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The majority of eukaryotic proteins undergo post-translational modifications (PTMs) involving the
attachment of complex glycans, predominantly through N-glycosylation and O-glycosylation. PTMs play
important roles in virtually all cellular processes, and aberrant regulation of protein glycosylation and
glycan processing has been implicated in various diseases. However, glycan processing on proteins in
various cellular contexts has not been visualized. We had previously developed a quinone methide cleav-
age (QMC) platform for enhanced substrate design. This platform was applied here to screen for novel
glycan-processing enzymes. We designed and synthesized fluorescent substrates with p-allopyranoside
residues using the QMC platform. When applied in cell-based assays, the fluorescent substrates allowed
rapid and clear visualization of B-allosidase activity in the Golgi apparatus of human cultured cells. The
QMC platform will likely find broad applications in visualizing the activities of glycan processing
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enzymes in living cells and in studying PTMs.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Although more than 300 post-translational modifications
(PTMs) have been reported, many of these have only been
described in eukaryotes.! PTMs comprise an array of reversible
modifications that promote signaling diversity and the rapid
conveyance of cellular messages.” Some irreversible PTMs, includ-
ing glycosylation, lipidation, and disulfide bond formation, are
stable and are important for the maturation and proper folding
of nascent proteins.’ Protein glycosylation involves the attachment
of monosaccharides and glycans to proteins and provides greater
proteomic diversity than do other PTMs.* Protein glycosylation is
mediated by various glycosyltransferases such as oligosaccharyl-
transferase (OST, EC 2.4.1.119) and is processed by an exo-acting
glycan-processing enzyme such as endoplasmic reticulum (ER)
glucosidase I and II, resulting in the attachment of various N- and
O-linked glycans. The majority of secretory proteins are

Abbreviations: 2MeTG, 2-methyl TokyoGreen; BFA, brefeldin A; EM, emission
wavelength; ER, endoplasmic reticulum; EX, excitation wavelength; Man, mannose;
MS, mass spectrometry; NMR, nuclear magnetic resonance; PBS, phosphate-
buffered saline; PTM, post-translational modifications; QMC, quinone methide
cleavage; TBP, tributyl phosphine; TFMU, 4-Trifluoromethylumbelliferone.
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co-translationally appended with asparagine-linked oligosaccha-
rides (N-glycans). N-glycans and N-glycan processing enzymes
are thought to play important roles in protein quality control
during protein synthesis and folding, functions that are essential
for cellular health.® In contrast, the hydroxyl groups of serine and
threonine in various proteins are labeled with O-linked oligosac-
charides (O-glycans). O-Glycans and O-glycan processing enzymes
are thought to play important roles not only in protection of
mucosa but also in abnormal behavior at the cellular level and
the avoidance of immunological defenses by cancer cells. These
functions are essential for the proliferation of cancer cells.® Despite
their importance in maintaining cellular health and promoting
cancerous growths, the development of technology for visualizing
most glycan-processing enzyme activities remains an important
challenge. Several fluorescent substrates are commercially
available for visualizing and monitoring o-mannosidase and B-
galactosidase as exo glycan intracellular hydrolase activity in cul-
tured cells (Fig. 1). In the future, these substrates may facilitate
functional imaging analysis of protein glycosylation. Previous
molecular designs of glycan-processing enzyme substrates have
not targeted active sites using 3-dimensional enzyme structures.
In general, the active sites of exo-acting glycan-processing enzymes
are composed of subsite —1, which recognizes a sugar moiety at
the non-reducing end of the substrate, and subsite +1, which
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Figure 1. Structure of commercially available fluorescent substrates for o-mannosidase and B-galactosidase in cultured cells.

recognizes the penultimate sugar moiety at the non-reducing end.
Hydrolysis occurs between subsites —1 and +1.”"° Using small
synthetic molecules to design the substrate, we previously
reported the molecular recognition of an active site in ER glucosi-
dases functioning as N-glycan processing enzymes.'®'! To develop
practical substrates that are operational in cells, it is essential to
base the precise molecular design of substrates on known struc-
tural information for glycan-processing enzymes.

