® as PCs for the treatment
of Morquio A, thus highlighting the importance of finding
new molecules to treat mucopolysaccharidoses."!

Moreover, recent reports highlighted the implications of
GALNS not only in LSDs but also in cancer'” and neuro-
pathic pain.'* The three-dimensional structure of human
GALNS, determined by X-ray crystallography at 2.2 A resolu-
tion, shows that the enzyme is a dimer."* In the last few
years, it has been demonstrated that in addition to carbo-
hydrate-binding proteins (lectins),'®> carbohydrate-processing
enzymes'® may also benefit from polyvalent interactions that
can occur through the binding of multiple ligands with
multiple receptors."”

The dimeric nature of GALNS led to the hypothesis that the
interaction of GALNS with the corresponding ligands could
take advantage of the “multivalent” display of carbohydrates
and/or sulfate esters, which are the repetitive moieties found
in the enzyme’s natural substrates chondroitin-6-sulfate and
keratan sulfate (Fig. 1).

The multimerization of the iminosugar 1,4-dideoxy-1,4-
imino-p-arabinitol (DAB-1) in a dimeric or trimeric form'® on
dendrimeric scaffolds'® or on gold nanoparticles (AuNPs)>
(Fig. 2) resulted in new multivalent systems that efficiently
inhibit GALNS (low micromolar range). Indeed, iminosugars,**
which are well-known carbohydrate mimics, were initially
selected as ligands for their measurable chaperoning activities
towards lysosomal enzymes.?”

Surprisingly, good inhibition was also obtained with
AuNPs coated with B-p-glucosides (Fig. 3, AuNPs 1),>°
which could be explained by the low specificity of the
GALNS substrate-binding pocket. Such enzyme promiscuity
was already noted in the original report by Garman and
co-workers.™*
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Fig. 2 Multivalent inhibitors of the GALNS enzyme: iminosugar DAB-1
dimers or trimers (A), dendrimers (B) and BGlc-AuNPs decorated with
DAB-1 (C).

In light of the latter result, and with the aim to collect more
information on the interaction between GALNS and multi-
valent systems, we reasoned that glyco-AuNPs decorated with
monosaccharides other than glucose could also work as new
inhibitors of GALNS. Glyco-AuNPs are designed to display
sugars on a nanometric gold core in a polyvalent and globular
arrangement and with a well-defined chemical composition.
They are easily prepared through in situ reduction of Au(m)
salts in the presence of a suitable thiol-ended glycoside, thus
providing valuable tools to study and intervene in carbo-
hydrate-mediated interactions.>”

In the present article, a series of homoligand glyco-AuNPs
(AuNPs 1-4, Fig. 3, top), i.e. nanoparticles decorated with
thiol-ending o-p-mannosides or a- or f-p-galactosides, were
prepared and tested as GALNS inhibitors, integrating the
results obtained with AuNPs coated with p-p-glucosides.?® The
main goal of this work was to study if the nature of the sugar
(e.g- glucose, mannose or galactose) and the type of glycosidic
linkage (e.g. o- or B-anomeric configuration) could affect the
inhibition. Furthermore, with a minimalist approach, mixed-
ligand AuNPs simultaneously decorated with these glycosides
and sulfate-ending ligands (AuNPs 7-10, Fig. 3, bottom) were
also designed and prepared to include the sulfate moiety
present in the natural GAG substrates of GALNS (Fig. 1).

AuNPs are ideal scaffolds to obtain a mixed functionali-
zation of nanosystems; indeed, once the thiol-ending ligands
are in hand, AuNPs allow for a straightforward modulation of
the multivalent ligand presentation by tuning the percentage
of each ligand on the gold surface simply by mixing the
ligands together before the reduction step. Inhibition assays of
the so-prepared AuNPs were performed in vitro. The best
inhibitor was tested as an rhGALNS stabiliser and monitored
in solution by small angle X-ray scattering (SAXS) measure-
ments in the presence and absence of GALNS in order to get
an insight into the NP-enzyme interaction.

Org. Biomol. Chem., 2023, 21, 9362-9371 | 9363


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ob01466e

Open Access Article. Published on 17 November 2023. Downloaded on 6/19/2026 2:47:03 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

Organic & Biomolecular Chemistry

Homoligand AuNPs

HO OH

OH
Qo
O &/O S—
TR o i) OO
OH 3
BGlc-Au (1) BGal-Au (2)

0,50 0L s Au
4 9

Au-0SO5 (5)

OH

HO OH OH

0 HO O
HO HO

HO
(o] S—
o s—( a A RS Au
\/ei\/ u A
aGal-Au (3) aMan-Au (4)

20,p0 T O34 s Au
4 9

Au-OPO5 (6)

Mixed-ligand AuNPs

-03501‘\—0
WS

OH 9y

HO O A Au
IR0ty s
OH

50% BGlc-Au-0SO3 (7)

05801\ _ "
A

HO OH 9 \:

o]
HO%O\A/S_ Al
OH 3

50% BGal-Au-OSO5 (8)

05801\ _ é

2—s
%% \ " -
HO Au 4
HO s— o

80% aMan-Au-0SOjy (10a)
50% aMan-Au-OSOj™ (10b)

50% aGal-Au-0SO3 (9)

Fig. 3 The whole set of prepared AuNPs. Homoligand AuNPs (top) (100% sugar, 100% sulfate, or 100% phosphate) and mixed-ligand AuNPs
(bottom) (percentage indicates the sugar content with respect to the sulfated ligand).

