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Abstract

Site-directed Enzyme Enhancement Therapy (SEE-Tx®) technology is a disease-agnostic

drug discovery tool that can be applied to any protein target of interest with a known three-

dimensional structure. We used this proprietary technology to identify and characterize the

therapeutic potential of structurally targeted allosteric regulators (STARs) of the lysosomal

hydrolase β-galactosidase (β-Gal), which is deficient due to gene mutations in galactosi-

dase beta 1 (GLB1)-related lysosomal storage disorders (LSDs). The biochemical HaloTag

cleavage assay was used to monitor the delivery of wildtype (WT) β-Gal and four disease-

related β-Gal variants (p.Ile51Thr, p.Arg59His, p.Arg201Cys and p.Trp273Leu) in the pres-

ence and absence of two identified STAR compounds. In addition, the ability of STARs to

reduce toxic substrate was assessed in a canine fibroblast cell model. In contrast to the

competitive pharmacological chaperone N-nonyl-deoxygalactonojirimycin (NN-DGJ), the

two identified STAR compounds stabilized and substantially enhanced the lysosomal trans-

port of wildtype enzyme and disease-causing β-Gal variants. In addition, the two STAR

compounds reduced the intracellular accumulation of exogenous GM1 ganglioside, an

effect not observed with the competitive chaperone NN-DGJ. This proof-of-concept study

demonstrates that the SEE-Tx® platform is a rapid and cost-effective drug discovery tool for

identifying STARs for the treatment of LSDs. In addition, the HaloTag assay developed in

our lab has proved valuable in investigating the effect of STARs in promoting enzyme trans-

port and lysosomal delivery. Automatization and upscaling of this assay would be beneficial

for screening STARs as part of the drug discovery process.
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Introduction

Only correctly folded proteins are released from the endoplasmic reticulum (ER) and trans-

ported to their intra- or extracellular site of activity [1]. Misfolded polypeptides are eventually

dislocated across the ER membrane for ER-associated degradation or segregated in specialized

ER subdomains that are cleared by ER-to-lysosome-associated degradation [2, 3]. Mutations

in the polypeptide’s sequence substantially reduce the folding efficiency and may result in loss-

of-function phenotypes or related diseases [4]. Autosomal recessive mutations in the galactosi-

dase beta 1 (GLB1) gene encoding the lysosomal hydrolase β-galactosidase (β-Gal) manifest in

phenotypically distinct GLB1-related lysosomal storage disorders (LSD) [5, 6]. For example,

the p.Ile51Thr mutation is common among adult Japanese patients affected with late-onset

GM1-gangliosidosis [7], p.Arg59His causes severe infantile GM1-gangliosidosis with cardiac

involvement [8, 9], p.Arg201Cys is associated with late infantile/juvenile type 2 GM1-ganglio-

sidosis [10, 11], and p.Trp273Leu has been linked with juvenile Morquio B disease [12]. In

patients with the mutations mentioned above, the intracellular β-Gal activity is partially or

totally lost, resulting in the toxic accumulation of its two main substrates, GM1-ganglioside

and keratan sulfate [13]. Most GLB1 mutations, however, do not abolish the enzymatic func-

tion of β-Gal but result in minor structural defects caused by the point mutations, which delay

the attainment of the native structure [7, 10, 13–17]. This delay alerts the protein quality con-

trol machinery that retains the aberrant protein in the ER and eventually selects it for

degradation.

Pharmacological chaperones have been shown to improve the folding and/or stability of

target proteins such as β-Gal, increasing the overall quantity of active enzyme reaching its tar-

get location [18]. Most pharmacological chaperones are competitive inhibitors that occupy the

enzyme’s active site; notably, their therapeutic effect is limited by their inhibitory activity, e.g.,

N-nonyl-deoxygalactonojirimycin (NN-DGJ) [19]. Non-competitive, allosteric pharmacologi-

cal chaperones, therefore, represent a promising therapeutic alternative to competitive inhibi-

tors in stabilizing the mutant proteins and improving their delivery to their site of action (e.g.,

delivery of β-Gal to lysosomes) without incurring inhibitory effects [20–27].

Recently, we developed HaloTag-based assays to quantitatively monitor events related to

autophagy, i.e., to follow the delivery of ER portions to endolysosomes for clearance, which

occurs via micro-ER-phagy or LC3-mediated vesicular delivery [28–33]. HaloTag is a modified

bacterial haloalkane dehalogenase whose active site has been engineered to covalently bind

cell-permeable chloro- and bromo-alkanes modified with fluorescent ligands such as tetra-

methylrhodamine (TMR) [34, 35]. Like for other conventionally used protein tags (e.g., HA,

V5, FLAG, His), commercial antibodies to HaloTag are used to monitor the fate of the pro-

tein-of-interest displaying the selected tag at the N- or C-terminus in imaging and biochemical

analyses [35]. The advantage of the HaloTag system compared to other protein tags is that it

can be fluorescently labeled on demand by adding small, cell-permeable, fluorescent HaloTag

ligands in the cell culture media [35]. Thus, a chimeric protein of interest can be seen in light

and electron microscopy directly, with no need for fluorescent or gold-labeled secondary anti-

bodies [35]. Furthermore, when the chimeric protein-of-interest is delivered to lysosomal

compartments, the HaloTag is cleaved to generate acid- and protease-resistant, fluorescent

HaloTag fragments that can directly be visualized to offer a very sensitive and quantitative

measure of lysosomal delivery [32, 33, 36]. In contrast to the large polypeptide size of HaloTag

(33 kDa), most other protein tags are short peptides of 6–12 residues that do not perturb pro-

tein biogenesis and intracellular location [37].