Commercially available fluorescent substrates targeting the
modeled enzyme subsites bind subsite +1 poorly, which may be
due to steric hindrance and a flat, non-sugar-like structure on the
part of the fluorophore. Reducing the size of fluorophores is
impractical because small-sized fluorescent moieties have low
quantum yields, decreasing their sensitivity. Therefore, a different
substrate-design platform is required to design fluorescent sub-
strates for exo glycan-processing enzymes. Our group reported
the development of a substrate-design platform using quinone
methide cleavage (QMC) reactions to study the activity of an ER-
localized endogenous carboxyl esterase as a pro-drug activation
enzyme. The multicolor fluorescence probes detected carboxyl
esterases in the ER via two-step reactions: ester hydrolysis and
spontaneous QMC reaction at the cellular level. These probes pen-
etrate into the ERs, after hydrolysis, the release and accumulation
of water insoluble fluorophores from these probes specifically
stained ERs with bright fluorescence in 3 human cell lines.'*'® To
develop probes with improved binding to subsite +1 of the enzyme
active site, we applied the QMC platform for substrate design of an
exo glycan-processing enzyme involved in N- and O-glycan pro-
cessing (Fig. 2). The sugar and benzyl moieties of the substrates
occupy subsite —1 and subsite +1, respectively. The substrate fluo-
rophore is located outside of the enzyme active site. A schematic
representation of our designed substrates and commercially avail-
able substrates bound to enzyme subsites is shown in Figure 3A
and 3B, respectively.

The present study describes a new imaging technology for
identifying glycan-processing enzymes using fluorescently labeled
substrates, based on the QMC platform. These substrates can also
be used to conduct mechanistic experiments in living cells by con-
focal microscopy. Thus, our platform may also reveal novel glycan-
processing enzymes in living cells. To demonstrate the potential of

Exo glycan processing enzyme

HO \

(0] \‘\
(HO)M**O

Step 1: Enzyme hydrolysis
Step 2: Quinone methide clevage

our QMC platform in discovering novel glycan-processing
enzymes, we sought to identify exo-acting p-allosidase activity as
an undiscovered activity in human cells. Allose, which is an epimer
of glucose at the C-3 hydroxyl group, is a rare sugar. Yanagita et al.
reported the anti-proliferative activity of 6-0O-acyl-p-allose against
the human leukemia MOLT-4F cell line.'* If B-allosidase activity is
observed in human cells, we can postulate the existence of B-allos-
idase as an important player of an undiscovered physiological
function. Moreover, B-allosidases potentially regulate novel path-
ways of N- and O-glycan processing and may serve as novel targets
for drug discovery. We report herein the design and synthesis of a
QMC platform based on novel fluorescent substrates for measuring
B-allosidase activity in human cultured cells. Using these sub-
strates, we also localized the p-allosidase activity to the Golgi
apparatus in human cultured cells with bright fluorescence.

2. Material and methods
2.1. Substrate synthesis

Structures of all designed substrates 1-6 are shown in Figure 5.
The fluorescent substrates 1-3 and 6 were synthesized to evaluate
B-allosidase activities in living cells. Details of the synthetic
scheme of 1-3 and 6 are outlined in Figure S1. The starting
material (4-formylphenyl B-p-allopyranoside) of 1-3 and 6 was
acetylated,’® and an aldehyde of obtained acetyl derivative was
reduced to a benzyl alcohol derivative using NaBH,4. In the next
step, Mitsunobu reaction conditions'>!'®> were used to react the
benzyl alcohol derivative with the fluorophores resorufin, TFMU,
or 2MeTG,'%!” yielding substrates 1-3, respectively. Substrate 4
was synthesized by deacetylation of compound 3. The materials
used for substrate synthesis, the synthesis details, and the
instrumental analysis of substrates 1-3 and 6 are described in
the Supplementary data.

2.2. Cell-based assays
Cell-base assays for measuring B-allosidase activity were

performed using substrates 1-3, substrate 6, and Golgi-ID Green
with HT-1080, HeLa, and SK-N-SH cells. Co-staining assays with
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Figure 2. Rational design of substrates for an exo glycan-processing enzyme, based on the QMC platform.
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Figure 3. Schematic diagrams of subsite structures of an exo glycan-processing enzyme. (A) QMC-based designed substrate bound in the active site. (B) Poor fitting of a

commercially available substrate in subsite +1.

substrate 1 and Golgi-ID Green were also performed with each of
the 3 cell lines. We further determined the identity of the stained
organelle in HT-1080 cells using by substrate 6 and BFA. All fluo-
rescence signals in cells were recorded using a confocal laser-scan-
ning microscope. The materials and methods used for performing
cell-based assays are described in the Supporting information.

