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Abstract

N-acetyl-p-D-hexosaminidases (EC 3.2.1.52) are exo-acting glycosy! hydrolases that remove
N-acetyl-B-D-glucosamine (Glc-NAc) or N-acetyl-p-D-galactosamine (Gal-NAc) from the non-
reducing ends of various biomolecules including oligosaccharides, glycoproteins, and glycolipids.
The same enzymes are sometimes called N-acetyl-B-D-glucosaminidases and this review article
employs the shorthand descriptor HEX(NAG) to indicate that the terms HEX or NAG are used
interchangeably in the literature. The wide distribution of HEX(NAG) throughout the biosphere
and its intracellular location in lysosomes combine to make it an important enzyme in food
science, agriculture, cell biology, medical diagnostics, and chemotherapy. For more than 50
years, researchers have employed chromogenic derivatives of N-acetyl-p-D-glucosaminide in
basic assays for biomedical research and clinical chemistry. Recent conceptual and synthetic
innovations in molecular fluorescence sensors, along with concurrent technical improvements in
instrumentation have produced a growing number of new fluorescent imaging and diagnostics
methods. A systematic summary of the recent advances in optical sensors for HEX(NAG)

is provided under the following headings: assessing kidney health, detection and treatment

of infectious disease, fluorescence imaging of cancer, treatment of lysosomal disorders, and
reactive probes for chemical biology. The article concludes with some comments on likely future
directions.

Graphical Abstract

"Corresponding Author: Bradley D. Smith - Department of Chemistry and Biochemistry, 251 Nieuwland Science Hall, University of

Notre Dame, IN 46556, USA. smith.115@nd.edu.
Janeala J. Morsby - Department of Chemistry and Biochemistry, 251 Nieuwland Science Hall, University of Notre Dame, IN 46556,

USA.

Supporting Information.

The following file is available free of charge at ...

Table S1, a list of typical changes in urinary HEX(NAG) levels in different clinical circumstances.
(PDF)

The authors declare no competing financial interest.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Morsby and Smith

Chemical oH

e Xi& ey Hesase

" NHAG s
N Chromogenic /P&
2 \Fluorogenic

s,
%2 “{/._;\,\\

e

Keywords
enzyme; fluorescence; molecular probe; kidney disease; cancer imaging

INTRODUCTION

Page 2

The field of enzymology has employed colorimetric and fluorometric enzyme substrates

for many decades with an early emphasis on enzyme assays that quantified the kinetic
parameters or identified enzyme inhibitors. Over time, the technology has expanded in

various directions and colorimetric/fluorometric enzyme substrates are now incorporated

into a variety of different methods for imaging and diagnostics. Several recent review
articles have recently summarized the broad strategies used to create colorimetric/
fluorometric enzyme substrates,! 23 and the more specific topic of reactive probes for
glycosidase enzymes.* However, to the best of our knowledge this review article is

the first to collate the different chromogenic and fluorogenic substrates for N-acetyl-f-
D-hexosaminidases, a major sub-group of glycosyl hydrolase enzymes with increasing

biomedical importance. As described below these activity-based molecular probes are the

basis for a wide range of biomedical sensing applications in clinical diagnostics, high

throughput drug screening, in-vivo imaging/fluorescence-guided surgery, gene and enzyme

replacement therapies, and fundamental chemical biology.

A detailed discussion of the taxonomy for glycosyl hydrolase enzymes is beyond the
scope of this article and only a brief summary is provided here. In short, N-acetyl-
B-D-hexosaminidases (EC 3.2.1.52) are exo acting glycosyl hydrolases that remove N-
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acetyl-p-D-glucosamine (Glc-NAc) or N-acetyl-p-D-galactosamine (Gal-NAc) from the
non-reducing ends of various biomolecules including oligosaccharides, glycoproteins, and
glycolipids.> According to the carbohydrate-active enzyme (CAZy) classification system,
these enzymes are assigned to one of three glycosy! hydrolase families; GH3, GH20 or
GH84.5 7 Members of the GH20 family are usually called B-N-acetyl-D-hexosaminidases
(HEX) because they can recognize both GIcNAc and GalNAc sugar units, whereas members
of the GH3 and GH84 families are usually called N-acetyl-B-D-glucosaminidases (NAG)
because they only recognize GIcNAc. This taxonomy is not applied rigorously and some
research subfields continue to use the name N-acetyl-p-D-glucosaminidases (NAG) for
members of the GH20 family, in part because these enzymes were historically assigned to
an older designation of p-N-acetyl-D-glucosaminidases (EC 3.2.1.30) that was subsequently
merged into EC 3.2.1.52 in 1992.8 To avoid any ambiguity, this article consistently refers

to these enzymes as N-acetyl-p-D-hexosaminidases but employs the shorthand descriptor
HEX(NAG) to make clear that the literature terms HEX or NAG refer interchangeably to the
same enzymes.

