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Introduction

A dual-functional substrate for quantitation of
substrate levels and GCase activity in living cellst

Ben Tiet,? Sha Zhu,? Xi Chen,® Nadia Anastasi,“ Nicholas W. See,®
Matthew C. Deen,® Eva Harde® and David J. Vocadlo (2 *2

Loss of function mutations in the gene GBAI1, which encodes the lysosomal glycoside hydrolase
B-glucocerebrosidase (GCase) cause Gaucher's disease (GD). Moreover, one mutant allele of GBA1 is the
most common genetic risk factor for the development of Parkinson’'s disease (PD). To gain a better
understanding how these mutations drive development of PD and how GCase is regulated within cells,
the field needs chemical reporters of GCase activity that can be used within living cells. Fluorogenic
substrates are one method that can be used to quantify enzyme activities within cells yet existing
substrates for GCase have limitations. In particular, the inability to monitor cellular uptake of substrate
limits the ability to disentangle impairments in uptake of substrate from impairments in lysosomal GCase
activity. Here we report on the preparation and biological characterisation of LysoRF-GBA - a new
chemical tool which can be used to quantitatively measure both the cellular levels of intact substrate
and lysosomal GCase activity within lysosomes. We demonstrate that, by using LysoRF-GBA,
endogenous GCase activity can be measured within live neuroblastoma cells. The selectivity of this
substrate for GCase, relative to other cellular enzymes, was validated by genetic and pharmacological
perturbation of GCase. By using LysoRF-GBA and concomitantly monitoring levels of both cleaved
product and intact substrate, we were able to measure GCase engagement with a known
pharmacological chaperone and discriminate between pharmacological agents that affect GCase activity
from those that impair endocytosis. Further, the ability to monitor intracellular levels of intact LysoRF-
GBA also enabled us to measure its time dependent accumulation within cells, providing insight into
when steady state levels of this substrate are reached. LysoRF-GBA therefore shows high potential to be
exploited as a tool for the discovery of compounds that could beneficially modulate its activity for
benefit in diseases including PD.

affecting over 3% of individuals aged 65 and older. Depending
on the population studied, approximately 5-30% of Parkinson’s

Lysosomal glycoside hydrolase, B-glucocerebrosidase (GCase;
CAZy family GH30, EC 3.2.1.45), catalyzes the hydrolysis of
glucosylceramide into glucose and ceramide.'™ Deficiency in
GCase activity due to biallelic mutations in GBAI causes
Gaucher’s disease (GD), a lysosomal storage disorder that can
lead to severe neurodegeneration.®* Parkinson’s disease (PD)
is the second most common neurodegenerative disorder,
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disease (PD) patients carry mutations in GBA1, making it the
most common genetic risk factor for PD.”>"® Indeed, the risk of
developing PD is increased by up to 30-fold by these mutations
depending on the age, ethnicity, and mutations involved in the
analysis.>™*° Although significant efforts have been made to
study the biological processes underlying the relationship
between GCase activity and PD, the molecular mechanisms
involved are not well understood."* The ability to measure
GCase activity in its native cellular environment has the
potential to grant insight into these mechanisms, yet limita-
tions in the methods for measuring cellular GCase activity have
hindered the development of GCase-directed therapies.

One approach to addressing this need for GCase assays is
the development of fluorogenic assays for GCase. These assays
provide a convenient and accurate means of measuring the
catalytic activity of this enzyme. The most widely used sub-
strate, 4-methylumbelliferyl B-glucopyranoside (4MU-Glc), has
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h'* as well as in

seen widespread use in basic researc
clinical settings to quantify the amount of GCase activity in
blood samples from new-borns.'® Yet, using such simple
fluorogenic substrates to monitor GCase activity in buffered
enzyme assays leads to an inability to detect cellular factors that
might affect the activity of this enzyme such as endogenous
regulatory factors that influence GCase activity and
maturation.”"®'” For example, studies show that GCase activity
is stimulated by anionic lipids, and inhibited by cationic lipids,
yet this has only been demonstrated in vitro.'® Thus, while
existing tools can provide some use in the search for modula-
tors of GCase activity, they are unable to capture factors that
can influence GCase within the cellular environment.

