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A proto-aldehyde fluorescence quenched substrate
for quantitative imaging of both protein and
enzyme activity within cellsT
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Fluorogenic substrates are emerging tools that enable studying enzymatic processes within their native
cellular environments. However, fluorogenic substrates that function within live cells are generally
incompatible with cellular fixation, preventing their tandem application with fundamental cell biology
methods such as immunocytochemistry. Here we report a simple approach to enable the stable
chemical fixation of the fluorescent product of a series of dark-to-light bis-acetal based substrates
(BABS). Cleavage of the BABS glycosidic bond leads to liberation of a hemiacetal in which one branch
consists of a proto-aldehyde bearing the fluorophore and the other branch consists of an alcohol
bearing the quencher. Spontaneous breakdown of this hemiacetal leads to formation of a fluorescent
aldehyde. Trapping of this aldehyde by standard reductive amination to intracellular proteins allows its
and concomitant imaging of cellular proteins by traditional

stable retention within cells

immunocytochemistry. These bis-acetal substrates enable measuring changes in lysosomal GCase
Received 25th June 2025

Accepted 7th October 2025 activity in response to both chemical and genetic perturbations. These tools will aid in studying the role

of GCase activity in diseases and accelerate the creation of new therapeutic approaches targeting the

DOI: 10.1039/d55c04671h GCase pathway. We also expect this strategy to be broadly useful for creating fixable substrates for other
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Introduction

An increasing body of research on fluorescence-quenched
substrates holds promise for developing new approaches to
studying cellular processes that regulate various disease-
associated enzymes. By leveraging bright fluorophores and
efficient fluorescence quenchers, these chemical tools undergo
highly sensitive dark-to-light transitions that enable quantifying
enzymatic activity within live cells." A common limitation
associated with the use of such fluorescence-quenched
substrates is that they can only be used to report on enzy-
matic activity and cannot be used in conjunction with a range of
other strategies that permit concomitant imaging of biomole-
cules. Nevertheless, their application in studying the effects of
either genetic or small molecule perturbations would be
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enhanced by the ability to combine activity measurements with
simultaneous observation of disease-associated proteins,
subcellular markers, RNA and other biomolecules.”* Being able
to reliably perform such studies would allow for simple direct
cellular correlations between activity measurements and the
presence, localization, and levels not only of such enzymes but
also of various cellular factors that can modify their activities.
Various efforts have been made to address this need, including
for the family of glycoside hydrolases, the creation of simply
poly-lysine derivatives that can be “fixed” within cells using
standard cell biological methods.> However, this approach
necessitates chemical modification of the substrate carbohy-
drate moiety at two separate locations, which is not tolerated by
some enzymes.

We envisioned one approach to address this shortcoming
that advances the concept of bis-acetal-based substrates
(BABS).*” These substrates undergo a dark-to-light transition
upon enzymatic hydrolysis of the glycosidic bond by releasing
an aglycone comprising a hemiacetal. This hemiacetal then
spontaneously decomposes to yield an aldehyde fragment and
an alcohol fragment that physically separate by diffusion to
relieve quenching and unmask fluorescence in an enzyme
dependent manner. Notably, this strategy avoids the need to
modify the carbohydrate moiety of the substrate, making the

approach general to glycoside hydrolases. Here, we

© 2025 The Author(s). Published by the Royal Society of Chemistry
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hypothesized that by positioning the fluorophore on the proto-
aldehyde arm of the aglycone, the resulting fluorescent product
would form imine adducts with lysine residues of intracellular
proteins (Fig. 1A). Due to the covalent nature of this adduct and
its reversibility in an aqueous solution, we anticipated such
imine adducts could be made more stable by incorporating
a reductive amination step using common hydride reagents.
Such reagents, which are often used during imaging of tissue
sections to reduce background fluorescence,® would result in
conversion of these imine linkages to produce more stable
secondary amine functionalities. As a model enzyme system to
investigate this concept, we selected the lysosomal B-glucosi-
dase, glucocerebrosidase (GCase, CAZY family GH30). Our
choice was motivated by GCase activity being linked to several
human diseases.’ Bi-allelic loss-of-function mutations in GBA1,
the gene encoding GCase, result in the development of
Gaucher's disease (GD), a lysosomal storage disease caused by
the accumulation of its substrate glucosylceramide.*

In addition to its involvement in GD, mono-allelic loss-of-
function mutations in GBA1 have been recently identified as the
most prevalent genetic risk factor for the development of Par-
kinson's disease (PD)."* Moreover, GBAI-associated PD patients
suffer from earlier disease onset and a more severe form of the
disease, suggesting an important role for GCase in the etiology
of PD."” The variable penetrance of GBA1 mutations in both of
these diseases has stimulated the search for genetic modifiers
of lysosomal GCase activity.