In humans, the two most important N-acetyl-B-D-hexosaminidases from the GH20 family
are HEX(NAG) A (acidic) and HEX(NAG) B (basic) with isoelectric points of 5.4 and 7.9,
respectively.” HEXA is a heterodimeric structure comprised of an a and B subunit, and

its primary physiological substrate is GM2 ganglioside.8 HEXB is a homodimer comprised
of two B subunits and does not cleave GM2 ganglioside, but it will hydrolyze simple
colorimetric/fluorometric HEX(NAG) substrates. The optimal pH for HEX(NAG) activity is
~5 which is consistent with its acidic location in lysosomes. The classical “hexosaminidase”
mechanism is substrate-assisted catalysis with the oxygen of the substrate’s C-2 acetamido
group forming a reactive oxazoline intermediate.” The active site of HEX(NAG) can
selectively accommodate N-acetyl glucose or N-acetyl galactose isomers and will accept

an aglycone unit that is relatively hydrophobic.? A functionally related enzyme is human
O-GIcNAcase (OGA), which catalyzes the removal of O-GIcNAc from protein serine

or threonine residues and is implicated in Alzheimer’s disease and osteoarthritis.10 The
search for chemical inhibitors of OGA employs simple enzyme inhibition assays and uses
fluorescent GIcNAc substrates; 11 12 however, there has been limited development of optical
sensors for specific imaging of OGA activity in biomedical samples. Therefore, OGA will
not be discussed any further here.1314

The aims of this review article are to summarize the potential of HEX(NAG) as a

useful biomarker in several, quite different diseases, and to describe the colorimetric/
fluorometric enzyme substrates that are used as optical sensors in biomedical research and
clinical chemistry. The narrative focuses on the optical sensors listed in Scheme 1 which
are derivatives of N-acetyl-p-D-glucosamine with different dyes as the aglycones. Upon
substrate cleavage, the released dyes (optical reporters) undergo changes in absorption or
fluorescence signal which enables spectroscopic detection or fluorescence imaging. The
sections below describe how these HEX(NAG)-selective substrates have been used for
the following biomedical applications; assessing kidney health, detection and treatment of
infectious disease, fluorescence imaging of cancer, treatment of lysosomal disorders, and
reactive probes for chemical biology.
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ASSESSING KIDNEY HEALTH

Within the kidneys, HEX(NAG) is predominantly found in the proximal and distal
convoluted tubular cells and its concentration in the urine of healthy patients is low due

to its large molecular size and inability to cross the glomerular basal membrane (Figure 1a).
An increased concentration of urinary HEX(NAG) indicates renal tubular cell breakdown

or more precisely loss of lysosomal integrity and for several decades, urinary HEX(NAG)
has been measured and treated as a urinary biomarker for kidney disease (Figure 1b).1°

The underlying disorder could be acute kidney Injury (AKI) which is defined as a sudden
and serious loss of kidney function. Early detection of AKI is imperative, so the condition
can be reversed before it deteriorates to renal replacement therapy or possibly death.16 It is
worth emphasizing the global scale of AKI-related mortality which exceeds that of breast
cancer, heart failure or diabetes.1” A separate but related kidney disorder is chronic kidney
disease (CKD) which is a slow irreversible loss of kidney cells and nephrons over months or
years.18 Globally, more than a million people die of CKD each year.1® Early stage detection
of CKD is challenging since most patients are asymptomatic and the diagnosis is often made
incidentally during an encounter for an unrelated health concern. Many urinary biomarkers
have been investigated over several decades as potential indicators of AKI or CKD, and
HEX(NAG) is one of the few urinary protein biomarkers that is an enzyme.20 21 22 There
are many risk factors for elevated urinary HEX(NAG) including the following: diabetes,
opportunistic infection including COVID-19, sepsis, malaria, pregnancy, severe trauma,
hypovolemia, old age, acute organ failure, major surgery, nephrotoxic antibiotics or cancer
chemotherapy, kidney transplantation, cirrhosis, dosing with imaging contrast-agent, and
autoimmune disorders.23 24 2526 27 28 29 30 31 32 33 34 35 proyided in Table S1 is a list of
typical changes in urinary HEX(NAG) levels that have been reported in a wide range of
clinical circumstances. In most cases, HEX(NAG) levels are elevated several fold, but in
some cases the increases are less than 2-fold, and there is often considerable dispersion in
the measured values for a specific patient cohort. Thus, there are many clinical variables that
can affect HEX(NAG) levels and ongoing research seeks to identify meaningful correlations
with other urinary biomarkers and patient risk factors. There is no doubt that future work to
improve the prognostic value of urinary HEX(NAG) levels will be facilitated if the assays
could be: (a) expanded in throughput to ensure larger sample numbers and thus improve