Indeed, assays using tissue lysates where the cells and
lysosomes have been broken up disrupt the natural environ-
ment of the lysosomes and result in a significant dilution of
lysosomal proteins and possible modulators of GCase through
the addition of reaction buffer, leading to an incomplete
understanding of GCase activity within cells."*® Furthermore,
lysate assays measure the total cellular activity of GCase instead
of the functionally important lysosomal pool of GCase. Accord-
ingly, to overcome these limitations, there is interest in the
creation of new ways to accurately measure lysosomal GCase
activity within living cells.

Recently, new fluorogenic substrates that allow quantitative
measurement of GCase activity directly within cells have been
developed."’" These fluorescence-quenched substrates have
shown much improved properties relative to the earliest
approach that involved the simple arylglucoside, 5-(penta
fluorobenzylamino) fluorescein di-p-glucopyranoside (PFB-
FDG),""**® which has to be used at very high concentration
to alkylate cell surface proteins, displays problematic pH-
dependent fluorescence in the physiological range, and is
rapidly cleared from cells." The development of fluorescence-
quenched GCase substrates LysoFQ-GBA'® and LysoFix-GBA*!
are dark-to-light substrates that are switched on by enzymatic
cleavage of the glycosidic bond to liberate a quencher, which in
turn allows detection of a bright pH-insensitive fluoro
phore.””

Although powerful tools for some applications, these dark-
to-light fluorescent substrates still have some limitations. As
the intact substrate is not fluorescent, one cannot determine
the intracellular levels of substrate at any given time point. As
such, a clear limitation is that one cannot be certain whether a
measured decrease in apparent activity is due to a decrease in
enzymatic turnover of the substrate or simply decreased uptake
of the substrate. We envisioned that generating a GCase sub-
strate capable of circumventing this and other limitations
associated with these previous GCase substrates by allowing
concomitant relative quantification of intact intracellular sub-
strate as well as its enzymatically produced fluorescent product.

Ratiometric substrates have demonstrated advantages for
imaging enzyme activity. Their dual emission wavelengths
provide greater precision and reliability compared to substrates
whose turnover is measured at a single wavelength.>**” Various
ratiometric substrates have been generated for detecting the
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Fig. 1 A conceptual image for the uptake and turnover of LysoRF-GBA by
active GCase in living cells. Created in BioRender. Tiet, B. (2025) https://
BioRender.com/1l1tmh3.

enzymatic activity of proteases and glycosidases in biological
systems, though fewer have been applied to quantifying enzy-
matic activity in a rigorous manner. To our knowledge, none
have been used to examine the kinetics of substrate uptake or
quantifying relative substrate levels within cells.”®*° In light of
these considerations, we set out to create a dual-functional
substrate for GCase that is capable of ratiometric imaging to
enable improved understanding regarding the factors that
influence reliable measurements of enzymatic activity using
fluorogenic cell imaging substrates. Furthermore, such a sub-
strate would enable us to quantify the levels of substrate within
cells as well as the fraction of substrate turned over at any
given time.

Towards this goal, we were inspired by this previous
work,'®3¢37 to create a selective dual emissive substrate
(LysoRF-GBA) that can engage in Forster resonance energy
transfer (FRET) and be used to quantify the activity of endo-
genous lysosomal GCase (Fig. 1)."”7>° This substrate is designed
such that the intact substrate produces an emission signal
which differs from that of the enzymatically cleaved substrate.
We show that this substrate can be used in a ratiometric
manner or a dual emissive mode that allows for tracking of
time-dependent accumulation of intracellular substrate, the
study of lysosomal GCase activity, monitoring of the effects of
exogenous compounds on GCase catalysis, and disentangle-
ment of the effects of disrupting GCase activity from those
influencing endocytic uptake of substrate.