In this study, the innovative drug discovery platform, Site-directed Enzyme Enhancement

Therapy (SEE-Tx1) [38], was used to virtually screen and identify new allosteric druggable
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binding sites and discover structurally targeted allosteric regulators (STARs) of β-Gal with

therapeutic potential. In addition, to determine the therapeutic potential and mechanism of

action of the putative STARs, we monitored lysosomal delivery of wildtype (WT) β-Gal and

four disease-related β-Gal variants p.Ile51Thr, p.Arg59His, p.Arg201Cys and p.Trp273Leu

using the sensitive, quantitative, versatile protein-tag system (HaloTag) [35].

Materials and methods

Identification of STARs

The innovative proprietary drug discovery platform SEE-Tx1 was applied to identify drug-

gable binding sites different from the active site using the published 3D structure of human β-

Gal obtained by X-ray crystallography and refined to 1.8 Å resolution [PDB ID: 3THC] [39].

The druggability of the putative allosteric binding site identified was confirmed with a physics-

based method consisting of molecular dynamics simulations of the protein in organic-aqueous

solvent mixtures [40]. The same method was used to identify key interactions (binding hot

spots), which were used as pharmacophoric restraints to guide docking [41–43]. A virtual col-

lection of 4,840,400 unique chemical compounds commercially available from the chemical

providers Asinex, Enamine, Key Organics, Life Chemicals and Specs was evaluated with the

docking program rDock using the standard scoring function, pharmacophoric restraints, and a

high-throughput protocol [44]. The best scoring compounds (n = 9133) were visually assessed

to determine their suitability as a potential small molecule drug. A subset of virtual hits

(n = 144) was selected based on chemical complementarity to the proposed β-Gal protein

based on docking-generated binding mode and chemical diversity considerations. The virtual

hits binding to β-Gal was experimentally validated by differential scanning fluorimetry (DSF)

assay [45], as previously described [46]. The validated hits were then subjected to a hit-to-lead

optimization process.

An overview of the SEE-Tx1 platform methodology is shown in Fig 1.

Surface Plasmon Resonance (SPR) binding assay

All SPR experiments were performed at 20˚C on Biacore T200 (GE Healthcare, Uppsala,

Sweden). The SPR technique detects changes in the refractive index on the sensor’s surface

due to mass changes. These changes measure the biomolecular interaction between the puri-

fied β-Gal protein and the validated hit compounds.

Protein immobilization. Human full-length β-Gal protein (recombinant human

β-Galactosidase) from a Chinese hamster ovary (CHO) cell line with a C-terminal 6-his tag,

Met1-Val677 in 25mM Tris and 150mM NaCl, pH 7.5 (Bio-Techne, Minneapolis, Minnesota,

U.S.) was immobilized on the SPR CM5 sensor (29149603, GE Healthcare) by standard amino

coupling using relatively high protein concentration of 100 μg/mL-1 in 10mM Na acetate

buffer (pH 4.0) to reach protein density levels of ~10000 Response Units (RU) (10000 RU

channel 2 & 12700 RU channel 3). Running buffer (PBS, pH 7.0) was used for protein immobi-

lization. Empty, activated, and deactivated parallel channels on the same SPR sensor were used

as reference channels. Protein binding activity was probed with a reference compound,

NN-DGJ (KD of 1.1 μM) in a dose-dependent manner.

Binding studies with small molecule β-Gal ligands. SPR binding studies were performed

at pH 7.0 and pH 5.0. Two SPR running buffers (supplemented with dimethylsulfoxide

[DMSO]) were used for these studies: phosphate-buffered saline (PBS), 5% (v/v) DMSO (pH

7.0) and 20mM sodium phosphate, 2.7mM KCl, 137mM NaCl, 5% (v/v) DMSO (pH 5.0).

Small molecule ligands were diluted with the appropriate running buffer from 10mM DMSO

stock solutions to obtain a concentration series of 9 points with a 2-fold serial dilution.
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Compounds were titrated in duplicates over the β-Gal protein surface up to 12.5 μM for GT-

00513 at both pHs and GT-00413 at pH 5.0, and up to 60 μM for GT-00413 at pH 7.0.

SPR data analysis. Raw SPR signals monitored on the active channel (with the immobi-

lized target protein) were subtracted from signals monitored on the reference channel (empty

sensor surface) and further subtracted from the signal monitored for the running buffer (dou-

ble referenced), and finally corrected for DMSO signal mismatch between sample and running

buffer. To extract binding affinity values, the plotted SPR data were further fitted with the

four-parameter logarithmic dose-response equation (GraphPad Prism, Version 9.4.0) without

constraint.

Cell culture, transfection, and use of compounds

Mouse embryonic fibroblasts (MEF) and Human Embryonic Kidney 293 (HEK293) cells were

cultivated in Dulbecco’s Modified Eagle Medium (DMEM) with high glucose (GlutaMAX™,

Gibco) supplemented with 10% Fetal calf serum (FCS, Gibco) at 37˚ C and 5% CO2. Transient

transfections were performed in DMEM 10% FCS and supplemented with non-essential

amino acids (NEAA, Gibco) using JetPrime (Polyplus) following the manufacturer’s protocol.

Lysosomal acidification (and degradation) was inhibited using 50nM Bafilomycin A1 (BafA1,

Millipore) in DMEM 10% FCS for 15h prior to fixation or cell lysis. Novel allosteric pharmaco-

logical chaperones synthesized by GAIN Therapeutics (GT) and known competitive chaper-

one (NN-DGJ) were used at 25μM in DMEM, 10% FCS supplemented with NEAA over a

period of four days. WT β-Gal (ref. SV-2025-V04, STEMNOVATE) and p.Arg60His/p.

Arg60His-β-Gal canine fibroblasts (ref. GM11473, Coriell) were cultured in DMEM (ref.