the statistical significance of observed trends and analytical conclusions, (b) conducted more
easily in low-resource settings that facilitate early detection and longitudinal tracking of
kidney disease especially in underserved communities, and (c) conducted directly within the
living subject using weakly invasive imaging methods that eliminate the potential artifacts
that arise when urine samples are stored or transported.1®

For the last few decades, clinical studies have measured HEX(NAG) in patient-provided
urine samples using a small number of standard colorimetric or fluorometric assays.3®
The basis of the more cost-effective colorimetric assay is enzyme cleavage of a suitably
designed chromogenic substrate which releases a dye with a distinctive absorbance
profile. The assay can be conducted as a single endpoint reading after multiple assay
manipulations, or it can be monitored continuously over time as a kinetic assay. The Ky,
value for most colorimetric HEX(NAG) substrates is typically in the high micromolar
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range, so relatively high substrate concentrations are needed to ensure enzyme saturation
and a short assay incubation time.37 38 This means the released dye must exhibit a
distinct red-shifted absorbance band for selective detection and quantification without
interference from the high level of unreacted substrate as a background signal. The
simplest colorimetric substrate for HEX(NAG) detection is 4-nitrophenyl N-acetyl-B-D-
glucosaminide (pNP-NAG) which releases 4-nitrophenol for absorbance detection at 400
nm.39 Although cheap and convenient, the pNP-NAG assay is suspectable to interference
by light absorbing components in the urine sample. This drawback is obviated by using
chromogenic HEX(NAG) substrates that release dyes with longer wavelength absorption
maxima bands. A current commercial colorimetric assay for HEX(NAG) detection uses
sodium-3-cresolsulfonphthaleinyl-N-acetyl-p-D-glucosaminide (substrate 1 in Scheme 1)
and releases the intensely colored dye, meta-cresol purple, which is detected at 580 nm after
the assay is stopped by increasing the assay pH > 9 (Figure 1c).40 4142

Fluorometric assays have inherently higher sensitivity than colorimetric assays which
means the incubation time can be shorter and relatively dilute samples can be

successfully analyzed. In addition, fluorometric assays can avoid interference problems

due to background absorption that are encountered in colorimetric assays. Fluorescence
“turn on” assays are less susceptible to artifacts than “turn off” assays and a range

of fluorogenic HEX(NAG) probes have been prepared over the years. A common
commercial fluorogenic substrate for HEX(NAG) detection is 4-methylumbelliferyl- A-
acetyl-p-p-glucosaminide (4-MU-NAG). Upon cleavage by HEX(NAG) enzyme, 4-MU-
NAG releases 4-methylumbelliferone, a fluorescent dye which emits at 460 nm.44 45 46

A recent successful effort to extend the emission band to a longer wavelength led to
substrate 4 which was found to be rapidly cleaved by human HEX(NAG) to produce highly
fluorescent resorufin dye for fluorescent detection at 598 nm.43 47 Substrate 4 was first
used to quantify urinary HEX(NAG) activity in a mouse model of kidney disease and
subsequently validated for use in urine samples from human patients. The graph in Figure
1d compares the HEX(NAG) activity in 58 urine samples from renal injury patients (n= 28)
and healthy individuals (n=30). Overall, the mean urinary HEX(NAG) value for the patients
with different degrees of kidney injury was 8.2 times the mean urinary value for the healthy
patients.