Results and discussion
Preparation of homoligand AuNPs

First, a battery of AuNPs decorated with thiol-ending glyco-
sides or negatively charged ligands (sulfate and phosphate
derivatives) was prepared (homoligand AuNPs, Fig. 3, top).

The preparation of the 100% glyco-AuNPs 1-4 was carried out
following the method of Penadés and collaborators™ inspired by
the Brust and Schiffrin synthesis** (for details, see the ESIt). The
protocol involves the use of suitable thiol-ending glycosides as
ligands for the functionalisation of the surface of gold nano-
particles, which are formed in situ through reduction of HAuCl,
with an excess of sodium borohydride. In particular, the 100%
glyco-AuNPs 1-4 were synthesized using suitable thiol-ending gly-
cosides with a linear aliphatic linker bearing five carbon atoms,
following established procedures.*

In addition, AuNPs 5 coated with a sulfated ligand were also
prepared as reported in the literature.”® The sulfated ligand con-
sists of a part of tetra(ethylene glycol) (TEG) and a linear aliphatic
chain made up of eleven carbon atoms. The long aliphatic chain
guarantees the formation of self-assembled monolayers (SAMs)
on the gold surface, while the TEG component guarantees flexi-
bility, promotes solubility in water and prevents non-specific
adsorption of other biomolecules (e.g. proteins). A phosphate ana-
logue was also synthesised to prepare the corresponding AuNPs 6
as a negatively charged control system.

Preparation of mixed-ligand AuNPs

The possibility to tailor more than one ligand on the same
AuNPs allowed for the generation of AuNPs 7-10 (Fig. 3
bottom), which display a 1:1 mixture of a sugar component

9364 | Org. Biomol. Chem., 2023, 21, 9362-9371

(also a 4 : 1 mixture in the case of mannosides; see below) and
the sulfated ligand. In analogy to the already reported AuNPs
7,%® AuNPs 8-10 were prepared by mixing the sulfated ligand
in situ with one of the thiol-ending glycosides glycoCsS in the
appropriate ratio (see Table 1 and Fig. 3) in a 3:3:1 H,O/
CH;0H/CH;COOH solvent mixture. An aqueous HAuCl, solu-
tion was added to this ligand mixture (overall 3 equiv. with
respect to gold), and the resulting solution was treated with an
excess of NaBH, and vigorously stirred for 2 hours at room
temperature. After evaporation of the solvent, the AuNPs were
washed with methanol. The residue was dispersed in Milli-Q
water and purified by dialysis against water. After freeze-
drying, the AuNPs were re-dispersible in water. Analogously to
homoligand AuNPs, the mixed-ligand AuNPs showed an excep-
tionally small core (most in the 1-2 nm range), as demon-
strated by TEM and UV-vis analyses. TEM micrographs showed
uniform dispersion of the Au-NPs and no aggregation was
evident. In agreement with TEM data, no well-defined
plasmon absorption maximum (at around 520 nm), typical of
AuNPs with larger gold diameters, was observed for these
AuNPs. All of the obtained AuNPs are water dispersible and are
stable for months (no flocculation) under physiological con-
ditions at room temperature. Based on the gold core size
(determined by TEM), the average number of gold atoms per
nanoparticle was calculated according to Murray’s data that
also provide an estimation of the gold surface atoms.>” The
latter number sets an approximate limit of organic ligands
that can be anchored onto the AuNP surface. The combination
of this information with the elemental analysis experimental
values allows for estimating the number of ligands anchored
to the gold surface, from which an average molecular formula

This journal is © The Royal Society of Chemistry 2023
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Table 1 Percentage of inhibition of AUNPs towards human GALNS from
leukocyte homogenate. ICso values were measured for inhibition per-
centage higher than 70%

% GALNS

Ligand inhibition® ICso ICs50%

AuNP composition (02mgmL™")  (ugmL™")* (uM)