Results and discussion
Synthesis of LysoRF-GBA

To create a FRET-based substrate for GCase that can report on
both enzyme activity and intact substrate, we leveraged the
design of a previously described substrate, LysoFQ-GBA,'®?*! in
which the O-6 position was modified to achieve high selectivity
for GCase. Notably, this substrate exhibited very efficient
fluorescence quenching, which we anticipated arose from the
close proximity of its fluorophore-quencher pair leading either
to FRET quenching or contact quenching. On the assumption,
that the quenching observed for LysoFQ-GBA arises predomi-
nantly from FRET, we aimed to replace the fluorophore-
quencher pair with two fluorophores that could interact

© 2025 The Author(s). Published by the Royal Society of Chemistry
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through FRET, though recognizing the potential deleterious
contact quenching effects arising from possible collision of
these groups. After consideration, we selected TAMRA and
coumarin343 as our FRET pair for the design of LysoRF-GBA.
Schultz and coworkers have demonstrated the success of this
fluorophore pair for generation of ratiometric reporters.>®?”
When irradiated in the excitation band of coumarin343
(438 nm; donor species), we proposed that efficient FRET
should occur to result in emission from TAMRA (590 nm;
acceptor species). This emission would only be detected if the
substrate is structurally intact (Fig. 1). However, upon GCase-
catalyzed hydrolysis of the glycosidic bond of LysoRF-GBA, the
TAMRA moiety would be liberated and diffuse away from the
coumarin343 fluorophore. This would terminate the FRET
process such that irradiation at 438 nm would lead to emission
being detected at 483 nm, which would arise from emission
from coumarin343. By monitoring both these wavelengths
simultaneously, we envisioned that we should be able to use
LysoRF-GBA to monitor both enzyme activity and the cellular
levels of substrate within living cells (Fig. 1). Finally, we
considered that the inclusion of an N,N-dimethyl-i-lysine
(DML) residue as a lysosomotropic moiety would improve
retention of the cleaved product and enhance substrate
solubility.'®>*

The preparation of 5 (LysoRF-GBA) was commenced from
p-glucose 1 which was synthetically elaborated to intermediate
azide 2 using previously established methods.”® Azide 2 was
then regioselectively alkylated at the primary hydroxyl with
3-chloro-1-propyne and sodium hydride in N,N-dimethyl
formamide. Without further purification, the azide was
reduced with trimethyl phosphine under Staudinger conditions
to yield amine 3. Coupling with the commercially available
NHS-ester of 5-TAMRA under basic conditions provided

A
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TAMRA-alkyne 4 in moderate yield (45%). Finally, to produce
our desired fluorescent substrate (LysoRF-GBA), we used
copper-catalyzed azide-alkyne cycloaddition (CuAAC) chemis-
try to couple a coumarin343-DML conjugate, which was pre-
pared in a parallel synthetic sequence. LysoRF-GBA was fully
characterised by nuclear magnetic resonance (NMR) spectro-
scopy and high-resolution mass spectrometry (MS).