11574486, Gibco) with 10% FCS (ref. 10500, Gibco) and 1% penicillin/streptomycin (P/S)

(10,000 μg/mL) (ref. 15140122, Gibco) in 96 well plates (ref. 89626, IBIDI) at 37˚C and 5%

CO2. At 48 h after seeding, exogenous GM1 bovine ganglioside (ref. G7641, Sigma Aldrich)

was added at a final concentration of 0.1 mg/ml. Two days after that, compounds (or DMSO

Fig 1. Self-explanatory graphic of the SEE-Tx1 methodology used to discover non-competitive, pharmacological allosteric regulators for β-

Galactosidase.

https://doi.org/10.1371/journal.pone.0294437.g001
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as control) were added at the indicated concentration for four subsequent days. Canine fibro-

blast cultures were fixed with 4% paraformaldehyde (ref. 15710, Electron Microscopy Sciences)

in PBS for 15 min at room temperature (RT).

Plasmids and cloning

β-Gal-HA (human influenza hemagglutinin) plasmid in pcDNA3.1(+) backbone was synthe-

sized by GenScript. β-Gal mutants of interest were generated by site-directed mutagenesis

polymerase chain reaction (PCR) using the QuikChange II site-directed mutagenesis kit (Agi-

lent) following the manufacturer’s protocol. Primers (S1 Table) were purchased from Micro-

Synth AG. Exchange of the HA and HaloTag tags between the different plasmids was obtained

by restriction digestion of NotI and XhoI sites flanking the tags. Ligation was performed with

T4 DNA ligase (NEB) with a 3:1 (insert: vector ratio) following the manufacturer’s protocol.

Plasmids were amplified and isolated from JM109 bacteria (Promega) using GenElute™ HP

plasmid MidiPrep kit (Sigma).

Immunocytochemistry and microscopy imaging

MEF cells were plated on alcian blue-coated coverslips in a 12-well plate, allowed to set for 10–

17 h, and transfected as mentioned above. β-Gal constructs were expressed for 24 h. Media

was replaced 15 h before fixation, and DMEM 10% FCS supplemented with 100nM HaloTag

TMR ligand (Promega), and 50nM BafA1 (Millipore) or DMSO (Sigma) was added. Cells

were fixed in 3.7% PFA (Sigma) in DPBS (Gibco) for 20 min at RT and washed three times

with DPBS (Gibco). Cells were permeabilized for 20 min at RT with PS solution (0.05% sapo-

nin, Sigma), 15 mM Glycine (AppliChem), 10 mM HEPES (Gibco), 10% goat serum (in DPBS,

Gibco). Coverslips were then placed onto a drop of anti-LAMP1 antibody (Hybridoma bank)

(S2 Table) or a mixture of anti-LAMP1 and anti-HA (Sigma) (S2 Table) antibodies diluted in

PS solution and incubated in a wet chamber at RT for 90 min. Samples were washed three

times in PS solution, placed back onto a drop of anti-rat Alexa647-conjugated secondary anti-

body (Thermo Fisher Scientific) (S2 Table) or a mixture of anti-rat Alexa647-conjugated and

anti-rabbit Alexa568-conjugated secondary antibodies (Thermo Fisher Scientific) (S2 Table)

diluted in PS solution for 45 min at RT in a dark wet chamber. After washing three times in PS

solution and rinsing in ddH2O, coverslips were mounted on a microscopy slide using Vecta-

Shield supplemented with 40,6-diamidino-2-phenylindole (DAPI, Vector laboratories Inc.)

and fixed with nail polish. Confocal images were acquired on a Leica TCS SP5 microscope

with a Leica HCX PL APO lambda blue 63.0 × 1.40 OIL UV objective with pinhole 1 AU. Exci-

tation was performed with 561 nm (HaloTag/TMR) and 633 nm (LAMP1) lasers and fluores-

cence light was collected in 566–628 and 640–702 nm ranges, respectively. Image analysis and

quantification were performed with FIJI [50] and LysoQuant [51]. Image processing was per-

formed in Photoshop (Adobe), while plotting of data and statistical analysis was performed

with GraphPad Prism 9 (GraphPad Software Inc.).

Canine fibroblasts were permeabilized for 15 min at RT with PBS containing 0.3% Triton

X-100 (ref. T8787, Sigma-Aldrich). Cytoplasm was labeled using HCS CellMask (Thermo-

fisher) (S2 Table) for 15 min at RT. Subsequently, fibroblasts were blocked with PBS contain-

ing 0.5% Bovine Serum Albumin (BSA, ref. A9647, Sigma-Aldrich) and 10% normal donkey

serum (ref. S30, EMD Millipore) for 1 h at RT. All antibodies were diluted in PBS containing

0.5% BSA; incubation with primary antibody against Ganglioside GM1 (Abcam) (S2 Table)

was undertaken overnight at 4˚C. Alexa Fluor1 488 Donkey anti-Rabbit IgG (Invitrogen) (S2

Table) was used as a secondary antibody for 1 h at RT. Nuclei were counterstained using DAPI

(ThermoFisher Scientific) in PBS for 10 min at RT. Fibroblasts were washed and stored at 4˚C
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in PBS until imaging. The stained cells were imaged using a LIPSI Nikon microscope. Images

were taken using a 40x water immersion objective (NA = 1.15).

Twenty-five images in each channel were acquired per well, with a 10% overlap (5x5

square) and a frame size of 2048x2048 pixels. The analysis of the images was primarily exe-

cuted using the NIS software analysis tool (NIS-Elements AR 5.21). First, stitching was per-

formed with the 25 images to obtain a single image per well with three channels. From the

single image, Cell Mask staining was used to delimitate the cell area and DAPI to delimitate

nuclei area. Green dots (GM1 ganglioside) intensity, size and number were determined inside

the cytoplasm, excluding the nuclei area. A ratio between the area of GM1 ganglioside and the

total cell area was calculated to consider the differences in cell size. In addition, only cells with

nuclei were included in the analysis.