1 100% BGlc 75¢ 28° 47

2 100% pGal 92 9+2 (617 11 (7)1

3 100% oGal 86 140 £ 10 194

4 100% oaMan 92 120+ 4 175

5 100% 0SO;~ 42 — —

6 100% OPO,>~ 27 — —

7 50% PGlc 86 120 £ 10 84
50% OSO;~

8 50% PGal 88 23+£2 9
50% OSO;~

9 50% aGal 58 — —
50% OSO;~

10a 80% aMan 93 50+8 46
20% OSO;~

10b 50% aMan 94 15+2 7
50% OSO;~

BGle-Au-  60% BGlc 88¢ 16° 2.519¢

DAB-1 40% DAB-1

“AuNP concentration. ”Sugar concentration. °Taken from ref. 20.
?The values in brackets refer to the commercially available drug
VIMIZIM® (rhGALNS). ¢ Iminosugar concentration.

can be derived for each functionalized AuNP. The amount of
sulfated ligand was confirmed by quantitative 'H NMR
(QNMR) in D,O using 3-(trimethylsilyl)propionic-2,2,3,3-d4
acid (TSP-d4) as an internal reference.’”*® A representative
example of characterization is shown in Fig. 4 for AuNPs 8.

AuNPs as multivalent inhibitors of GALNS

The screening of inhibitors, as anticipated, is the starting
point to find potential PC-like systems, which can stabilise the
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Fig. 4 Characterization of 50% pGal-Au-OSOs~ (8): (A) TEM micro-
graph; (B) size-distribution histogram obtained by measuring 300 nano-
particles (average diameter 1.2 + 0.4 nm); (C) UV-vis spectrum in H,O
(0.2 mg mL™); (D) g*H NMR (400 MHz) in D,O containing 0.05 wt% of
3-(trimethylsilyl)propionic-2,2,3,3-d, acid, sodium salt as the internal
standard.
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infused rhGALNS currently used in therapy. In a previous
work,?® it was observed that gold nanoparticles decorated with
100% PGle (AuNPs 1, Fig. 3) showed remarkable inhibition
towards GALNS (75% inhibition at 0.2 mg mL™, ICs =
0.028 mg mL™", corresponding to 47 uM in terms of glucose;
see Table 1). Conversely, neither the monovalent thiol-ending
glucoside PGleCsSH nor its divalent disulfide (BGlcCsS),
showed inhibitory activity even at concentrations as high as
2 mMm.>

The set of AuNPs 1-10 was initially tested as GALNS inhibi-
tors at 0.2 mg mL ™" concentration in extracts from a pool of
human leukocytes isolated from healthy donors, as previously
reported.'®°

The collected data are summarized in Table 1. Homoligand
glyco-AuNPs 1-4 showed percentages of inhibition higher than
75%, thus establishing them as promising GALNS inhibitors.
For this reason, the corresponding ICs, values (concentration
of the inhibitor required for 50% inhibition of enzyme activity)
were evaluated by measuring human enzyme activity at
different glyco-AuNP concentrations (see Fig. S161). Among
these AuNPs, 100% pGal (pGal-Au (2), Fig. 3) was the best
inhibitor (IC5o = 9 pg mL™", 11 uM in terms of fGal concen-
tration), while 100% aGal (aGal-Au (3), Fig. 3) showed one
order of magnitude lower inhibition power (ICso, = 140 pg
mL™}, 194 puM in terms of aGal). The same behaviour was
observed for 100% aMan (aMan-Au (4), Fig. 3), which showed
IC50 = 120 pg mL™" (175 uM in terms of aMan).

Importantly, the disulfide dimers (fGalCsS), IVb and
(aManCsS), Ivd did not show inhibitory activity towards
GALNS when screened at 1 mM (see the ESIT). The significant
inhibition observed for glyco-AuNPs 1-4 confirms that GALNS
is particularly prone to accept multivalent ligands.

Since GALNS is a sulfatase, we envisaged that insertion of a
sulfate component might have a synergistic effect with the
sugar, thereby enhancing the inhibitory activity of the AuNPs.
However, the experimental results indicated that the presence
of the sulfated ligand in AuNPs 7-9 (50% sugar/50% sulfated
ligand) did not affect the inhibitory potency with respect to the
corresponding 100% glyco-AuNPs 1-3. In particular, in terms
of the pGal ligand, the IC;, values were very close: 11 pM vs.
9 uM for AuNPs 2 and 8, respectively. Similarly, in terms of the
BGlc ligand, the ICs, values were 47 pM for AuNPs 1 and
84 pM for AuNPs 7, which lie in the same order of magnitude.
In the case of AuNPs that display aGal, while AuNPs 3 were
weak inhibitors (IC5, = 194 uM), AuNPs 9 achieved only 58%
inhibition; thus, the IC5, was not measured. Accordingly, the
AuNPs 5 coated with the sulfated ligand, which do not display
any sugar component, were not good inhibitors of GALNS
(42% inhibition at 0.2 mg mL™"). Reasonably, the percentage
of inhibition of the control AuNPs 6 coated with the phosphate
ligand was even lower (27%). These latter data indicate that
neither the TEG moiety nor a negative charge other than
sulfate contributes significantly to the enzyme inhibition.