Upon completing synthesis of LysoRF-GBA (Fig. 2(A)), we
assessed its in vitro characteristics starting with its basic
photophysical properties. First, we acquired the excitation
and emission spectra of LysoRF-GBA (Fig. 2(B)). LysoRF-GBA
exhibited excitation maxima at approximately 440 and 550 nm
corresponding to the major absorption bands associated with
coumarin343 and TAMRA, respectively. Additionally, emission
maxima were observed at 490 and 590 nm, which are consistent
with the emission bands seen for coumarin343 and TAMRA,
respectively. Next, we analyzed the FRET efficiency of LysoRF-
GBA in comparison to an analogue which did not contain the
FRET acceptor functionality (GleNH,-DML343 13, synthetic
details are provided in the ESI{). LysoRF-GBA showed an
excellent FRET efficiency of 98.7%, which compares favou
rably with other FRET-based pairs in the literature
(Fig. 2(C))."”"'%2%*! We next examined GCase catalyzed turnover
of LysoRF-GBA. We first treated LysoRF-GBA with a high
concentration of GCase and collected spectral scans at speci-
fied intervals over a 120-minute period (Fig. S1, ESIf). The
emission intensity at 490 nm over the time course was then
measured and showed that the fluorescence intensity had
plateaued after 90 minutes. This is consistent with complete
turnover of the substrate (Fig. 2(D)). Next, using a concentration
of GCase well below that of substrate, we acquired a series
initial rate measurements (Fig. 2(E)). Using this approach,
we were able to observe Michaelis—-Menten kinetics. Using a
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Fig. 2 Synthesis and in vitro characterization of LysoRF-GBA. (A) The synthetic route used to produce LysoRF-GBA: i. 3-Chloro-1-propyne (1.1 equiv.),
NaH (5 equiv.), DMF, 0 °C, (b) PMes (1.5 equiv.), THF, RT, 27% across two steps. ii. TAMRA-NHS ester (1.1 equiv.), DIPEA (2.5 equiv.), DMF, RT, 45%. iii. Azide
linker, sodium ascorbate (2 equiv.), CuSOy4 (2 equiv.), THPTA (1.5 equiv.), DMF/H,O (4:1), RT, 61%. (B) Emission and excitation spectra scanned from
350-700 nm for 10 uM of LysoRF-GBA. The excitation spectrum was collected based on emission at 580 nm. The emission spectrum was collected
based on excitation at 440 nm. (C) Comparison of dose-dependent fluorescence of LysoRF-GBA and an analogue of LysoRF-GBA without TAMRA. The
fluorescence was measured continuously at an excitation and emission wavelength of 440 nm and 490 nm, respectively. (D) Time-dependent turnover
of 2 uM LysoRF-GBA in the presence of 1 uM recombinant GCase. Turnover was monitored based on emission at 490 nm with an excitation of 440 nm.
(E) Michaelis—Menten kinetics of LysoRF-GBA in the presence of 25 nM of recombinant GCase measured based on an emission wavelength at 490 nm
and an excitation wavelength of 440 nm. Error bars: SD [n = 3].
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non-linear regression, an estimated Michaelis constant
(Km) of 45 £ 5 pM and a first order rate constant (k) of
0.00585 + 0.0003 s~' were obtained. We also determined a
second order rate constant for GCase catalyzed turnover of
LySORF-GBA (kea/Ky = 130 + 20 M~ ' s7') that showed a
surprising 100-fold increase over the fluorescence quenched
substrate LysoFQ-GBA."®***! Finally, incubation with the func-
tionally related non-lysosomal glucocerebrosidase (GBA2),*"*>
which also cleaves B-glucosidases, showed this enzyme was
unable to cleave LysoRF-GBA (Fig. S2, ESIt). These findings
show that LysoRF-GBA is an effective dual emissive fluorescent
substrate for selective monitoring GCase activity over other
cellular B-glucosidases.

Live cell imaging of GCase activity in human neuroblastoma
cells

Having established suitability of LysoRF-GBA as a selective
substrate for GCase, we next assessed its turnover within live
cells. We used a human neuroblastoma cell line (SK-N-SH) as
these cells express are known to express GCase. We first
investigated if LysoRF-GBA could report on endogenous GCase
activity selectively and quantitatively. To ensure that our pro-
duct signal was derived strictly from GCase activity, we mea-
sured the time-dependent change in fluorescence of
coumarin343 (ex = 438/24 nm, em = 483/32 nm) that is
associated with cleavage of LysoRF-GBA in the presence and

0
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absence of AT3375, a highly selective GCase inhibitor.'®?%*?
Over a four-hour incubation period, in the absence of inhibitor,
we observed significant coumarin343 fluorescence derived
from the cleaved product in a manner that depended on the
concentration of substrate. In contrast, the conditions contain-
ing the inhibitor showed no significant turnover of the sub-
strate (Fig. 3(A)), in accordance with the preliminary in vitro
data which showed LysoRF-GBA is selective for lysosomal
GCase. Furthermore, these data also show that there is no
adventitious cleavage of any other amide bonds within the
molecule that could confound the interpretation of the data.
To examine the feasibility of using LysoRF-GBA as a substrate to
quantify turnover by GCase within cells, we examined the time
dependent turnover of substrate at different concentrations.
This was performed by incubating the neuroblastoma cells with
varying concentrations of LysoRF-GBA and allowing cleavage by
GCase for specified intervals prior to quenching the enzymatic
reactions with inhibitor and imaging. We found that the
coumarin343 fluorescence associated with turnover of
LysoRF-GBA by GCase exhibited a linear response with respect
to time at all substrate concentrations examined (Fig. 3(B)) and
exhibited a punctate pattern consistent with lysosomal distri-
bution (Fig. 3(C)). Colocalization studies showed this signal
overlapped well with lysotracker DND-26 (PCC = 0.61, Fig. S3,
ESIT). An alternate analysis, using the ratio of the fluorescence
intensities of our product relative to our substrate signal, also