Cell lysis, SDS-PAGE, Western blot and HaloTag1 cleavage assay

HEK293 cells were plated on poly-lysine (Sigma)-coated 24-well plates, allowed to set for 8 h

and transfected as described above. At 15–17 h after transfection, media was replaced with

DMEM 10% FCS supplemented with NEAA (Gibco) containing compounds (GT-00513 or

GT-00413) or DMSO. Fifteen hours before lysis, TMR and BafA1 were added directly to the

Fig 2. Chemical structure of GT-00513 and GT-00413.

https://doi.org/10.1371/journal.pone.0294437.g002

Fig 3. Surface plasmon resonance (SPR) dose-response for GT compounds binding to immobilized β-galactosidase monitored at neutral (7.0) and acidic

(5.0) pH.

https://doi.org/10.1371/journal.pone.0294437.g003
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culture media at a final concentration of 100nM and 50nM, respectively. After a total of four

days of treatment with the GT compounds (GT-00513 or GT-00413), plates were put on ice,

cells washed with ice-cold DPBS supplemented with 20 mM N-ethylmaleimide (NEM) and

lysed in 100 μl RIPA lysis buffer (1% Triton-X-100, 0.1% SDS, 0.5% Na-deoxycholate in HBS

buffer pH 7.4) containing 20mM NEM and protease inhibitors (1 mM PMSF and CLAP mix).

After 20 min on ice, samples were centrifuged at 10600 g at 4˚C for 10 min, and the post-

nuclear supernatant (PNS) was collected. Sodium dodecyl sulfate-polyacrylamide gel electro-

phoresis (SDS-PAGE) was performed with 10 μL of PNS denatured with sample buffer con-

taining 100nM DTT at 95˚C for 5 min and loaded on a 10% acrylamide gel. TMR signal was

detected on a Typhoon™ FLA 9500 fluorescent scanner (GE Healthcare). TMR bands were

quantified using the ImageQuantTL software (Molecular Dynamics, GE Healthcare). For

quantification of total protein, gels were further stained 20 min at RT with 0.25% Brilliant blue

R 250 (Sigma) solution (50% MetOH, 10% acetic acid) and thoroughly destained in 20%

MeOH, 7.5% acetic acid solution, before acquiring sample image on a Fusion FX7 system (Vil-

ber) with transilluminator.

For detection of HaloTag by immunoblot (IB), protein was transferred to the polyvinyli-

dene fluoride (PVDF) membrane using a TransBlot Turbo device (BioRad). PVDF membrane

was rinsed in MetOH, then washed in Tris-buffered saline, 0.1% Tween 20 (TBS-T), blocked

10 min at RT with 10% blocking milk (BioRad) in TBS-T, washed quickly in TBS-T and incu-

bated with anti-HaloTag antibody (Promega) (S2 Table) diluted in TBS-T overnight at 4˚C.

After washing in TBS-T, the membrane was incubated with anti-mouse HRP-conjugated sec-

ondary antibody (Southern Biotech) (S2 Table) diluted in TBS-T for 45 min at RT. Detection

was performed using WesternBright™ Quantum (Advansta) following the manufacturer’s pro-

tocol and imaged on a Fusion FX7 chemiluminescence detection system (Vilber).

Statistical analyses

Statistical comparisons and graphical plots were created using GraphPad Prism 9 (GraphPad

Software Inc.). Data are expressed as mean ± standard deviation (SD). In this study, an ordi-

nary one-way ANOVA Dunnett’s multiple comparisons test was used to assess statistical sig-

nificance (for Figs 4B, 4C, 5B, 5C, 5E, 6B, 6D, 6F, 6H, 6J, 7B and 7C). An adjusted P

value < 0.05 (for one-way ANOVA with Dunnett’s multiple comparison test) was considered

statistically significant; significance is denoted: ns P>0.05, * P<0.05, ** P<0.01, *** P<0.001,

**** P<0.0001. All experimental replicates represent biological replicates.

Results

Allosteric binding site and hit identification

Using the 3D structure of GLB1 protein [39] and supercomputing technology [40–43],

SEE-Tx1 platform revealed a novel druggable allosteric site different from the active site. The

same method was used to identify key interactions sites (binding hotspots), which were con-

verted to pharmacophoric restraints to guide docking [44]. Out of 4,820,400 input molecules,

9133 fulfilled the pharmacophoric restraints and obtained a docking intermolecular score

lower than -18.0 units. These compounds were ranked by normalised score (intermolecular

docking score divided by the number of non-hydrogen atoms) and clustered by similarity

based on MACCS fingerprints. Visual inspection of a diverse set of top-ranked compounds led

to the selection of 144 molecules that were purchased and tested experimentally in the DSF

assay [46], resulting in several hit compounds (n = 9) that were used as starting points for a

hit-to-lead medicinal chemistry program.
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Fig 4. Lysosomal delivery of β-Gal-HA variants. A. Lysosomal delivery of β-Gal-HA variants. Representative

confocal IF images of MEF cells expressing β-Gal-HA variants for 24 h and exposed 15 h to 50nM BafA1. β-Gal-HA

immunostained with anti-HA antibody (red) and endolysosomes with anti-LAMP1 antibody (green). Nuclei are

stained with DAPI (blue). Scale bar 10 μm (merge), inset scale: 4x the magnification of the merge image. B,

Quantification of A as percentage of lysosomes filled with HA. Images analyzed with LysoQuant. Statistical analysis:

One-way ANOVA followed by Dunnett’s multiple comparison test, ***P<0.001, ****P<0.0001; n = 13, 10, 7, 12 and

17 cells, respectively; n = 1 biological replicate. Mean bar is shown. C. Quantification of A as absolute number of

lysosomes filled with HA per cell. Images analyzed with LysoQuant. Statistical analysis: One-way ANOVA followed by
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GT-00413 and GT-00513, structurally targeted allosteric regulators

(STARs)

The hit compounds identified applying our proprietary SEE-Tx1 technology were used as the

basis for a medicinal chemistry program that after several rounds of optimization, yielded the

lead compounds GT-00513 and GT-00413 [47]. Their chemical structure is depicted in Fig 2.