An alluring prospect with fluorescence assays?3, is the possibility of multiplex detection
methods that can simultaneously report the outcome of multiple sensing assays conducted
in the same sample. A good example is the multiplex assay in Figure 2a which treats

a urine sample with three fluorescent probes that sense the presence of three different
urinary enzymes as known biomarkers of kidney disease. One of the three fluorescent
probes is HEX(NAG) substrate 5a which releases a near-infrared fluorescent dye that emits
at 710 nm, and the other two probes in the assay are a substrate for urinary y-glutamyl
transferase (GGT) that releases a dye for detection at 440 nm, and a substrate for alanine
aminopeptidase (AAP) that releases a dye for detection at 590 nm.#® Shown in Figure 2b is
a typical data set from a study that measured the change in the three fluorescent probes (plus
two other biomarkers) over time after treatment with the nephrotoxin cisplatin.
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Recently, a more direct approach to measuring the presence of kidney injury biomarkers has
been proposed.®® The underlying concept is to dose the subject with an activatable reporter
that is enzymatically cleaved to produce an optical signal for real-time in vivo imaging.51 A
more ambitious version of the idea is an activatable duplex reporter (ADR) that can report
two separate enzyme activities that are known to correlate with kidney disease. To date, the
technology has been evaluated in a preclinical mouse model of kidney damage caused by
dosage of excess contrast agent. The process described in Figure 2¢ shows an ADR that
releases a near-infrared fluorescent reporter (derivative of substrate 5a) in the presence of
the HEX(NAG) enzyme and a chemiluminescent reporter in the presence of oxidative stress
(0,.7).59 The ADR was found to exhibited high renal clearance and permitted duplex optical
imaging of the correlated biomarkers in the damaged kidneys of living mice.

DETECTION AND TREATMENT OF INFECTIOUS DISEASE

The field of diagnostic microbiology employs chromogenic enzyme substrates for detecting
the presence of specific microorganisms within environmental and clinical samples.>2 53 The
synthetic substrates are incorporated into agar growth media and the color and morphology
of colonies on the agar can often be correlated with microorganism identity.>* This simple
technology is especially attractive in low and mid-income countries because it requires
fewer lab resources than more sophisticated molecular tests based on PCR techniques.>5 56
HEX(NAG) enzymes play an essential role in fungal nutrient utilization and morphogenesis
making them essential enzymes, but HEX(NAG) expression levels depend on the fungal
species and microenvironment.5’ 58 Therefore, commercial or customized chromogenic
agar containing a chromogenic HEX(NAG) substrate is often quite useful for detecting

and differentiating clinical strains of yeast and other fungal species.>3 For example, a
chromogenic HEX(NAG) substrate usually can discriminate Candlida albicans or Candida
aubliniensis from other yeasts. Shown in Figure 3a is the result of an assay that treated
agar containing substrate 2 with Candida albicans.>® The presence of Candida dubliniensis
yielded very similar colonies, whereas colonies of Candida kefyr or Candiaa tropicalis
were uniformly pink, and colonies of other Candida species were white. \Very recent

work by several independent research groups has established that commercial chromogenic
agar assays can be used to identify the presence of Candida auris, a multidrug-resistant
species that is frequently encountered in hospital settings.®0 6162 A current drawback with
the technique is the variation in interpretation when the assay is assessed by the naked

eye. Looking to the future, it should be possible to mitigate this problem by using smart-
phone technology to capture a digital photographic image of the assay and assess it using
appropriate image recognition software.53

HEX(NAGQG) is a central enzyme in the life cycle of insects and microbial pathogens,
because it controls the degradation of chitin, a linear polysaccharide within insect
exoskeletons, crustacean shells and fungal cell walls. Thus, HEX(NAG) inhibitors are under
active investigation as pest control agents or as potential drugs for treating opportunistic
infections.” 6566 The research often involves computer docking studies of enzyme/
inhibitor complexes,%” and standard enzyme inhibition measurements using a commercial
chromogenic substrate such as pNP-NAG or fluorogenic substrate such as 4-MU-NAG.
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FLUORESCENCE IMAGING OF CANCER