However, a different behaviour was noticed with the aMan-
functionalized AuNPs 4 and 10. In this case, more than one
order of magnitude increase in inhibitory power is observed
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with AuNPs 10b (IC5, = 7 pM) with respect to 100% oaMan 4
(IC50 = 175 pM). The enhancement in the inhibitory activity
seems to be related to the amount of sulfated ligand; in fact,
AuNPs 10b (50% sugar/50% sulfated ligand) are stronger
inhibitors than AuNPs 10a (80% sugar/20% sulfated ligand),
which showed ICs, = 46 puM. In this case, the higher the sulfate
amount, the higher the inhibitory power. This trend might be
explained by the peculiar topology of presentation of the
mannose ligand within these AuNPs.

Overall, the best inhibitors found in this work (AuNPs 2, 8
and 10b) have IC;, values in the same range as that of fGlc-Au-
DAB-1 (Table 1) and even lower than that of the DAB-1
nonamer (Fig. 2B). Although the DAB-1 dimer and trimer
(Fig. 2A) showed ICs, values in the low micromolar range,
their syntheses required a multistep and time-consuming
approach.

Among the best inhibitors, pGal-Au (2) was selected for
further investigation being the simplest nanosystem to
prepare. Thus, AuNPs 2 were also assayed towards the commer-
cially available rhGALNS VIMIZIM® and an ICs, value very
close to the one towards GALNS from the leukocyte homogen-
ate (7 vs. 11 pM; Fig. S17%) was obtained.

The action mechanism of AuNPs 2 was determined by
studying the dependence of the main kinetic parameters (K,
and V,,,) on the inhibitor concentration. We observed that the
K., value remained constant, while the V., value decreases
with increasing inhibitor concentrations. This behaviour is in
agreement with a non-competitive GALNS inhibitor (K; = 0.76 +
0.01 pg mL™*; Fig. S207).

In addition, an assessment of the ability of AuNPs 2 to
stabilize GALNS against thermal denaturation was performed.
rhGALNS VIMIZIM® was preincubated with 0, 0.001, 0.01, and
0.1 mg mL™" AuNPs 2 before being heated at 48 °C for 40 and
60 min.

Untreated GALNS lost most of its activity under these con-
ditions, with only 35% activity remaining after 1 h of heating
(Fig. 5 and, for more details, see also Fig. S21}). Conversely,
GALNS activity was retained by the inclusion of AuNPs 2 at all

1,4

1,2

1
08 rlf
| -
06 L
1 |
0,4 |
| 1
0,2 }
|
| |
0 |

40 min

Relative enzyme activity

Denaturation time

WAUNPs2 [0mg/mL] MAuNPs2 [0.001mg/mL] ®AuNPs2 [0.01mg/mL] = AuNPs2 [0.1 mg/mL]

Fig. 5 Stabilization of rhGALNS Vimizim® evaluated in vitro by using
heat inactivation. Relative enzymatic activity after thermal denaturation
(48 °C) for 40 min and 60 min at the indicated inhibitor concentrations
(mg mL™Y) with respect to the corresponding assay at 37 °C. Data for
control are obtained as above except that no inhibitor is present (AuNPs
2at0mgmL™).
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the investigated concentrations and time points (Fig. 5),
suggesting that AuNPs 2 make the enzyme almost insensitive
to thermal denaturation.

In particular, AuNPs 2 showed the best 1.73 and 1.26 stabi-
lization ratios (defined as the ratios of inhibitor vs.control
activity) at 0.001 mg mL™"' concentration at 40 and 60 min
heating times, respectively (Fig. S237). These data are remark-
able since the highest stabilization is observed at a 6-fold
lower concentration than the ICs, value (1 pug mL™ vs.6 pg
mL™") of AuNPs 2.

SAXS experiments

To have a direct proof of the association of fGal-Au (2) with
GALNS, we conducted SAXS experiments. SAXS allows the
measurement of the increase in the size of the nanoparticles
due to the binding of GALNS. SAXS measurements on pGal-Au
(2) were performed in the absence and presence of GALNS, in
order to investigate the possible interaction between the
AuNPs and the enzyme (Fig. 6). The SAXS fingerprint of
GALNS in solution has also been obtained (data not shown),
confirming its dimeric structure, in accordance with the com-
puted scattering curve for the crystallographic human GALNS
structure (PDB ID 4FDI)."**