In biochemical assays performed in purified human β-Gal protein and lysates from human

WT fibroblasts and using resorufin beta-D-galactopyranoside as substrate, the pharmacologi-

cal chaperone NN-DGJ inhibited the endogenous β-Gal activity in a dose-dependent manner

as expected for a competitive inhibitor. In sharp contrast, GT-00513 and GT-00413 did not

display inhibition of the β-Gal activity at all concentrations tested, confirming their action as

non-competitive pharmacological chaperones (S1 File).

Furthermore, the compounds present drug-like ADME properties and were shown to be

brain penetrant and orally bioavailable.

Confirmation of STARS binding to β-Gal by surface plasmon resonance

(SPR)

Analysis of the direct binding of GT-00513 and GT-00413 to β-Gal was performed using sur-

face plasmon resonance (SPR). SPR enables the study of molecular interactions [48, 49] and

calculates the dissociation constant (KD) of ligand binding. Direct binding to recombinant

human β-Gal WT protein of STARs was confirmed in a dose-response manner at neutral pH

7.0 and at acidic pH 5.0 (Fig 3). The affinity of binding (KD) for GT-00513 and GT-00413 at

both pHs are shown in Table 1.

Notably, the KDs of lead compounds are in the same order of magnitude as measured for

the control, N-nonyl-deoxygalactonojirimycin (NN-DGJ), at pH 7.0. Also, at pH 5.0, the novel

compounds show a similar KD compared to neutral pH. In contrast, at pH 5.0, the control

inhibitor NN-DGJ does not bind at the optimal acidic pH conditions for GT compounds.

Lysosomal delivery of β-Gal WT and variants

To assess the usability of the HaloTag system in our study, i.e., straightforward, quantitative

assessment of pharmacological chaperoning of β-Gal variants, we first compared the fate of

HA- versus HaloTag-tagged versions of the four β-Gal variants p.Ile51Thr, p.Arg59His, p.

Arg201Cys and p.Trp273Leu.

The MEFs seeded on glass coverslips were transiently transfected with plasmids encoding

the HA-tagged versions of WT β-Gal (β-Gal-HA) and the four disease-causing variants, as

described in the Methods section (Fig 4A–4C). Ten hours post-transfection, 50nM of Bafilo-

mycin A1 (BafA1) was added to the cell medium to inhibit lysosomal activity [54], stabilizing

the β-Gal polypeptides delivered within the target organelles. Then, cells were processed for

confocal laser scanning microscopy (CLSM) as described in the Methods section and immu-

nostained with antibodies for the lysosomal marker LAMP1 (green) and for the HA-tag (red)

to evaluate the intra-lysosomal delivery of the β-Gal variants (Fig 4A). Analyses of the micro-

graphs (Fig 4A) and their quantification with LysoQuant (Fig 4B and 4C) [29, 32, 50, 51] reveal

that disease-causing mutations in the β-Gal sequence substantially reduce the percentage (Fig

Dunnett’s multiple comparison test, nsP>0.05, **P<0.01, ****P<0.0001. Mean bar is shown. D. Schematic

representation of disease-severity. Abbreviations: β-Gal, beta-galactosidase; DAPI, 40,6-diamidino-2-phenylindole; EL,

endolysosomes; IF, immunofluorescence; MEF, mouse embryonic fibroblasts; BafA1, Bafilomycin A1, HA, human

influenza hemagglutinin.

https://doi.org/10.1371/journal.pone.0294437.g004
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Fig 5. Lysosomal delivery and maturation of β-Gal-HaloTag variants. A. Lysosomal delivery of β-Gal-HaloTag

variants. Representative confocal IF images of MEF cells expressing β-Gal-HaloTag variants for 24 h and exposed for

15 h to 50nM BafA1. β-Gal-HaloTag stained with 100nM TMR HaloTag ligand (red) and lysosomes with anti-LAMP1

antibody (green). Nuclei are stained with DAPI (blue). Scale bar 10 μm (merge), inset scale: 4x the magnification of the

merge image. B. Quantification of A as percentage of lysosomes filled with HaloTag. Images analyzed with LysoQuant.

Statistical analysis: One-way ANOVA followed by Dunnett’s multiple comparison test, nsP>0.05, ****P<0.0001.

n = 13, 10, 13, 9 and 8 cells, respectively; n = 1 biological replicate, Mean bar is shown. C. Quantification of A as

absolute number of lysosomes filled with HaloTag per cell. Images analyzed with LysoQuant. Statistical analysis: One-

way ANOVA followed by Dunnett’s multiple comparison test, nsP>0.05, ***P<0.001, ****P<0.0001. Mean bar is

shown. D. Top panel: generation of the 33kDa Halo fragment in HEK293 cells expressing β-Gal-HaloTag variants or

empty pcDNA3.1 vector and incubated with 100nM TMR and 50nM BafA1 or DMSO for 15 h. Middle panel:

corresponding IB analysis with antibody against HaloTag showing overexpressed β-Gal-HaloTag (121kDa) and

lysosomal Halo fragment (33kDa). Bottom panel: corresponding Coomassie stain as a loading control. E.
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4B) and the number (Fig 4C) of cellular LAMP1-positive lysosomes containing the ectopically

expressed lysosomal enzymes. Notably, the severity of the phenotype is also stronger for the

p.Ile51Thr and p.Arg59His mutations and milder for the p.Trp273Leu mutation versus WT

(Fig 4D).