One approach that has been taken to understand this rela-
tionship is to identify pathways associated with pathogenesis
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through the identification of genetic modifiers of penetrance of
GBA1 mutations in PD patients."”** Nevertheless, few genes
have been identified and the mechanisms by which the genes
that have been found to influence GCase activity are not well
understood.

Given the involvement of GCase in both GD and PD, and the
high interest in GCase function and regulation, we envisioned
that a simple-to-use fluorogenic GCase substrate that could be
used both in living cells and fixed would be of value for studying
this enzyme (Fig. 1B). Here we report the design and synthesis
of a series of GCase targeted bis-acetal based substrates (BABS).
We describe simple methods to fix the fluorescent product of
GIcBABS that exploits existing and widely used cell biological
approaches to show that optimized GIcBABS reports on the
lysosomal activity of GCase quantitatively and selectively within
both live and fixed cells. We illustrate the utility of BABS
substrates by demonstrating that activity measurements can be
performed in tandem with immunocytochemistry (ICC).

Results and discussion

As this work is focused on identifying a GCase substrate that
could be conveniently fixed and used to quantitatively image
GCase activity along with lysosomal proteins by immunocyto-
chemistry, we would address this need by taking advantage of
recently developed Dbis-acetal-based substrates (BABS) for
glycosidases®” (Fig. 1A) as potential fixable substrates.

As a first step to test the feasibility of creating BABS
substrates for monitoring GCase activity within both live and
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2.fixation

3.reduction

T

LO Lysosomal
C GCase
@ ’ 9 hydrolysis
Lysosome

\ J

1.PFA fixation
2.reduction
3.co-staining

—

Lysosome ¢

aEEDy caams caamn s

Live cells

Multiplexed fixed cells

Fig.1 Mechanism of fluorogenesis for GIcBABS and intracellular imine labelling. (A) GCase-catalyzed cleavage of GIcBABS substrates leads to
the release of a hemiacetal product which spontaneously decomposes, resulting in fluorescence signal release. The aldehyde-labelled
fluorophores rapidly form transient imines with lysine residues of proteins. These imines can be trapped by chemical reduction with sodium
cyanoborohydride. (B) Illustration of how GIcBABS could be used in both live and fixed cells to quantify GCase activity and, within fixed cells,
concomitantly image other proteins and organelles by traditional immunocytochemistry.
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Fig. 2 Synthesis of GIcBABS-OHgss and GIcBABS-Hgss, the first and second generation GIcBABS substrates. (A) Synthetic route for GIcBABS-
OHyss and GIcBABS-Hyss. (i) (1) (2-Ethoxy-1-methyl-2-oxoethyl) tributyl phosphonium bromide (2.5 eq.), DCM: Ag. NaOH (10%) (2) toluene 110 ©
C; (i) (1) ethoxycarbonylmethyl(triphenyl)phosphonium bromide (3 eq.), DCM: Ag. NaOH (10%), (2) toluene, 60 °C; (iii) mCPBA (1.4 eq.), toluene,
0 °C; (iv) (1) H-(OCH>CH,)>-N3, H>SO4 (Cat.), NBS (1.2 eq.), DCM, 0 °C, (2) AIBN (0.2 eq.), NaBH3zCN (2.5 eq.), BuzSnCl (0.2 eq.), t-BuOH; (v) CSA
(0.3 eq.) H-(OCH,CH>),-N3, DCM; (vi) AIBN (0.2 eq.), NaBH3CN (2.5 eq.), BusSnCl (0.2 eq.), t-BuOH; (vii) (1) LIOH (10 eq.), THF, H,O, (2) pyridine,
Ac,O; (viii) LIOH (10 eq.), THF, H,O (x) EDANS-NH, (1.2 eq.), DIPEA (4 eq.), HBTU (1.1 eq.), DMF; (xi) DABCYL alkyne (2.2 eq.), DIPEA (4 eq.),
[Cu(CHsCN4lPFg (0.3 eq.), DCM; (xii) NaOMe (7 eq.), MeOH. (B) Determination of fluorescence quenching efficiency through comparison of
concentration dependence fluorescence intensity of each of EDANS and GIcBABS-Hyss. Error bars represent standard deviations (n = 3). (C)
Michaelis—Menten kinetics of GIcBABS-H,s5 with recombinant GCase (rhGCase).