\

30 60 20 120 150

4x107 . LysoRF-GBA +Inhibitor
x —
Em LysoRF-GBA 4x107
3 mm +Inhibitor = - 20 uM
2 3%107 2] . - 10 uM
s = 5 — 3%107- £ ik
i g o g H ®
t g 2x107+ %g 2%107
23 35
53 7 o
g s g
= E
o_
5 10 20
[S] (uM)
D E
17
£ 127 10um ine-
N :
£ 5 = 6x106 (] § s
€3 a £ L]
o3 —'C
%32 LS ax106-
= 2 =
= B aeion 2
s g 2xt0 i
2 £ ;
s ,
@ 3 MY S W S S

Time (hour)

Time (min)

4h

Fig. 3 Quantification of the enzymatic processing of LysoRF-GBA inside living SK-N-SH cells. (A) The measured product response for a four-hour
incubation period with and without a selective inhibitor and LysoRF-GBA. (B) Time and dose dependent fluorescence response for the product signal of
LysoRF-GBA (ex = 438/24 nm, em = 483/32 nm). (C) Representative images for the product (coumarin343) and intact substrate (TAMRA) channel of
10 uM of LysoRF-GBA over the four-hour time course. (D) Time dependent ratiometric response derived from the integrated fluorescence intensity of the
product relative to the integrated fluorescence intensity of the intact substrate using 10 uM of LysoRF-GBA. /490 represents excitation at 438/24 nm and
emission at 483/32 nm. Isgo represents excitation at 438/24 nm and emission at 590/36 nm. (E) Quantification of fluorescent product signal retention of
LysoRF-GBA in SK-N-SH cells (blue represents uninhibited enzyme, and black represents cells treated with AT3375, ex = 438/24 nm, em = 483/32 nm).
Error bars: SD [n = 3], scale bars represent 50 um.
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showed a linear response that was superior at 10 pM of LysoRF-
GBA over the four-hour period (Fig. 3(D)). These analyses
indicated that 10 uM of LysoRF-GBA was an optimal concen-
tration for measuring GCase activity in live cells. Next, we
determined whether the fluorescent product was retained
within cells, which is important to enable reliable quantitation
of cellular enzymatic activity. Using a stopped time-course
experiment, we incubated LysoRF-GBA (10 pM) with SK-N-SH
cells for 2 hours before removing excess substrate by washing
the cells and blocking any further GCase activity using a high
concentration of AT3375. We observed excellent retention of
the fluorescent product (ex = 438/24 nm, em = 483/32 nm) over
the 2.5-hour assay period (Fig. 3(E)). Therefore, the fluorescent
cleaved product accumulates and remains trapped within lyso-
somes. These data collectively show that LysoRF-GBA serves as
a selective GCase substrate that provides precise quantification
of relative GCase activity within live cells.

We then assessed GCase activity in cell lines that had been
perturbed either chemically, using AT3375, or genetically, by
knocking out (KO) GBA1. A distinct difference was observed in
the GCase activity detected when using 10 uM LysoRF-GBA in
wild-type (WT) cells as compared to the cell lines that were
genetically or chemically perturbed (Fig. S4, ESIT). As LysoRF-
GBA turnover was not observed in KO cell lines, we evaluated if
lysosomal activity could be rescued by treatment with a GCase
replacement therapeutic (Cerezyme). We observed that addi-
tion of 100 or 1000 nM of Cerezyme was able to rescue
lysosomal GCase activity. However, addition of Cerezyme at
lower concentrations (10 nM) was insufficient to recover GCase
activity based on the fluorescence detected (ex = 488 nm, em =
525/25 nm) for the cleaved product (Fig. 4). A similar trend was
observed when treated with 20 uM of LysoRF-GBA (Fig. S5,
ESIY). These results further support LysoRF-GBA being selective
for lysosomal GCase.
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Distinguishing between endocytosis and GCase inhibition