AuNPs 2 have a gold core, covered by an organic shell of
different electron density; hence, SAXS experimental data
(green points in Fig. 6) were successfully fitted by a core-shell
model?® using the GENFIT software.?® Au electron density and
B-p-galactoside-coating electron density were used to ade-
quately fit experimental data; further details concerning this
approach can be found in the literature.*" The gold core dia-
meter has been fitted considering its polydispersion (in agree-
ment with TEM data, Fig. S51), while the organic shell thick-
ness has been considered as a monodisperse parameter. The
diameter of AuNPs 2 determined by SAXS extends until
~1.5 nm, and the AuNP core diameter shows a 10% polydis-
persion, similar to that found by TEM (Fig. S5f). The SAXS
curve corresponding to AuNPs 2 in the presence of GALNS in

100 | TR

o1
QA™

Fig. 6 SAXS data corresponding to pGal-Au (2) at 1 mg mL™* concen-
tration (green points) and to the same AuNPs at 0.75 mg mL™* concen-
tration in the presence of 0.2 mg mL™" GALNS (cyan points). The black
continuous line is the theoretical fit obtained by a core—shell model.
The black dashed line corresponds to the theoretical curve obtained by
the weighted sum of the SAXS curves of the components of the mixture.
The green and cyan points are shifted for clarity.

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ob01466e

Open Access Article. Published on 17 November 2023. Downloaded on 6/19/2026 2:47:03 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Organic & Biomolecular Chemistry

solution is represented by the cyan points in Fig. 6. Based on
the nominal concentrations of nanoparticles and enzymes in
solution, we calculated the weighted sum of SAXS signals
corresponding to AuNPs 2 and to GALNS and obtained the
black dashed line shown in Fig. 6. If no interaction took place
between nanoparticles and the enzyme, the experimental
curve should exactly overlap with the dashed black line.
However, it is clear that this theoretical curve is different from
the experimental one (cyan points), providing evidence of an
interaction of nanoparticles with the enzyme. In particular,
the difference between the two curves at intermediate Q-values
suggests a form factor change due to a structural arrangement
that involves the enzyme and the nanoparticle.

Conclusions

In search for potential stabilizers of the enzyme GALNS, which
could improve the ERT for Morquio A, a series of AuNPs deco-
rated with different monosaccharides and/or anionic-ending
(sulfate or phosphate) ligands were prepared and assayed as
GALNS inhibitors. From a preliminary screening, the presence
of the sulfated ligands on the AuNPs seems to slightly affect
their inhibitory potency towards GALNS and a different behav-
iour depending on the sugar moieties and their C-1 configur-
ation was observed. Although this latter aspect needs to be
further investigated, the simple pGal-Au (2) emerged as a
promising nanosystem and has been further tested, showing a
non-competitive behaviour as well as the capability to restore
the enzyme activity after thermal denaturation. The interaction
between AuNPs 2 and the GALNS enzyme was also confirmed
by SAXS experiments.

Due to the recent implications of GALNS in different path-
ologies other than LSDs, such as cancer and neuropathic pain,
the development of novel multivalent nanosystems able to
interact with this enzyme is of great interest towards alterna-
tive and/or multiple therapies. Further investigations are
underway in our laboratories in this direction.

Experimental
General

Commercial reagents were used as received. All reactions were
carried out under magnetic stirring. '"H NMR spectra were
recorded on a Varian Mercury-400 or on a Varian INOVA 400
instrument at 25 °C. Chemical shifts are reported relative to
D,O (*H: & = 4.79 ppm). The following abbreviations were used
to designate multiplicities: m = multiplet and br = broad.
Integrals are in accordance with assignments.

UV/vis spectra were recorded using a Varian Cary Win 4000
UV/Vis spectrophotometer. TEM analysis was performed using
a JEOL JEM-2100F microscope, operating at 200 kV. UV/vis
spectra were recorded using a Varian Cary Win 4000 UV/vis
spectrophotometer. SAXS experiments were performed at the
Austrian beamline at Elettra Synchrotron in Trieste, Italy.
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Scattering patterns were recorded using the Pilatus 3 1 M
detector system (Dectris, Switzerland). Elemental analyses were
performed using a Thermoscientific FlashSmart Elemental
Analyzer CHNS/O.

The syntheses of the thiol-ending p-b-glucoside IVa, p-o-
galactoside IVb, a-p-galactoside IVe, a-p-mannoside IVd, phos-
phate ligand V, and sulfated ligand VI are described in the
ESLT

General procedure for the preparation of mixed-ligand gold
nanoparticles glycoCsS-Au-OSO;~. An aqueous solution of
HAuCl, (25 mM, 1 equiv.) was added to a suitable mixture of
thiol-ending ligands (3 equiv. overall) in H,0/CH;OH/
CH;COOH (3:3:1). An aqueous solution of NaBH, (1 M, 27
equiv.) was then portion-wise added under magnetic stirring.
The black suspension formed was stirred for 2 hours at 25 °C.
The solvent was evaporated at reduced pressure and the
residue was washed with EtOH. The combined organics were
evaporated and analysed by 'H NMR. The residue was dis-
solved in a minimal volume of HPLC gradient grade water and
purified by dialysis (SnakeSkin® Pleated Dialysis Tubing, 3500
MWCO). All the AuNPs were obtained as a dark-brown powder
after freeze-drying and characterized via "H NMR, UV-vis spec-
troscopy, TEM, elemental analysis and qNMR. The values of
the sulfate ligand VI content determined by gNMR are
reported for a weighted amount of AuNPs. For the same
amount of AuNPs, the sulfate ligand VI content was calculated
using the average molecular weight estimated by combining
TEM and elemental analyses.