The same experiments were performed upon transfection of MEF cells with the HaloTag-

tagged versions of WT, p.Ile51Thr, p.Arg59His, p.Arg201Cys and p.Trp273Leu β-Gal (β-Gal-

HaloTag, Fig 5A–5C). The cell culture media were supplemented with 100nM of the HaloTag

ligand tetramethylrhodamine (TMR) to label the β-Gal-HaloTag variants fluorescently and

with 50nM BafA1 to prevent degradation of the β-Gal variants eventually reaching the lyso-

somal compartments. After 15 h, cells were processed for CLSM as described in the Methods

section and immunostained with LAMP1 antibody (green, Fig 5A). Analyses of the micro-

graphs (Fig 5A) and unbiased quantifications with LysoQuant (Fig 5B and 5C) mirror the

results obtained with the HA-tagged versions of β-Gal, except for the p.Trp273Leu mutation,

which is consistent with published data showing that p.Trp273Leu substitution produces sta-

ble, lysosome-located but catalytically altered β-Gal mutant [16, 21]. Similarly, the disease-

causing mutations in the β-Gal sequence substantially reduce the percentage (Fig 5B) and the

number (Fig 5C) of cellular LAMP1-positive lysosomes containing the ectopically expressed,

fluorescent, HaloTag-tagged version of the polypeptides. These results confirm that modifica-

tion with HaloTag does not change the intracellular fate of β-Gal WT or the four variants.

Validation of the biochemical HaloTag cleavage assay to monitor delivery

of β-Gal variants to lysosomes

The delivery of HaloTag-tagged polypeptides to the lysosomal lumen is followed by the proteo-

lytic cleavage between the HaloTag and the tagged protein. This cleavage generates a HaloTag

fragment resistant to the acidic/hydrolytic lysosomal environment when covalently modified

with a fluorescent ligand [32, 33, 36]. To monitor the delivery of β-Gal variants to lysosomes,

human embryonic kidney 293 (HEK293) cells were transiently transfected with plasmids

encoding the β-Gal-HaloTag WT and four variants. As detailed in the Methods section, the

fluorescent HaloTag ligand TMR was added to the cell culture media at a concentration of

100nM and the incubation was prolonged in the presence of 50nM BafA1, to prevent cleavage

of the polypeptide delivered within the lysosomal compartments or of DMSO, to allow possi-

ble processing to proceed. Cells were detergent-solubilized and post-nuclear supernatants

(PNS) were separated by SDS-PAGE. TMR-labeled polypeptides were directly visualized (in

gel) with a 532-nm wavelength laser (Fig 5D, upper panel). The PNS of cells expressing WT β-

Gal-HaloTag contains two fluorescent polypeptides (Fig 5D, upper panel, lane 2). The upper

polypeptide band corresponds to the 121kDa, full-length WT β-Gal-HaloTag. The lower band

is the 33kDa HaloTag fragment cleaved on the delivery of the WT β-Gal-HaloTag chimera

within the lysosomes [32, 33, 36]. Consistently, the generation of the HaloTag fluorescent poly-

peptide is blocked upon lysosome inactivation in cells treated with BafA1 (Fig 5D, upper

panel, lane 1). The identity of the polypeptides is confirmed by western blot with an anti-Halo-

Tag antibody (Fig 5D, middle panel, lane 2). Confirming the CLSM images (Fig 5A–5C), the

fluorescent 33kDa HaloTag fragment showing transport of the associated polypeptide to the

Quantification of the formed Halo fragment 33kDa HaloTag fragment in D. Fragment generated in cells expressing β-

Gal-HaloTag is set at 100%, normalized to Coomassie stain; N = 5 biological replicates for WT, p.Arg201Cys and p.

Trp273Leuvariants, N = 3 for p.Ile51Thr, p.Arg59His variants. One-way ANOVA followed by Dunnett’s multiple

comparison test, nsP>0.05, **P<0.01. Mean bar is shown. Abbreviations: β-Gal, beta-galactosidase; DAPI,

40,6-diamidino-2-phenylindole; IF, immunofluorescence; MEF, mouse embryonic fibroblasts; IB, immunoblot; EL,

endolysosomes; HEK, human embryonic kidney; BafA1, Bafilomycin A1; TMR, tetramethylrhodamine; WT, wild type.

https://doi.org/10.1371/journal.pone.0294437.g005
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lysosomal compartment is also generated in cells expressing the p.Trp273Leu mutant (Fig 5D,

lane 6, and 5E) but not, or only in a negligible amount, in cells expressing the p.Ile51Thr, p.

Arg59His, and p.Arg201Cys β-Gal-HaloTag variants (Fig 5D, lane 3–5, and 5E).

Validation of the therapeutic potential of STARs with the HaloTag

cleavage assay

Having established that the HaloTag does not affect the lysosomal delivery of β-Gal variants,

we took advantage of the sensitive HaloTag cleavage assay to assess the capacity of STARs to

enhance the lysosomal transport of β-Gal variants with that of the competitive inhibitor

NN-DGJ. HEK293 cells were transfected with plasmids encoding β-Gal-HaloTag variants and

were treated for four days with NN-DGJ or STARs (GT-00513, GT-00413) at 25 μM. Cell cul-

ture media were supplemented with 100nM of TMR ligand and the experiments were per-

formed as described for Fig 5D. Separation of proteins contained in the PNS in SDS-PAGE

and analyses of the fluorescent polypeptides confirmed the delivery of WT and p.Trp273Leu

β-Gal to the lysosomes as demonstrated by the generation of the 33kDa fluorescent HaloTag

fragment (Fig 6A and 6I, lane 1). As expected, lysosomal inactivation upon cell exposure to

BafA1 prevented formation of these fluorescent fragments (Fig 6A and 6I, lane 5). The compet-

itive pharmacological chaperone NN-DGJ had negligible capacity to enhance lysosomal trans-

port of the β-Gal variants examined in this study (Fig 6A, 6C, 6E, 6G and 6I, lanes 2, with

quantification in Fig 6B, 6D, 6F, 6H and 6J). In contrast, the two STAR compounds, GT-00513

and GT-00413, substantially enhanced lysosomal delivery of the WT protein (Fig 6A, lanes 3

and 4, and 6B), and the four disease-causing β-Gal variants analyzed (Fig 6C–6J). In all cases,

lysosomal inactivation abolished formation of the 33kDa fluorescent HaloTag fragment (lanes

5 in Fig 6A, 6C, 6E, 6G and 6I with quantification in Fig 6B, 6D, 6F, 6H and 6J).