The principle benefit of using substrates to quantify cellular
enzyme activity is the ability to assess pharmacological agents
or cellular factors that have either direct effects on the enzyme
activity or act indirectly to alter the cellular environment in a
manner that influences the activity of the enzyme of interest. In
this regard, one limitation of many substrates, is that they are
actively endocytosed. For this reason, the inhibition of endocy-
tosis results in decreased substrate turnover that cannot be
readily distinguished from inhibition of GCase itself. Assuming
that the TAMRA-containing product can diffuse out of the cells,
intact LysoRF-GBA within cells can be quantified by directly
measuring TAMRA fluorescence (ex = 543/36, em = 590/36 nm).
The cleaved product can be detected by monitoring cou-
marin343 fluorescence (ex = 438/24 nm, em = 483/32 nm), we
recognized that LysoRF-GBA could be used to distinguish
between the pharmacological effects of compounds acting
directly on GCase from those affecting its uptake. As an initial
step to assess this idea, we used LysoRF-GBA by monitoring
product formation through coumarin343 (ex = 438/24 nm, em =
483/32 nm) to quantify GCase engagement with AT3375 and
found a cellular ICs, value of 11 + 2 nM with a Hill slope of
—1.2 that further supports AT3375 acting directly as a GCase
inhibitor within cells (Fig. 5(A)). Interestingly, because we could
also detect the levels of intact substrate within cells based on
TAMRA fluorescence (ex = 543/36 nm, em = 590/36 nm), we were
able to calculate an ICs, value (15 &+ 2 nM) based on remaining
amount of substrate present within cells that showed a Hill
slope of 1.0 (Fig. 5(B)). Notably, the close concordance of these
ICs, values, being within error, supports the idea that the
TAMRA-containing product diffuses out of cells. Therefore,
LysoRF-GBA can be used to measure target engagement by
GCase inhibitors and provides quantitation of the inhibi-
tion of GCase activity in live cells. Furthermore, as the intact

A B
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Fig. 4 Measurement of GCase activity in H4 cell lines that have been genetically perturbed and treated with Cerezyme. (A) Representative live cell
images showing GCase activity in H4 wild-type cells in the absence and presence of AT3375 or had GBA1 knocked out and was treated with the addition
of Cerezyme. Green represents cleaved product and red represents intact substrate. (B) Measurement of the puncta with GCase activity as determined by
LysoRF-GBA (10 uM) fluorescence (ex = 488 nm, em = 525/25) in neuroglioma cells (error bars: SD [n = 4], ***P < 0.005, ****P < 0.001).
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Fig. 5 Measurement of GCase activity and maximum percentage of intact LysoRF-GBA in response to treatment with various inhibitors. (A)
Determination of the apparent ICsq of AT3375 based on the integrated fluorescence intensity of the cleaved product (ex = 438/24 nm, em = 483/
32 nm). (B) Measurement of the percentage of maximum LysoRF-GBA based on the integrated fluorescence intensity of TAMRA (590/36 nm) using an
excitation wavelength at 543/36 nm. (C) GCase activity measured in the presence of the endocytosis inhibitors based on the integrated fluorescence
intensity of the cleaved product (ex = 438/24 nm, em = 483/32 nm). (D) Maximum percentage of intact LysoRF-GBA derived from FRET-based TAMRA
fluorescence (ex = 438/24, em = 590/36 nm). (E) Maximum percentage of intact LysoRF-GBA derived from TAMRA fluorescence (ex = 543/36 nm,

em = 590/36 nm). (F) Representative images for each inhibitor at each me

substrate can be monitored using TAMRA fluorescence,
LysoRF-GBA offers insight into the remaining quantities of sub-
strate that remain.