fixed cells, we designed a B-glucoside BABS (GIcBABS) substrate
that could be tested in vitro to establish how efficiently this
enzyme would process such a substrate. For simplicity, we
incorporated an EDANS fluorophore on the proto-aldehyde arm
of the hemiacetal product and a DABCYL quencher on the
proto-alcohol arm. The synthesis started from penta-O-acetyl-a-
p-glucosyl formate. Wittig olefination delivered the known vinyl
glucoside 2." Epoxidation of the olefin using mCPBA afforded 4
in fair yield as a single diastereomer. This diastereomeric
selectivity aligns with previous observations showing tetra-O-
acetyl glucosides work well as chiral auxiliaries to induce

22590 | Chem. Sci., 2025, 16, 22588-22596

stereoselectivity in hydrogenation reactions.”> Opening of the
epoxide under acidic conditions using camphor sulfonic acid in
the presence of 2-(2-azidoethoxy)ethan-1-ol enabled installation
of both the bis-acetal motif as well as the azide functionality
that could be later exploited as an orthogonal group for down-
stream functionalization. Hydrolysis of the ester groups fol-
lowed by acetylation of the free alcohols afforded access to our
desired bifunctional intermediate 8 bearing a carboxylic acid
and an azide group to which we could couple our fluorophore
and quencher pair. Using these orthogonal functional groups,
we used successive amide coupling and copper-catalyzed azide-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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alkyne cycloaddition (CuAAC) reactions to install the EDANS
fluorophore (Aex,max = 336 NM, Aemy max = 455 nm) and DABCYL
(Aabs,max = 479 nm) fluorescence quencher to obtain 10, which
was efficiently de-O-acetylated to obtain our target GlcBABS
substrate GIcBABS-OH,55. However, upon testing this material
as a substrate of recombinant human GCase (rhGCase) we
observed no turnover. This observation was surprising given
that the glucose recognition motif is unmodified and also
because other BABS substrates have been shown to be efficient
substrates for other glycoside hydrolases.’® We hypothesized
that the relatively bulky quaternary center within the aglycone,
which is proximal to the glycosidic oxygen, may not be tolerated
within the active site of GCase.

To test this possibility, we set out to prepare a modified
GIcBABS substrate in which the quaternary center was replaced
by a methylene unit (GIcBABS-H,ss) (Fig. 2A). Starting from the
same formyl glycoside 1, Wittig-like olefination reaction was
used to generate vinyl B-glucoside 3 lacking the methyl group
positioned alpha to the carbonyl. To remove the alcohol present
in GIcBABS-OH,ss, we avoided the epoxide intermediate by
using bromoalkoxylation to create the bis-acetal function-
ality.*"” In contrast to the epoxidation reaction, this bromina-
tion reaction generated a mixture of diastereomers. To generate
the desired methylene unit, the crude bromide was subjected to
reductive debromination using in situ formed tributyltin
hydride, affording the desired intermediate 7 in good yield.
Protecting group manipulation of 7 yielded the desired bi-
functionalized intermediate 9. Sequential amide coupling and
CuAAC reactions were used to sequentially install the EDANS
and DABCYL fluorophore and quencher pair to obtain the per-
O-acetylated substrate precursor 12, in which the fluorophore is
linked to the proto-aldehyde arm of the conjugate. This

A
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penultimate product was efficiently deprotected using catalytic
sodium methoxide to yield GlcBABS-H,ss. This route, which
follows from our previous work on galacto-configured
substrates, proved reliable and suggests its amenability to the
production of differently configured monosaccharide-
containing substrates.

With this material in hand, we were pleased to observe that
GIcBABS-H,55 had an excellent quenching efficiency of >99.5%
(Fig. 2B and C) and that incubation with rhGCase resulted in its
efficient hydrolysis with a second-order rate constant (keao/Km =
130 =9 M ' s~ ') (Fig. 2C), which is comparable to that of other
reported live cell substrates.>'® Furthermore, we assessed its
selectivity for GCase relative to the other human B-glucosidases
GBA2 and GBA3. We found that while GIcBABS-H,s; was
hydrolyzed efficiently by GCase, we were unable to observe its
turnover by GBA2 or GBA3 at enzyme concentrations up to
20 nM, suggesting cellular assays would show exceptional
selectivity for GCase (Fig. S1). Taken together, the in vitro
measurements of selectivity and sensitivity of the “decon-
gested” GIcBABS-H,ss support this approach as suitable for
delivering fluorogenic substrates to image GCase activity within
cells.