STARs reduce the accumulation of toxic substrate in GM1 gangliosidosis

fibroblasts

The ability of STARs to reduce toxic substrate was assessed in a canine fibroblast cell model

bearing the missense mutation p.Arg60His. This naturally occurring p.Arg60His mutation in

canine β-Gal is equivalent to the p.Arg59His prevalent mutation in human β-Gal [52]. The cul-

tured fibroblasts were supplemented with exogenous GM1 ganglioside, whose intracellular

accumulation was monitored by immunocytochemistry using specific antibodies (Fig 7). As

expected, WT canine fibroblasts did not accumulate GM1 ganglioside because they have nor-

mal β-Gal function. In contrast, canine fibroblasts expressing the p.Arg60His mutant form of

β-Gal showed high levels of intracellular GM1 ganglioside (Fig 7A–7C). GM1 gangliosidosis

canine fibroblasts were treated for four days with NN-DGJ (as a reference control) or putative

STARs GT-00513 and GT-00413. The competitive chaperone NN-DGJ had no effect in reduc-

ing exogenous GM1 ganglioside at 25 μM nor at a lower dose (1 μM) selected to avoid the

inhibitory effect (Fig 7B and 7C). In contrast, both GT-00513 and GT-00413 reduced the accu-

mulation of exogenous GM1 ganglioside. GT-00413 proved beneficial in reducing the intracel-

lular accumulation of GM1 ganglioside at 12.5 and 25 μM, whereas GT-00513 was active at a

higher dosage (25 μM), suggesting that both compounds enable mutant β-Gal to reduce the

exogenous substrate, GM1 ganglioside (Fig 7B and 7C).

Discussion

The present article used the innovative SEE-Tx1 drug discovery platform to identify a new

allosteric druggable binding site and discover STARs of β-Gal. Two STAR compounds, GT-
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Fig 6. HaloTag fragment assay to measure effect of candidate allosteric pharmacological chaperones on lysosomal delivery of WT and disease-linked β-

Gal-HaloTag mutants. A. TMR fluorescence of β-Gal-HaloTag expressed in HEK293 cells treated for four days with DMSO or GT compounds at 25 mM and

incubated with 100nM TMR for the last 15 h. Control cells were treated with 50nM BafA1 only for the last 15 h. Top panel: TMR fluorescence of a band

corresponding to the β-Gal-HaloTag. Middle panel: TMR fluorescence of a band corresponding to the Halo fragment. Bottom panel: corresponding Coomassie

stain used as a loading control. B. Quantification of total Halo fragment (corrected for Coomassie signal and normalized to DMSO). Halo fragment statistical

analysis: one-way ANOVA followed by Dunnett’s multiple comparison test, nsP>0.05, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; n = 3 (GT-00413) or

n = 4 (GT-00513) independent experiments. Error bars show mean ± SD. C and D Same as A and B for β-Galp.Ile51Thr-HaloTag; n = 3 (GT-00413) or n = 4

(GT-00513) independent experiments. E and F Same as A and B for β-Galp.Arg56His-HaloTag; n = 3 (GT-00413) or n = 4 (GT-00513) independent experiments.

G and H Same as A and B for β-Galp.Arg201Cys-HaloTag; n = 3 (GT-00413) or n = 4 (GT-00513) independent experiments. I and J Same as A and B for β-Galp.

Trp273Leu-HaloTag; n = 3 (GT-00413) or n = 4 (GT-00513) independent experiments. Abbreviations: β-Gal, beta-galactosidase; DMSO, dimethylsulfoxide; IF,

immunofluorescence; MEF, mouse embryonic fibroblasts; HEK, human embryonic kidney; FL, full length; h. c., high contrast; BafA1, Bafilomycin A1;

NN-DGJ, N-nonyl-deoxygalactonojirimycin; SD, standard deviation; TMR, tetramethylrhodamine; WT, wild type.

https://doi.org/10.1371/journal.pone.0294437.g006
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Fig 7. GT-00513 and GT-00413 at 25 μM reduce GM1 ganglioside accumulation in canine fibroblasts. A. Representative images of

WT or p.Arg60His β-Gal canine fibroblasts either with DMSO or treated with indicated compounds. First column, GM1 ganglioside

antibody staining (white); second column, merge of GM1 ganglioside staining (green) and DAPI (nuclei staining, blue); third column,

inset of a typical region (GM1 ganglioside, green; DAPI, blue); fourth column, merge of all three channels (including CellMask,

magenta). Scale bar: 100 μm, inset scale 10 μm. B. Quantification of GM1 ganglioside area per cell area as percentage to DMSO. C.
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00513 and GT-00413, were identified as belonging to a novel class of small molecules that bind

to β-Gal and were selected for their promising drug-like profile. We assessed the mechanism

of action of both STARs using a sensitive, quantitative, versatile assay to monitor lysosomal

delivery of HaloTag versions of wildtype (WT) β-Gal and four disease-related β-Gal variants p.

Ile51Thr, p.Arg59His, and p.Arg201Cys p.Arg60His. In this study, both STAR compounds

promoted lysosomal delivery and, importantly, reduced toxic accumulation of β-Gal sub-

strates, a hallmark of GM1 gangliosidosis. This study also confirms the applicability of

SEE-Tx1 to identify novel STAR compounds with therapeutic potential, as validated by the

novel HaloTag-based assay.