We next tested the effects of pharmacological inhibitors of
endocytosis on cellular levels of substrate. By monitoring
fluorescence of both coumarin343 (GCase activity) and TAMRA
(intact substrate levels) we were able to assess the effects of
these compounds relative to our positive and negative controls
which consisted of DMSO and AT3375, respectively. Here we
used casin, dyngo-4a, pitstop-2, and wortmannin to antagonize
different endocytosis pathways.**™’ For all endocytosis inhibi-
tors, except for pitstop-2, we observed a decrease in turnover of
substrate (Fig. 5(C)). When analyzing the levels of intact sub-
strate by measuring TAMRA FRET signal (ex = 438/24, em = 590/
36 nm, Fig. 5(D)) and TAMRA fluorescence (Fig. 5(E)), we found
that these endocytosis inhibitors all yielded considerably lower
levels of substrate compared to both DMSO and AT3375
treated cells. Thus, most of these endocytosis inhibitors cause
a reduction in apparent GCase activity measured when one
measures a decrease in the extent of product formation,
but this can be distinguished from true inhibition of activity by
monitoring the fluorescence associated with intact substrate that
occurs from blocking the uptake of substrate.

1302 | RSC Chem. Biol., 2025, 6, 1297-1305

asured channel (error bars: SD [n = 3], scale bars represent 50 um).

Measuring substrate accumulation and defining the steady
state levels

Traditional approaches relying on dark-to-light fluorescence-
quenched substrates do not offer the possibility of detecting the
substrate. This is relevant to the study of enzymes within living
cells because scenarios are known to arise where substrate
diffusion or uptake into the cells becomes rate limiting, caus-
ing the rate of the enzymatic turnover of the substrate to be
masked."****° Despite this recognized problem, no studies,
to our knowledge, have examined the uptake and accumulation
of synthetic substrates within cells. We were therefore curious if
we could use LysoRF-GBA to uncover how this substrate accu-
mulates within living cells as a function of time (Fig. 6(A)). We
therefore set out to develop a general strategy that could be
used to quantify changes in the relative levels of intact sub-
strate when cells are incubated with varying levels of substrate.
Such experiments would also help define when a steady state
pseudo-equilibrium might be achieved wherein the rate of
substrate uptake by cells becomes equivalent to the rate of
substrate release. We therefore designed an experiment in
which we first treated SK-N-SH cells with 10 pM of AT3375 to
completely inhibit GCase and prevent any enzymatic turnover
of substrate.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Quantification of the accumulation of intact LysoRF-GBA inside living SK-N-SH cells that have been treated with AT3375. (A) A conceptual image
demonstrating the uptake and accumulation of intact LysoRF-GBA in AT3375 inhibited cells. Created in BioRender. Tiet, B. (2025) https://BioRender.
com/ y9elplf. (B) The measured intact substrate response derived from FRET-based TAMRA fluorescence (ex = 438/24, em = 590/36 nm) over a four-
hour incubation period with and without a selective inhibitor and LysoRF-GBA. (C) Time and dose dependent FRET-based TAMRA fluorescence derived
from the intact substrate signal of LysoRF-GBA (ex = 438/24, em = 590/36 nm) over a 4-hour incubation period. (D) Time and dose dependent FRET-
based TAMRA fluorescence (ex = 438/24, em = 590/36 nm) in AT3375 inhibited SK-N-SH cells over a 72-hour incubation period (error bars: SD [n = 3]).

In our preliminary experiment, we added varying concentra-
tions of substrate and measured the intact substrate levels
inside the cells at various time points extending to four hours.
In this preliminary experiment performed both in the presence
and absence of inhibitor, we confirm our expectation that
blockade of enzymatic turnover led to more substrate being
present (Fig. 6(B)). More detailed time-dependent measure-
ments made for FRET-derived fluorescence of TAMRA (ex =
438/24, em = 590/36 nm), corresponding to the intact substrate,
showed a linear increase over four hours for the 5 and 10 uM
concentrations, as well as a linear response up to three hours
for the 20 uM treatment with LysoRF-GBA (Fig. 6(C)). Impor-
tantly, no significant increase in coumarin343 fluorescence
(ex = 438/24 nm, em = 483/32 nm) was observed under any
conditions over the entire four-hour assay period (Fig. S6, ESIt)
indicating that GCase activity was completely blocked under
these conditions. We next investigated the extent of substrate
accumulation over longer incubation periods to determine if a
steady state level of substrate was eventually reached. We
therefore incubated cells with LysoRF-GBA for up to 72 hours
and monitored FRET-based TAMRA fluorescence (ex = 438/24,
em = 590/36 nm), which corresponds to the intact substrate. We
found that the substrate signal plateaus after 24 hours, suggest-
ing that an equilibrium for uptake of the substrate is reached
by this time. Notably, we found that using concentrations
higher than 10 pM led to diminishing increases in the steady