Cancer cells are highly dependent on lysosomal recycling programs for survival and
lysosomal enzymes are key players in tumor growth or suppression.®8 Moreover, lysosomal
proteases and hydrolases are often upregulated and mislocalized in cancer. Clinical analysis
of urine, blood serum and tissue from colon cancer patients suggests that HEX(NAG) levels
are elevated in colorectal tumors.®9 70 This raises the possibility of HEX(NAG) acting as an
enzyme target for cancer imaging and fluorescence guided surgery of colorectal cancer using
endoscopic techniques. Fluorescence microscopy studies of cells treated with fluorogenic
HEX(NAG) substrates produces localized fluorescence in the cell lysosomes.® 71 7273 One
example is substrate 6, which is cleaved by lysosomal HEX(NAG) to release an unstable
phenolate intermediate which undergoes a self-immolative fragmentation to produce an
insoluble tetraphenylethylene dye. Rapid self-aggregation of the dye leads to increased
fluorescent signal due to the Aggregation Induced Emission (AIE) effect.”! As displayed

in Figure 4a, cells treated with substrate 6 and the molecular probe Lysotracker Green
DND-26 produced a very high level of fluorescence colocalization in cell lysosomes. An
independent study developed the fluorogenic HEX(NAG) substrate 7 which also undergoes
a self-immolative fragmentation after enzymatic cleavage by HEX(NAG).® Fluorescence
microscopy colocalization experiments confirmed selective targeting of the signal to cell
lysosomes, and additional studies imaged lysosome dynamics. The micrographs in Figure 4b
show a representative example of lysosome enlargement that occurs after cell treatment with
chloroquine, a well-known lysosomotropic agent. To date, the most compelling evidence that
fluorogenic HEX(NAG) substrates have promise for cancer imaging in human patients was
produced by a study that evaluated the HEX(NAG) substrate 8. After validation experiments
in living cancer cells the study demonstrated effective ex vivo imaging of small metastatic
nodules (<1 mm) in a mouse model of disseminated colorectal cancer. Next, substrate 8
was applied to a small number of surgical samples from colorectal cancer patients and,

as indicated by the example in Figure 4c, the tumor lesion was clearly visualized within

a few minutes after application.”* The promising results support further development of
fluorogenic HEX(NAG) substrates for fluorescence guided surgery and rapid pathology of
colorectal cancer. A drawback with substrate 8 is the visible emission at 519 nm which

is not optimal for imaging of cancer in thick biological samples; undoubtedly, imaging
performance would be improved by switching to a fluorogenic HEX(NAG) substrate that
absorbs and emits near-infrared light which can penetrate more deeply through skin and
tissue.

TREATMENT OF LYSOSOMAL DISORDERS

The HEXA isoform of human N-acetyl-p-D-hexosaminidase is a heterodimeric structure
comprised of an a and B subunit.8 Hereditary mutations in the gene which encodes for

the a subunit are thought to cause Tay-Sachs disease which is a decreased capability to
hydrolyze GM2 ganglioside and related glycolipids. This leads to accumulation of GM2 in
the lysosomes of nerve cells which promotes cell toxicity and neurodegenerative disease. A
related disorder is Sandhoff’s disease which is caused by mutations in the gene for the
subunit.”
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An interesting potential strategy to treat these lysosomal disorders is the concept of
Pharmacological Chaperones (Figure 5), which employs inhibitor molecules as stabilizing
agents to increase the amount of folded and functional HEX(NAG) that is trafficked from
the endoplasmic reticulum to the lysosomes.”® One study evaluated a library of 50,000
compounds as potential inhibitors of purified HEX(NAG) enzyme in a real-time high
throughput screen using 4-MU-NAG as a fluorogenic substrate. Three compounds were
identified that specifically produced a three-fold increase in the levels of a mutant HEXA
a subunit in the lysates of fibroblasts derived from patients with adult Tay-Sachs disease.”’
A separate study worked to improve the high throughput screening process by developing a
one-step, cell-based screening assay that used fluorogenic 4-MU-NAG to assess HEX(NAG)
activity within a 96-well format.”®

Another innovative potential strategy to treat lysosomal disorders is Enzyme Replacement
Therapy (Figure 5).7% In the context of diseases caused by a deficiency of HEX(NAG), the
basic idea is to deliver exogeneous HEX(NAG) to cell lysosomes. Effective implementation
requires engineered HEX(NAG) with appended targeting elements to ensure lysosome
accumulation. A recent study used genetic expansion combined with bioorthogonal ligation
techniques to create synthetic HEX(NAG) with multiple copies of attached mannose-6-
phosphate (M6P) units which were expected to bind M6P receptors in the Golgi complex
and induce transport of the engineered HEX(NAG) to cell lysosomes.”® The study