The HaloTag cleavage assay that we developed efficiently assessed the capacity of selected

STAR compounds to act as pharmacological chaperones, i.e., to enhance or restore lysosomal

transport of lysosomal enzymes whose defective intracellular trafficking results in devastating

LSDs [35]. Lysosomes are the site of activity for many hydrolases required for the degradation

of macromolecules and maintenance of cellular homeostasis [1]. These hydrolases are synthe-

sized in the ER, where they are folded into their correct functional conformation before enter-

ing the secretory pathway [1]. In some LSD cases, e.g., for mutations in the GLB1 gene

reviewed herein, mutations in genes encoding for lysosomal enzymes cause the protein to mis-

fold [4]. Consequently, the mutant enzyme is not able to reach the lysosomal compartment

despite the active site of the enzyme remaining unaffected, which often results in a loss-of-

function disease. A rational approach for pharmacological treatment is to favor the correct

conformation of the mutant enzyme and promote its transport to lysosomes with the help of

chaperones [53–55]. We propose that the effect of such pharmacological chaperone therapy

depends on the ability of the mutant lysosomal enzymes to reach the lysosomal compartment.

Therefore, to prove our hypothesis that LSD may be induced by retention of a misfolded enzy-

matically-intact protein within the ER, we used the HaloTag protein-tagging system [35] to

develop a versatile quantitative HaloTag-based assay to characterize and monitor the delivery

of mutant β-Gal to the lysosomal compartment and to assess the effect of competitive and

novel allosteric chaperones.

We previously demonstrated the utility of the low pH-sensitive HaloTag-green fluorescent

protein (GFP) reporter in two independent ER-phagy systems [33], which showed that accu-

mulation of ER-resident Sec62 and alpha1-antitrypsin (Glu342Lys) Z variant (ATZ) proteins

within active endolysosomes could be distinguished by the appearance of single-positive fluo-

rescent species using confocal analysis, protease-resistant HaloTag fragments using biochemi-

cal assays, and ratiometric changes in flow cytometry profiles of the HaloTag-GFP reporter-

expressing cells [32, 33]. The versatility of HaloTag-based assays for investigating ER-to-lyso-

some transport was further expanded by the abundance of cell-permeable fluorescent and

Quantification of the percentage of GM1 ganglioside for the total cell area. Bars show mean±SD; n = 3 biological replicates. Significance

is denoted: nsP>0.05, ****P<0.0001. Abbreviations: DAPI, 40,6-diamidino-2-phenylindole; DMSO, dimethylsulfoxide; NN-DGJ, N-

nonyl-deoxygalactonojirimycin; SD, standard deviation; WT, wild type.

https://doi.org/10.1371/journal.pone.0294437.g007

Table 1. SPR direct binding affinities (KD) measured at pH 7.0 and 5.0 for compounds GT-00513 and GT-00413.

Compound Dose response (pH 7.0) KD (μM) Dose response (pH 5.0) KD (μM)

NN-DGJ (control) Yes 0.37–1.12 No N.D.

GT-00513 Yes 0.49–0.83 Yes 0.23–0.50

GT-00413 Yes 0.64–2.21 Yes 0.54–0.66

Abbreviations: KD, dissociation constant; NN-DGJ, N-nonyl-deoxygalactonojirimycin; N.D. Not determined.

https://doi.org/10.1371/journal.pone.0294437.t001
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functional ligands, allowing diverse quantitative (and time-resolved) fluorescent, electron

microscopy, flow cytometry and biochemical setups [32, 33]. In this study, we used the single

HaloTag in CLSM and biochemistry assays to characterize the delivery pattern of the lyso-

somal enzyme β-Gal and four of its misfolded, mutant counterparts. Importantly, modifica-

tions of WT and variant β-Gal with the HaloTag did not affect delivery to lysosomes,

suggesting that this approach can be robustly applied to characterize lysosomal transport of

disease-causing mutant, misfolded lysosomal enzymes [55]. Furthermore, the increase of lyso-

somal Halo fragments observed upon treatment of cells expressing mutant β-Gal with alloste-

ric GT chaperones serves as proof-of-concept for the use of HaloTag-based assays for the

identification of therapeutically active chaperones to treat LSDs. The increase in the lysosomal

transport led to an elevation of enzyme activity at the site of action, effectively preventing the

toxic accumulation of intracellular enzyme substrate [56, 57]. Finally, we propose to employ a

synergistic screening approach combining HaloTag lysosomal trafficking assays with substrate

accumulation assays to identify pharmacological compounds that promote the lysosomal

delivery and functional activity of mutant enzymes.

Conclusions

We identified two structurally targeted allosteric regulators of β-Gal (GT-00413 and GT-

00513) that restored key biological activities of β-Gal found to be impaired in GLB1-related

disorders. Further preclinical development of these two STARs is therefore warranted. Our

results support and validate the application of the proprietary SEE-Tx1 platform as a fast and

cost-effective innovative drug discovery approach for identifying STARs for the treatment of

GLB1-related disorders. Furthermore, our results provide proof of concept that putative

STARs identified via the SEE-TX1 platform can be characterized using HaloTag-based assays

and potentially enter the drug development pipeline to treat LSDs. Automation and upscaling

of the HaloTag-based assays proposed in this study could serve as a basis for a drug discovery

platform for screening chaperones promoting the transport of mutant enzymes. In addition,

the use of HaloTag ligands should not be limited to studies of ER-to-lysosome transport. It

could also, theoretically, be applied to investigate the lysosomal delivery of macromolecules,

cellular pathogens, and proteins located inside or on the surface of organelles or cytosolic

cargo proteins.
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