© 2025 The Author(s). Published by the Royal Society of Chemistry

state accumulation of the substrate, suggesting saturation of
the uptake mechanisms. Also notable is that at lower concen-
trations, such as 3 pM, substrate accumulation is linear over
the entire 72-hour time course. Notably, some lysosomotropic
agents that are rapidly taken up have in some cases been shown
to modestly increase the pH of the lysosome even at uM
concentrations.’** Accordingly, we note that in cases where
such alterations may be important, pH should be examined
when using LysoRF-GBA, particularly in cell lines that exhibit
fast uptake of this substrate. Regardless, these data collectively
support 10 uM as a useful and effective operating concentration
for LysoFQ-GBA with these cells (Fig. 6(D)).

To our knowledge, this is the first example where the time-
dependent accumulation of an exogenous substrate has been
measured inside cells. Our findings using LysoRF-GBA show
that cellular uptake of substrate occurs in a linear manner over
an incubation of up to 4 hours before a steady state is attained
at 24 hours. Furthermore, such accumulation shows concen-
tration dependence and approaches a maximum level, which
we attribute to saturation in cellular uptake.

Conclusions

In summary, we have developed LysoRF-GBA as a new chemical
tool that can be used to measure lysosomal GCase activity in
living cells. This substrate is actively taken up by living human

RSC Chem. Biol., 2025, 6,1297-1305 | 1303
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neuroblastoma cells where it is selectively turned over by lysosomal
GCase. The coumarin fluorescence of the cleaved coumarin343-
containing product of LysoRF-GBA provides an accurate represen-
tation of lysosomal GCase activity because it does not readily
diffuse out of cells. LysoRF-GBA was shown in this way to be useful
in measuring endogenous GCase activity in a time-and dose-
dependent manner when monitoring product formation based
on coumarin343 fluorescence. Under conditions where GCase
turnover was blocked by inclusion of AT3775 or genetically per-
turbed by knockout of the GBA1 gene, no increase in coumarin343
fluorescence was observed, thus confirming its selectivity. Because
the TAMRA-containing product diffuses out of cells, one can also
quantify intact substrate levels by directly measuring TAMRA
fluorescence. However, it is difficult to be certain that all TAMRA
product has diffused out of the cell at any given time point,
therefore, a more direct method to quantify intact substrate within
cells is to measure FRET-based TAMRA fluorescence, which relies
on close proximity of the coumarin343 fluorophore. We therefore
used the FRET-based TAMRA fluorescence of intact LysoRF-GBA to
investigate the point at which steady state levels of intact substrate
were reached within cells, which we expect are defined by the rates
of intact substrate influx and efflux. Indeed, in this way, we showed
that LysoRF-GBA uptake occurs in a largely linear manner over an
incubation period of up to 4 hours before steady state levels are
reached at 24 hours. Such accumulation was also shown to be
concentration dependent. The effects of pharmacological inhibi-
tors of endocytosis were also evaluated using LysoRF-GBA and
compared to conditions in the presence and absence of AT3375.
These experiments showed that LysoRF-GBA could distinguish
between the effects of GCase and endocytosis inhibitors by mon-
itoring both intracellular GCase activity and intact substrate levels.
This is advantageous as it provides insight into how exogenous
substrates are taken up by cells and how such mechanisms can
affect their subsequent turnover. The collective features of LysoRF-
GBA support this fluorogenic substrate as being a valuable quanti-
tative live cell imaging tool that can discriminate the effects of
different pharmacological agents. We anticipate that it will be of
great use to practitioners in the field as LysoRF-GBA offers a
promising new tool to study GCase regulation and discover
potential therapeutic compounds for GCase related diseases. More-
over, we expect that the general approaches described herein
should also aid in the advance of precision substrates that can
be used in a more quantitative manner to assay various cellular
enzyme activities.
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