also prepared and evaluated several fluorogenic HEX(NAG) substrates for cell imaging
performance, including a substrate called GalNAc-NIR-MP, an N-acetyl-B-D-galactoside
derivative that is recognized and cleaved by HEX(NAG). The aglycone unit in this GalNAc-
NIR-MP substrate was the fluorogenic near-infrared dye, 5b, with an appended morpholine
unit to promote substrate accumulation in the cell lysosomes. A series of fluorescence
microscopy experiments validated GalINAc-NIR-MP as a useful near-infrared fluorogenic
substrate for cell imaging of HEX(NAG) activity. The data included: (a) colocalization of
the near-infrared signal from 5b with Lysotracker Green dye, and (b) decreased near-infrared
signal when the cells were treated with a HEX(NAG) inhibitor. Using patient-derived
primary cells that lacked endogenous HEX(NAG), the study observed enhanced cell delivery
of the engineered HEX(NAG) with attached multiple MP6 units compared to unmodified
HEX(NAG). Histochemical experiments using GM2-ganglioside antibody showed a time-
dependent decrease in lysosomal GM2-ganglioside levels in cells supplemented with the
engineered HEX(NAG). The study concluded that engineered lysosomal enzymes, such

as HEX(NAG), with appended M6P units as lysosome targeting agents is an attractive
approach to Enzyme Replacement Therapy. The favorable fluorescence imaging properties
of GalNAc-NIR-MP and its near-infrared reporter unit 5b make it an appealing candidate for
other in-vivo HEX(NAG) imaging applications, such as the cancer imaging describe in the
section above.

Gene Therapy is an alternative way to increase the levels of lysosomal enzymes in patients
with inherited lysosomal storage disorders (Figure 5).89 Efforts using adeno-associated
virus (AAV) gene therapy to treat Tay-Sachs and Sandhoff diseases have progressed from
promising results in cell and animal models of the disease to the first clinical trials in human
patients.80 8164 The preclinical stages of these gene therapy studies employed chromogenic
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HEX(NAG) substrates such as commercially available 3 to determine if transfected cells and
tissues express enhanced levels of functional HEX(NAG). The insolubility of the released
dye makes substrate 3 quite suitable for bright field cell microscopy and histochemical
staining.82 83 The images in Figure 3b illustrate how transfected Sandhoff fibroblasts with
elevated HEX(NAG) activity exhibit an intense purple color due to high levels of selective
enzymatic cleavage of 3.4

REACTIVE PROBES FOR CHEMICAL BIOLOGY

Increasing numbers of carbohydrate-based molecular probes are being developed as
helpful tools for experimental glycobiology.84 85 The immobilization of carbohydrate
molecules within spatially defined microarrays enables rapid interrogation of complex
biological samples and simultaneous identification of proteins such as lectins or antibodies
with specific carbohydrate affinity.86 Carbohydrate microarrays based on reactive probe
molecules can be used to detect the presence of specific glycosidase activities. A

recent study constructed a microarray containing fluorescent glycoside substrates whose
fluorescence signals increase upon glycosidase-catalyzed cleavage of the glycosidic bonds
(Figure 6a).8” An amine modified glass slide was covalently coated with bovine serum
albumin (BSA), and then five different fluorogenic monosaccharide or disaccharide
substrates with terminal hydrazide groups were attached to spatially distinct regions on

the BSA-coated surface using a robotic high-precision pin-type microarrayer. One of the five
glycosyl substrates was 5b an N-acetyl-p-D-glucosaminide derivative with a near-infrared
dye as the aglycone. Cleavage of the glycosidic bond by HEX(NAG) revealed the dye
whose enhanced near-infrared fluorescence was imaged by a suitable camera (Figure 6a).
The microarray was used to compare the reactivity for different glycosidase/substrate pairs,
and carbohydrate selectivity profiles were generated. For example, HEX(NAG) was found
to catalyze the cleavage of immobilized N-acetyl-p-D-glucosaminide substrate 5b faster
than the corresponding N-acetyl-p-D-galactosaminide substrate, a selectivity preference
that matched the solution-state Michaelis-Menten kinetic parameters. Additional, proof-of-
concept experiments used the microarrays to quantify enzyme inhibition. The data in the
right side of Figure 6b shows determination of the 1C5q value for HEX(NAG) inhibition by
the known inhibitor compound PUGNAC. In the future, it seems this microarray technology
could be utilized for HEX(NAG) biomarker discovery,88 8990 or as a rapid screening
platform within several of the drug discovery projects described above that evaluate large
libraries of small molecules for capacity to act as a HEX(NAG) inhibitor.