Given the promising results we obtained with GIcBABS-H,ss,
we next generated a derivative for live cell experiments. To
reduce background arising from cellular autofluorescence, we
took advantage of the ability to perform late-stage derivatization
and exchanged the blue-shifted EDANS for the more red-shifted
TAMRA. After preparing the TAMRA-bearing derivative
GIcBABS-Hsg; (Fig. 3A), we measured its quenching efficiency to
be >99.4% and its second order rate constant for turnover by
GCase (keat/Kyr = 3400 & 547 M~ ' 7', Fig. S2). These favourable
properties support the suitability of GIcBABS-H;e; for live cell
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Investigation of the effects of the dML moiety on the cellular retention and stability of the fluorescence signal arising from GCase

catalyzed hydrolysis of GIcBABS substrates. (A) Synthesis of GIcBABS-Hsgz and GIcBABS-HDsg3. (xiii) BHQ-2 alkyne (1.2 eq.), Cu()SO4 (0.5 eq.),
sodium ascorbate (0.5 eq.), BTTAA(0.1eq.), DMF: H,O : MeOH :DCM (2:1:1:1). (xiv) TAMRA-NH, (1.2 eq.), DIPEA (4 eq.), HBTU (1.1 eq.), DMF. (B)
Quantification of fluorescent signal loss of GIcBABS-Hsgz in SK-N-SH cells. WT cells incubated with GIcBABS-Hsgz and with (yellow) or without

(green) inhibitor AT3375. (C) Quantification of fluorescent signal loss of

GIlcBABS-HDsg3 in SK-N-SH cells. WT cells incubated with GlcBABS-

HDsg3 and with (yellow) or without (blue) inhibitor AT3375. Error bars represent SEM over 3 replicates.
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Fig. 4 GIcBABS-HDsg3 is a useful tool to quantitatively measure lysosomal GCase activity in live cells. (A) GIcBABS-HDsg3 treated WT cells with/
without AT3375 and GBA1 KO with/without AT3375. Significance <0.0001. (B) The signal intensity of GlcBABS-HDse3 within live cells shows
a dose and time-dependent response. @ =0.5h, @ =1h, A =2h, [l =3 h, ® =4 h. (C) GlcBABS-HDse3 signal intensity is co-localized with
LysoTracker™ Green DND-26. (Scale bars represent 80 pm). (D) Image representative of GIcBABS-HDsg3 (5 uM for 2 hours) turnover in SK-N-SH
cells. (E) Representative image showing that GIcBABS-HDsg3 (5 uM for 2 hours) turnover is completely blocked by pre-incubation of SK-N-SH
cells with the selective GCase inhibitor AT3375 (10 pM). Nine fields per replicate. = three replicates per condition. Error bars represent the
standard error of the mean. (Scale bars represent 25 um).

measurements of GCase activity. We then investigated the the lysosomotropic di-methyllysine (dML) on the proto-
stability of the fluorescent signal arising from GCase catalyzed aldehyde arm of the bis-acetal motif with the same fluoro-
hydrolysis of GlcBABS-Hsq; within live cells. Inadequate phore and quencher pair. We then acquired the excitation and
stability of the signal arising from enzymatically processed emission spectra of GlcBABS-HDs¢; (Fig. S3A) and the corre-
fluorogenic substrates has been previously noted to result not sponding products of enzymatic cleavage (Fig. S3B). GIcBABS-
only in poor signal-to-noise but also inaccuracies in measure- HDsg; and the products both exhibited excitation maxima at
ments due to time dependent signal loss. To address this issue, approximately 540 nm corresponding to the major absorption
we used a previously established assay'® and measured a Ty, of bands associated with TAMRA. The emission maximum was
64 min for the fluorescent product of GIcBABS-H;4; (Fig. 3B), observed at 565 nm, which is also consistent with the emission
which is considerably longer than the T}, of 19 min observed bands seen for TAMRA. We next examined GCase catalyzed
for the fluorescent products of FQ-GBA and PFB-FDGlu, two turnover of GlcBABS-HDsg;. We treated GlcBABS-HDsq3 with
other non-lysosomotropic substrates.’® This greater cellular rhGCase and collected spectral scans at specified intervals over
retention suggests that the aldehyde-tagged fluorophore forms a 150 minutes period (Fig. S3C). We next treated SK-N-SH cells
transient imine conjugates as predicted. However, the half-life ~with GIcBABS-HDse; using the same conditions to compare with
we observed for GIcBABS-Hsq; was much shorter than that GIcBABS-Hsg; and found, strikingly, the stability of the fluo-
observed for LysoFQ-GBA, a lysosomotropic derivative of FQ- rescent signal arising from hydrolysis of GIcBABS-HDse3
GBA, which showed only a 17% decline in signal intensity showed no change over a three-hour time course (Fig. 3C),
over 3 hours.” Therefore, we considered various alternatives making this substrate superior to both GlcBABS-Hss; and
and considered installation of a polylysine moiety as was done  LysoFQ-GBA.