50% PGlc-Au-0S0;~ (7).%° Starting from a 1:1 mixture of
compound VI (10 mg, 20.8 pmol) and PGlcCsS IVa (5.9 mg,
20.8 pmol), HAuCl, (363 pL, 25 mM) and NaBH, (186 pL, 1 M),
NPs 7 were obtained as a brown amorphous powder (3.5 mg,
88% yield). TEM (average diameter): 2.2 + 0.4 nm; '"H NMR
(400 MHz, D,0): 4.36 (br signal, 1H, anomeric), 4.13 (br signal,
2H, -CH,0S0;7), 3.96-3.14 (br m, 24H, 3x ~OCH,CH,0-, 3x
-OCH,-, H-2, H-3, H-4, H-5, H-6), 1.78-1.06 (br m, 24H, 12x
-CH,-); ¢"H NMR (400 MHz, D,O containing 0.05 wt% of
3-(trimethylsilyl)propionic-2,2,3,3-d, acid, sodium salt as
internal standard): 1.63 mg of 7 contain 1.24 pmoles of
sulfated ligand VI. Significant peaks: 6 = 4.13 (br signal,
2H, -CH,0S0;7), 0.02 (s, 9H, Si(CHs);); & UV-vis (H,O,
0.1 mg mL™"): no SPR peak observed; elemental analysis found
(%): C 25.32, H 4.54, S 6.34; calc. for Au,p(C10H3305S:Na)s0
(C11H2106S)s0: C 25.32, H 4.18, S 6.76; average molecular
weight: 85 kDa; estimated sulfated ligand content for 1.63 mg
of AuNPs 7: 1.15 pmoles.

50% PGal-Au-OSO;™~ (8). Starting from a 1 : 1 mixture of com-
pound VI (6.0 mg, 12.5 pmol) and pGalCsS (IVb) (3.52 mg,
12.5 pmol), HAuCl, (219 pL, 25 mM) and NaBH, (112 pL, 1 M),
NPs 8 were obtained as a brown amorphous powder (1.4 mg,
58% yield). TEM (average diameter): 1.2 + 0.4 nm; '"H NMR
(400 MHz, D,0): 6 4.41 (br signal, 1H, anomeric), 4.21 (br
signal, 2H, -CH,0SO;7), 3.99-3.55 (br m, 22H, 3x
-OCH,CH,0-, 2x -OCH,-, H-2, H-3, H-4, H-5, H-6), 2.08-1.19
(br m, 24H, 12x -CH,-); ¢"H NMR (400 MHz, D,O containing
0.05 wt% of 3-(trimethylsilyl)propionic-2,2,3,3-d, acid, sodium
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salt as internal standard): 0.5 mg of 8 contain 0.18 pmoles of
sulfated ligand VI. Significant peaks: § = 4.21 (br signal,
2H, -CH,0S80;7), 0.02 (s, 9H, Si(CHj);); UV-Vis (H,O,
0.2 mg mL™"): no SPR peak observed; elemental analysis
found (%): C 13.91, H 2.8, S 3.41; calc. for
AU, 40(C1oH3504S,Na);5(C11H,1068):5: C 13.85, H 2.29, S 3.70;
average molecular weight: 39 kDa; estimated sulfated ligand
content for 0.5 mg of AuNPs 8: 0.19 pmoles.

50% aGal-Au-0OSO;~ (9). Starting from a 1:1 mixture of
compound VI (6.0 mg, 12.5 pmol) and aGalCsS (IVc) (3.52 mg,
12.5 pmol), HAuCl, (186 pL, 25 mM) and NaBH, (95.4 pL, 1
M), NPs 9 were obtained as a brown amorphous powder
(1.9 mg, 93% yield). TEM (average diameter): 1.4 + 0.3 nm; 'H
NMR (400 MHz, D,0): § Anomeric proton presumably hidden
under the HDO/H,O signal, 4.14 (br signal, 2H, -CH,0S0;"),
4.06-3.35 (br m, 22H, 3x -OCH,CH,0O-, 2x -OCH,-, H-2,
H-3, H-4, H-5, H-6), 2.10-1.22 (br m, 24H, 12x -CH,-); UV-vis
(H,0, 0.2 mg mL™"): no SPR peak observed; elemental
analysis found (%): C 25.32, 4.54, S 6.34; calc. for
AU, 49(C19H35045,N2)41(C11H106S)ar: C 25.10, H 4.14, S 6.70;
average molecular weight: 58 kDa.