Chemical biologists are also using suitably designed reactive probe molecules to label
and identify unknown enzymes within complicated biological media such as cell culture.
An increasingly popular method is based on a substrate molecule that has been carefully
designed to be cleaved by a specific enzyme class and generate an unstable intermediate
that rapidly reacts with the enzyme surface and labels it for subsequent separation and
identification steps. One elegant and generalizable molecular design aims to generate a
reactive quinone methide intermediate which can be trapped by nucleophiles near the
enzyme active site.?1 An example of this paradigm is the trifunctional fluorogenic probe
9 shown in Figure 6b.92 Selective cleavage of this probe by HEX(NAG) enzyme produces
an unstable phenoxy intermediate which spontaneously undergoes an elimination process
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to release fluoride anion and generate a quinone methide that reacts with a nucleophilic
residue on the HEX(NAG) enzyme. The two cell micrographs in Figure 6b show that probe
9 can fluorescently label intracellular HEX(NAG), and that the process can be prevented
by selective inhibition of the enzyme by pretreating the cells with PUGNAc a known
HEX(NAG) inhibitor compound. Not only does this chemical biology method place a
covalent fluorescent label on the HEX(NAG) surface but the trifunctional probe is also
equipped with an alkyne group for subsequent attachment of a biotin unit and separation

of the labeled HEX(NAG) by affinity chromatography. In principle, probe 9 can be used

to identify new classes of HEX(NAG) enzymes in a wide range of complex biological
specimens.

CONCLUSIONS

The wide distribution of HEX(NAG) throughout the biosphere and its intracellular location
in lysosomes combine to make it an important enzyme in food science, agriculture, cell
biology, medical diagnostics, and chemotherapy. For more than 50 years, researchers

have employed chromogenic derivatives of N-acetyl-5-D-glucosaminide in basic assays for
biomedical research and clinical chemistry. Conceptual and synthetic advances in molecular
fluorescence sensors, along with concurrent technical improvements in instrumentation have
produced a growing number of new fluorescent imaging and diagnostics methods. As
described in this article, new methods for HEX(NAG) detection have been applied in clinical
diagnostics, high throughput drug screening, in vivo imaging and fluorescence guided
surgery, gene therapy, enzyme replacement therapy, and fundamental chemical biology.

In some cases, the method can be readily improved with some simple optimization of

the fluorescent sensor. For example, the use of fluorescent HEX(NAG) substrates for in
vivo imaging of cancer (Figure 4c) will be enhanced by switching the fluorescent reporter
from green emitting substrate 8 to a near-infrared substrate such as 5. Indeed, further
enhancement of in vivo image contrast will be gained by extending the emission wavelength
of the fluorescent reporter to 808 nm (which minimizes the variation in background signal
due to changes in hemoglobin oxygenation®3) or into the near-infrared 11 window >1000
nm.% From a molecular design perspective, the task is more complicated than a simple
exchange of the optical reporter component within the substrate chemical structure. As
summarized in recent reviews, optimization of colorimetric/fluorometric enzyme substrates
is a multiparameter problem that has to produce a molecule with a proper combination

of chemical, physical, spectral, and enzyme recognition properties.1 23 In some cases, the
probe optimization process can be achieved by an iterative cycle of rational design, but in
other cases it may be more efficient to screen libraries of substrate candidates.

Looking beyond colorimetric and fluorometric reporters, it is surprising that the
development of chemiluminescent HEX(NAG) substrates has not been reported beyond two
early papers in 1991 and some peripheral mention in the patent literature.%° 96 97 98 Most
recently, HEX(NAG) sensing platforms have been described based on surface-enhanced
Raman spectroscopy and electrochemical technologies.?® 82 100 From the perspective of
bioconjugate chemistry there is an opportunity to develop next-generation substrates with
more sophisticated chemical structures that can distinguish between the different isoforms
of HEX(NAG), and between members of the different GH3, GH20 and GH84 families