for LysoFix-GBA,®> however, we judged this might be too large in Encouraged by these results, we next explored whether
the context of the bis-acetal and felt that a smaller lysosomo- GlcBABS-HDs63 could usefully quantify GCase activity within
tropic group should prove adequate to aid retention. We the lysosomes of live cells. To do this we used SK-N-SH cells,
therefore synthesized GlcBABS-HDsg3 (Fig. 3A), which includes a neuroblastoma cell line that expresses dopaminergic markers,

22592 | Chem. Sci, 2025, 16, 22588-22596 © 2025 The Author(s). Published by the Royal Society of Chemistry
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as a model system."' First, we investigated the selectivity of
GIcBABS-HDse; by using both the highly selective GCase
inhibitor AT3375 (ref. 22 and 23) and genetic disruption GBA1
knock-out (KO) SK-N-SH cells.” We found that treating cells with
AT3375 (10 puM) prior to addition of the substrate (5 pM)
resulted in a complete loss of signal, consistent with our in vitro
measurements of selectivity. We also found negligible lyso-
somal GCase activity in GBA1 KO cells (Fig. 4A, D and E). These
data support that GIcBABS-HDsg; is turned over only by GCase
within cells. Next, we assessed the dose and time-dependent
evolution of the signal within cells to evaluate whether
GIcBABS-HDsg; reported on GCase activity in a quantitative
manner. These data show linearity in signal intensity over
defined ranges, which is necessary for making quantitative
measurements of cellular enzymatic activity (Fig. 4B). Finally,
we assessed whether GlcBABS-HDsg;3 reports on the activity of
mature GCase, which is found within lysosomes, through co-
localization of GCase activity with LysoTracker™ Green DND-
26. We observed good spatial correlation, consistent with lyso-
somal hydrolysis of GIcBABS-HDss; by lysosomal GCase
(Fig. 4C). These collective data support GIcBABS-HDss; as a tool
to quantitatively measure lysosomal GCase activity in live cells.

Having demonstrated that GIcBABS-HDs4; is capable of
quantitatively measuring lysosomal GCase activity in live cells,
we next turned to our primary goal of investigating whether it
could be used to analyze GCase activity within fixed cells. We
reasoned that there are two main criteria required of cell active
substrates that dictate their utility. First, the fluorescent signal
must quantitatively reflect the activities measured within live
cells. Second, the distribution of the signal within cells should
be retained upon fixation such that spatial information that
informs on the subcellular location of the enzyme should be
preserved. To solve these problems we were inspired by previous
studies that have reported on fluorescence imaging of tissue
sections, which have occasionally relied on treatment with
sodium borohydride (1%) at low temperature (4 °C) for short
periods of time (20 minutes) as a means to reducing