80% oMan-Au-0OSO;~ (10a). Starting from a 1:4 mixture of
compound VI (2.9 mg, 6.20 pmol) and aManCs;S (IVd) (7.0 mg,
24.9 pmol), HAuCl, (412 pL, 25 mM) and NaBH, (279 mL, 1
M), NPs 10a were obtained as a brown amorphous powder
(4.4 mg, quantitative yield). TEM (average diameter): 1.5 +
0.4 nm; '"H NMR (400 MHz, D,0): § Anomeric proton presum-
ably hidden under the HDO/H,O signal; 4.20 (br signal, 2H,
-CH,0S0;7), 3.91-3.55 (br m, ~26H), 2.02-1.11 (br m, ~30H);
q'H NMR (400 MHz, D,O containing 0.05 wt% of 3-(trimethyl-
silyl)propionic-2,2,3,3-d, acid, sodium salt as an internal stan-
dard): 1.40 mg of 10a contain 0.32 pmoles of sulfated ligand
VI. Significant peaks: § = 4.20 (br s, 2H, -CH,0S0;7), 0.00 (s,
9H, Si(CH;);); UV-Vis (H,O, 0.2 mg mL'): no SPR peak
observed; elemental analysis found (%): C 17.31, H 2.78, S
4.63; calc. for Auy4o(C190H38Na0gS)10 (C11H2106S)40: C 17.34, H
2.82, S 4.41; average molecular weight: 44 kDa; estimated sul-
fated ligand content for 1.4 mg of AuNPs 10a: 0.32 pmoles.

50% aMan-Au-OSO;~ (10b). Starting from a 1:1 mixture of
compound VI (11.7 mg, 24.8 pmol) and aManCsS (IVd)
(7.0 mg, 24.9 pmol), HAuCl, (660 pL, 25 mM) and NaBH,
(446 pL, 1 M), NPs 10b were obtained as a brown amorphous
powder (3.2 mg, 43% yield). TEM (average diameter): 2.0 +
0.4 nm; "H NMR (400 MHz, D,0): § Anomeric proton presum-
ably hidden under HDO/H,O signal; 4.20 (br signal, 2H,
-CH,0S0;7), 3.91-3.55 (br m, 3x ~OCH,CH,0-, 2x —~OCH,-,
H-2, H-3, H-4, H-5, H-6), 2.02-1.11 (br m, 24H, 12x -CH,-);
q'H NMR (400 MHz, D,O containing 0.05 wt% of 3-(trimethyl-
silyl)propionic-2,2,3,3-d, acid, sodium salt as an internal stan-
dard): 1.40 mg of 10b contain 0.63 pmoles of sulfated ligand
VI. Significant peaks: § = 4.20 (br s, 2H, -CH,0S0;7), 0.00 (s,
9H, Si(CH;);); UV-vis (H,O, 0.2 mg mL™'): no SPR peak
observed; elemental analysis found (%): C 17.34, 2.92, S 4.93;
calc. for Au,p;(C11H106S)30(C10H3305S:Na)30: C 17.30, H 2.86,
S 4.62; average molecular weight: 62 kDa; estimated sulfated
ligand content for 1.40 mg of AuNPs 10b: 0.67 pmoles.
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Biological evaluation

Enzymatic assays towards human GALNS in leukocytes iso-
lated from healthy donors. All experiments on biological
materials were performed in accordance with the ethical stan-
dards of the institutional research committee and with the
1964 Helsinki Declaration and its later amendments. In
keeping with ethical guidelines, all blood and cell samples
were obtained for storage and analysed only after written
informed consent of the patients (and/or their family
members) was obtained, using a form approved by the local
Ethics Committee (Assigned code: Lysolate “Late-onset
Lysosomal Storage Disorders (LSDs) in the differential diagno-
sis of neurodegenerative diseases: development of new diag-
nostic procedures and focus on potential pharmacological cha-
perones (PCs).” Project ID code: 16774_bio, 5 May 2020,
Comitato Etico Regionale per la Sperimentazione Clinica della
Regione Toscana, Area Vasta Centro, Florence, Italy). Control
and patient samples were anonymized and used only for
research purposes.

A preliminary biological screening of compounds IVb and
Ivd at 1 mM (as disulfides), AuNPs 1-5 and 7-10 at 0.2 mg
mL™" inhibitor concentration and AuNPs 6 at 0.1 mg mL™*
inhibitor concentration was performed towards GALNS in leu-
kocytes isolated from healthy donors (controls).

Isolated leukocytes were disrupted by sonication, and a
micro BCA protein assay kit (Sigma-Aldrich) was used to deter-
mine the total protein amount for the enzymatic assay, accord-
ing to the manufacturer instructions. Enzyme activity was
measured by setting up the reaction in 0.2 mL tubes and per-
forming the experiments in triplicate as follows.