Bioconjug Chem. Author manuscript; available in PMC 2023 January 23.
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of B-N-acetyl-D-hexosaminidases. A selective fluorescent sensor for O-GIcNAcase (OGA,
catalyzes the removal of O-GIcNAc from protein serine or threonine residues) would be a
very helpful contribution to research on the biology of protein O-GIcNAcylation and its role
in Alzheimer’s disease and osteoarthritis.10
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(a) Location of urinary biomarkers in the nephron. (b) Summary of the different stages

of kidney disease and the use of urinary markers as indicators. (Reprinted (adapted)

with permission from Springer Nature copyright 2021, https://creativecommons.org/
licenses/by/4.0/),15 (c) Typical absorption profile for colorimetric substrate 1. (d) Plot of
urinary HEX(NAG) levels measured using fluorometric substrate 4. (Reproduced from ref43
with permission from the Royal Society of Chemistry)
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Figure 2.

(a) Multiplex detection of multiple urinary biomarkers using a mixture of three fluorescent
probes including substrate 5a for HEX(NAG). (b) Plot of signals from five urinary
biomarkers (three are enzyme biomarkers, including HEX(NAG), as a function of time after
treatment with the nephrotoxin cisplatin. (Reprinted (adapted) with permission.4® copyright
(2020) American Chemical Society) (c) Activatable duplex reporter (ADR) for real time in
vivo imaging of contrast agent induced AKI (CIAKI). The ADR has high renal clearance
efficiency and it emits chemiluminescence and near-infrared fluorescence output signals
that can be activated by oxidative stress or released HEX(NAG), respectively (Reprinted
(adapted) with permission,>? copyright (2019).
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Figure 3.
(a) Colonies of Candida albicans showing deep-red spots due to cleavage of chromogenic

substrate 2 within the agar by the HEX(NAG) enzyme produced by the fungus. (Reprinted
(adapted) with permission,® copyright (2002) (b) Cultured cells showing purple color due
to cleavage of added chromogenic substrate 3 by HEX(NAG); (/ef?) Sandhoff fibroblasts
lacking HEX(NAG) activity (scale bar = 160 mm) and (right) transfected Sandhoff
fibroblasts with elevated HEX(NAG) activity (scale bar = 40 mm), reprinted with permission
from Springer Nature.64
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(b) Chloroquine (-) Chloroquine (+)

Figure 4.
(@) Fluorescence micrographs of HCT116 colorectal cancer cells showing high

colocalization of LysoTracker Green DND-26 (/ef?f) with HEX(NAG) substrate 6 (middle)
and the merged images (righd. (Reprinted (adapted) with permission.’! Copyright (2019)
American Chemical Society). (b) Dynamic change in fluorescence images of chloroquine-
treated HeLa cervical cancer cells stained with fluorescent HEX(NAG) substrate 7.
Reproduced with permission from Chem. Pharm. Bull. 68. 526-533. Copyright 2021, The
Pharmaceutical Society of Japan.? (c) White light and fluorescence images of a surgical
specimen from a colorectal cancer patient at 20 minutes after application of fluorescent
HEX(NAG) substrate 8. (Reprinted (adapted) with permission.”* Copyright (2016)
American Chemical Society)
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Figure5:
Treatment options for lysosomal disorders. Created with BioRender.com.
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(a) (/ef?)) Carbohydrate microarrays containing different glycosyl substrates including the
HEX(NAG) substrate 5b, (righ?) Quantification of 1C50 value for HEX(NAG) inhibition by
the inhibitor PUGNAc. (Reprinted (adapted) with permission.8” Copyright (2018) American
Chemical Society). (b) (/eff) Cleavage of fluorinated fluorescent probe 9 leads to covalent
labeling of HEX(NAG). (righf) fluorescent labeling of intracellular HEX(NAG) by probe

9 is blocked by cell pretreatment with inhibitor PUGNAc. (Reprinted (adapted) with
permission.2 Copyright (2019) American Chemical Society).
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Scheme 1.

Enzymatic cleavage of the chromogenic or fluorogenic N-acetyl-3-D-glucosaminide
substrates, 1 -9, by HEX(NAG) releases an optical reporter that produces a detectable
change in signal. Substrates 1 - 3 are chromogenic and substrates 4 - 9 are fluorogenic. The
* shown on optical reporters 6 and 7 are reminders that there is a self-immolative linker
between the N-acetyl-B-D-glucosaminide and the optical reporter. The lower box depicts the
structural difference between GIcNAc and GalNAc, and the substrate selectivities of GH3,
GH20 and GH84 glycosyl hydrolase families.
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