>
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endogenous background fluorescence within tissue samples.®>*
We expected that borohydride reagents could reduce the
possible imine adducts formed from the aldehyde product of
GIcBABS-HDs6; with lysosomal proteins to form irreversible
secondary amine bioconjugates. Rather than sodium borohy-
dride, we chose the milder and more stable sodium cyanobor-
ohydride (NaCNBH;) which is commonly used for reductive
amination under aqueous conditions at physiological pH. To
approach this problem, we first investigated whether NaCNBH;
reduction would lead to stable fluorescent protein-labelling
following turnover of GlcBABS-HDs45. To test this possibility,
we treated GIcBABS-HDs¢; (5 M) for two hours with rhGCase in
the presence of bovine serum albumin (BSA), after which we
added NaCNBH; or buffer alone. The reaction was then termi-
nated by mixing with Laemmli buffer containing reducing
agents and the proteins were then resolved by polyacrylamide
gel electrophoresis (PAGE). The resulting gel was stained and
then imaged to record both total protein (Coomasie) and
TAMRA-conjugated proteins (fluorescence). BSA-TAMRA and
GCase-TAMRA conjugates were only observed in samples con-
taining GCase that were treated with NaCNBHj (Fig. 5A and B).
Moreover, inhibition of GCase prevented any labelling. These
data show that the aldehyde product arising from turnover of
GIcBABS-HDs6; can form imine conjugates with proteins that
can in turn be reduced to form stable adducts. In addition, we
evaluated the in vitro stability of TAMRA in the presence of
different concentrations of NaCNBH; and found, as expected,
no significant change in fluorescent intensity (Fig. S4).

To determine the optimal methods for reduction of imine
adducts within cells in a manner that was compatible with
standard fixation methods, we treated SK-N-SH cells with 5 uM
GIcBABS-HD56; for two hours, and subsequently fixed cells
using standard PFA conditions involving 4% PFA solution at 20
°C for 30 minutes.”® We followed this up by treatment with
different concentrations of NaCNBH; and different incubation
times. We found that the fluorescence intensity depends on the
concentration of NaCNBH;, with the optimized conditions
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Fig. 5 In-gel and in-cell validation and imine reduction optimization in cells. (A) Quantification of signal intensity from imaging, signals are

normalized to protein levels. Significance <0.0001. (B) NaCNBH3 treatment maintained the fluorescent signal on proteins whereas the non-
NaCNBHs treatment showed little fluorescence. (C) Optimization of NaCNBHs treatment conditions. @ =0h, @ =1h, A =3 h, [l =24 h. (D)
Comparison with/without NaCNBHs3 treatment in a cell assay, fluorescent signals are shown for live cells (blue), fixed cells with NaCNBH3
treatment (orange), and fixed cells without NaCNBH3 treatment (red). Significance <0.0001. Error bars represent the standard error of the mean
(n = 3). For the uncropped images see Fig. S6.

© 2025 The Author(s). Published by the Royal Society of Chemistry Chem. Sci,, 2025, 16, 22588-22596 | 22593


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc04671h

Open Access Article. Published on 28 October 2025. Downloaded on 12/11/2025 8:23:12 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

View Article Online

Edge Article

_ 100+ § 6x105-
Q Live cells }
2 -~ Reduced cells g (? § l i) ; i
& £ 4%10°+
© 50+ c
© =
o
2 e
8 8 2x10
R 73
0 T T | g 1 g
8 N = % 0 . E o s L A e o oy G
C log[AT3375] (uM) day 1 day 2 day 3 day 4 day 5 day 6 day 7

GIcBABS-HD,,

Fig. 6 Quantitative measurement in live and reduced cells and co-localization with anti-GCase antibody. (A) Comparison of the ICsq curves for
the selective GCase inhibitor AT3375 measured using GIcBABS-HDse3 in live (orange) and reduced (blue) cells. (Error bars represent standard
deviation, n = 3, nine fields per replicate). (B) GIcBABS-HDsg3 fluorescent signal is stable after imine reduction over a week, non-inhibition in
orange, AT3375 inhibition in blue. (No significance, error bars represent standard deviation, n = 3, nine fields per replicate). (C) Confocal images
show a high degree of co-localization of GCase activity (red) and GCase protein (green) within fixed SK-N-SH cells.

being found to be 400 mM NaCNBH; with a 1-hour incubation
time (Fig. 5C). These conditions are similar to previous reports
on the reduction of cell surface imine adducts with NaCNBH;.2®
Importantly, we found that the fluorescent signals retained
their punctate distribution (Fig. S5), suggesting that this
method leads to retention of the adducts within lysosomes.
Excluding NaCNBH; treatment led to a striking 85% decrease in
fluorescence intensity (Fig. 5D). These collective data show that
simple reductive amination, in conjunction with PFA fixation,
leads to GCase-dependent formation of stable fluorescent
adducts that do not diffuse throughout the cell. Thus, GIcBABS-
HDse3 should be well suited to quantify lysosomal GCase
activity while enabling immunocytochemical (ICC) study of
cellular proteins.