AuNP solution (3 pL), 4.29 pg pL~" leukocyte homogenate
1:5 (7 pL) and 20 pL of 4-methylumbelliferyl-p-galactoside-6-
sulfate-Na substrate solution (6.66 mM) in Na-acetate/acetic
acid buffer (0.1 M/0.1 M, pH 4.3) containing 0.1 M NaCl,
0.02% (w/v) NaN3 and 5 mM Pb-acetate were incubated for
17 h at 37 °C. After step one, the tubes were placed on an ice
cooler and the reaction was stopped by addition of 5 pL of Na-
phosphate buffer (0.9 M, pH 4.3) containing 0.02% (w/v) of
NaN; and by efficient mixing using a vortex. Then, 10 pL of
B-Gal-A-10U were added to each sample and samples were
incubated for 2 h at 37 °C. At the end of this period the tubes
were placed on an ice cooler and the samples were transferred
to a cooled flat-bottomed 96 well plate, and the reaction was
immediately stopped with 200 uL of NaHCO;/Na,CO; buffer
(0.5 M/0.5 M pH 10.7) containing 0.025% (w/v) of Triton X-100.
Fluorescence was measured using a SpectraMax M2 microplate
reader (Molecular-Devices) with a 365 nm excitation wave-
length and a 435 nm emission wavelength. The percentage of
GALNS inhibition was given with respect to the control
(without compound). Experiments were performed in tripli-
cate, and the mean + S.D. was calculated.

IC5o determination. The ICs, values of inhibitors against
human GALNS in leukocytes isolated from healthy donors or
against recombinant human GALNS (rhGALNS VIMIZIM®)
were determined by measuring the initial hydrolysis rate with
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4-methylumbelliferyl-B-galactoside-6-sulfate-Na (6.66 mM) at
different concentrations of inhibitors (concentration range
from 107 mg mL ™" to 0.2 mg mL™"). Data obtained were fitted
by using the appropriate equation (for more details and ICs,
curves, see the ESI).

Stabilization of recombinant GALNS under thermal dena-
turation conditions. The thermal stability induced by AuNPs 2
against hGALNS VIMIZIM® (1.0 x 10~> mg mL™") was deter-
mined by measuring the hydrolysis rate with 4-methyl-
umbelliferyl-p-galactoside-6-sulfate-Na (6.66 mM) after dena-
turation of the enzyme at 48 °C for 40 minutes or 60 minutes
with or without (Ctrl) different concentrations (0.001 mg
mL™", 0.01 mg mL™", 0.1 mg mL™}, and 0.2 mg mL™") of
AuNPs 2.

AuNPs 2 (3 pL) and rhGALNS (7 pL) were incubated for
20 minutes in an ice bath and then for 0 minutes, 40 minutes
or 60 minutes at 48 °C.

After incubation 20 pL of the 4-methylumbelliferyl-
B-galactoside-6-sulfate-Na substrate solution in Na-acetate/
acetic acid buffer (0.1 M/0.1 M, pH 4.3) containing 0.1 M NaCl,
0.02% (w/v) NaN3 and 5 mM Pb-acetate was added. The tubes
were incubated for 17 h at 37 °C. After this first incubation the
tubes were placed on an ice cooler and the reaction was
stopped by addition of 5 pL of Na-phosphate buffer (0.9 M, pH
4.3) containing 0.02% (w/v) of NaN; and by efficient mixing
using a vortex. Then, 10 pL of f-Gal-A-10U were added to each
sample and samples were incubated for 2 h at 37 °C. After
this, the tubes were placed on an ice cooler and the samples
were transferred to a cooled flat-bottomed 96 well plate, and
the reaction was immediately stopped with 200 pL of NaHCO;/
Na,COj; buffer (0.5 M/0.5 M pH 10.7) containing 0.025% (w/v)
of Triton X-100. Fluorescence was measured using a
SpectraMax M2 microplate reader (Molecular-Devices) with a
365 nm excitation wavelength and a 435 nm emission
wavelength.

Experiments were performed in triplicate, and the mean +
S.D. was calculated.

SAXS experiments. AuNPs at 1 mg mL™" (200 pL) in Milli-Q
water without the enzyme were measured as a control. AuNPs
at 0.75 mg mL ™" were incubated for 17 hours at room tempera-
ture with 0.2 mg mL™" GALNS in a final volume of 200 pL of
Milli-Q water. Detector images were radially averaged, obtain-
ing the scattering intensity as a function of the magnitude of
the scattering vector Q defined as: Q = (4nsin(0))/A, where 26 is
the scattering angle and A is the X-ray wavelength, which is
0.154 nm. Further details on the data reduction procedure can
be found in the literature.*
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