We next turned to our primary goal of investigating whether
it could be used to quantify lysosomal GCase activity within
fixed cells. We reasoned there are two main criteria required of
fixable fluorescence quenched substrates that dictate their
utility. First, the fluorescent signal must quantitatively reflect
the activities measured within live cells. Second, the distribu-
tion of the signal within cells should be preserved. To assess the
quantitative performance of GIcBABS-HDsg; in fixed cells we
determined the cellular IC5, of AT3375 in live cells and then

22594 | Chem. Sci., 2025, 16, 22588-22596

treated the cells with a reductant and fixed them before imaging
and analysis. Using this approach, we measured a cellular ICs,
value of 6 + 3 nM in live cells and a closely similar value of 7 +
3 nM in fixed cells (Fig. 6A). These data demonstrated that the
quantitative measurements made in live cells are preserved
upon NaCNBHj; reduction and cellular fixation. Notably, we also
observed that the signal was stable over seven days, which is
consistent with the fluorescent product being covalently linked
to proteins (Fig. 6B). Analysis of co-localization of the product of
GIcBABS-HDs6; and GCase protein showed excellent overlap
(PCC = 0.74, Fig. 6C), which was in agreement with the live cell
colocalization using LysoTracker™ Green-DND26. These data
together show that GIcBABS-HDse; reports quantitatively on
lysosomal GCase activity in both live and fixed cells.

Conclusion

The ability of fluorescence-quenched substrates to provide
quantitative and spatial information on the function of target
enzymes makes them valuable tools for understanding funda-
mental cellular biochemistry. One common shortcoming asso-
ciated with these substrates is their inability to simultaneously
quantify enzyme activity and perform other biochemical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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measurements, complicating mechanistic studies on the regu-
lation of enzymes within cells. This challenge is exemplified by
the difficulty of studying GCase activity in live cells and, in turn,
understanding the wunderlying factors that influence its
activity.”””® Here we describe GlcBABS-HDs43, a fluorescence
quenched substrate, and detailed methods that allow this
substrate to be used to quantitatively report on the intracellular
levels of GCase activity in both live and fixed cells. Importantly, we
show that quantitative measurements made in live cells correlate
with those made in fixed cells and that the resulting signal is
stable upon fixation for at least seven days. The ability to quantify
GCase activity within stably fixed cells should make this substrate
more widely useful to the community since it does not necessitate
rapid manipulation of microplates and timely image-based anal-
yses. Moreover, fixation of samples should enable higher
throughput experiments, including screening to identify small
molecule modifiers of GCase activity, which would be technically
demanding to perform in live cells.” Finally, we demonstrate that
GIcBABS-HDs6; can be used in conjunction with immunocyto-
chemistry (ICC). We anticipate that such concomitant measure-
ments could provide new insights into the function of known
regulatory proteins such as Saposin C or lysosomal integral
membrane protein-2 (LIMP-2). Using this substrate, it will be
readily feasible to perform co-localization of such proteins
alongside both GCase protein and activity in a cell-by-cell manner.
Regardless, previous studies have relied on the analysis of parallel
samples using techniques such as immunoblotting, which do not
report on either the subcellular distribution of GCase activity or its
lysosomal levels. Finally, the modular design of GIcBABS-HDsg3,
coupled with the late-stage installation of chromophores, should
enable the generation of substrates having various excitation and
emission properties as well as ratiometric substrates.>® Because
LysoFix-GBA has multiple primary amine functionalities, fixation
with PFA leads to fixation of both the substrate and product. In
contrast, the proto-aldehyde of GlcBABS-HDsg; is only revealed
following enzymatic hydrolysis but requires a reduction step.
Drawing direct comparisons between these two chemistries is
therefore somewhat difficult, however, which one provide supe-
rior performance may depend on the specific case. However, we
note that the stability of the product of GlcBABS-HDse;3, when
fixed in cells, exceeds that observed for LysoFix-GBA.> The basis
for this difference likely stems from the different chemistry used
in fixation, where the reduction step leads to a highly stable
secondary amine crosslink. In any event, we anticipate that
GIcBABS-HDs6; will open the door to new experiments to study
the regulation of GCase activity within living cells. Finally, because
the BABS concept does not require modification of the substrate
recognition group, unlike other recently described live cell GCase
substrates,>**** we expect that application of this strategy to other
hydrolytic enzymes should be quite feasible.
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