3. Results and discussion

3.1. Design and synthesis of fluorescent p-allosidase substrates
based on the QMC platform

To confirm the efficacy of adapting our QMC platform-based
substrates for targeting enzyme active sites, we performed a
molecular docking study to analyze the interactions of 3 ligands
with human class I -1,2-mannosidase (PDB ID: 1X9D), an exo-act-
ing, N-linked glycan-processing enzyme.'® For this computational
study, we analyzed 3 substrates: a natural substrate (Man o-1,2
Man o-1,2 Man), a QMC platform-based mannosidase substrate
with 2MeTG, and a commercially available mannosidase substrate.
Our docking models demonstrated potential interactions between
each substrate and the enzyme subsites. The Man o-1,2 Man moi-
ety of the non-reducing end of the natural substrate was predicted
to occupy subsites —1 and +1 of the enzyme active site. The Man
residue of reducing end of the substrate was exposed to the solvent
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surface, as shown in Figure 4A. The o-mannopyranoside and ben-
zyl moieties of the QMC-based substrate occupied subsites —1
and +1, respectively. The 2MeTG fluorophore of the QMC-based
substrate was located outside of the enzyme active site, as shown
in Figure 4B. The commercially available substrate was not pre-
dicted to occupy subsite —1. The o-mannopyranoside moiety of
the commercially available substrate occupied subsite +1 and the
2MeTG fluorophore of the substrate was located outside of enzyme
active site, as shown in Figure 4C. Given these results, QMC plat-
form-based substrates for p-allosidase are predicted to have
greater compatibility with subsite +1 of the enzyme than are com-
mercially available substrates and some reported substrates.'?2°
We designed 6 fluorescent p-allosidase substrates based on the
QMC platform and docking study of human class I a-1,2-mannos-
idase as it provides suitable models for enzyme-ligand complex, as
shown in Figure 5. Cleavage of these substrates by B-allosidase in
cultured cells can occur through 2 reactions, namely p-allopyrano-
side linkage hydrolysis and QMC reactions. Hydrolysis releases the
fluorophore from the substrate, staining the organelle that the -
allosidase enzyme resides in. B-Allosidase substrates 1-6 showed
the following EX and EM maxima: resorufin (EX, 571 nm; EM,
585 nm), TFMU (EX, 385 nm; EM, 502 nm), and 2MeTG (EX,
491 nm; EM, 510 nm),'>'® producing red, blue, and green fluores-
cence, respectively. These fluorophores also show distinct EX and
EM, excellent fluorescence quantum yields, and low pH-dependent
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Figure 4. Molecular modeling of the lowest-energy complex of human Golgi mannosidase bound with a mannopyranoside derivative. (A) Magnified view of the enzyme-
natural substrate complex. (B) Magnified view of the enzyme-QMC platform-based substrate complex. (C) Magnified view of the enzyme-commercially available substrate

complex.
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Figure 5. Structure of QMC platform-based substrates for p-allosidase.
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Figure 6. Fluorescence images of three different cell lines showing the location of substrate hydrolysis. Substrates 1-3 and 6, each tagged with a specific color fluorophore,
were introduced to three cell types, HT1080, HeLa, and Sk-N-SH. Substrate 1 was tagged with resorufin (red), while substrate 2 was tagged with TFMU (blue). Substrates 3 and

6 were both tagged with 2MeTG (green).

changes in fluorescence, which make them suitable for multicolor
imaging of enzyme activity in living cells. Thus, these fluorophores
and related derivatives are used widely in biological research.
Moreover, these designed substrates exhibit membrane permeabil-
ity, making them compatible for use as fluorescent bioimaging

tools. Results from a previous study with Caco-2 cells showed that
a logD value of >4.5 is required for compounds with molecular
weights >500 to have high membrane permeability.?’ The clogD
values of substrates 1-6 were calculated,?” and the resulting values
were evaluated based on above index. Substrates 4 and 5 lack
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Figure 7. Fluorescence images of substrate 1 (resorufin; red) and Golgi-ID Green (green) expression, as well as the merged fluorescence images, indicating the co-localization

of the substrate and the Golgi apparatus-specific dye in three cell lines.

acetyl groups and showed low clogD values (data not shown). In
contrast, substrates 1-3 and 6, which have molecular weights of
650, 612, 738, and 571 had cLogD values of 4.20, 3.36, 7.43, and
4.73, respectively, at physiological pH in cells, indicative of ade-
quate membrane permeability. An acetyl modification of substrate
hydroxyl groups to improve membrane permeability may raise
concerns regarding deacetylation in cells living. However, numer-
ous commercially available bioimaging probes have acetyl groups
that are hydrolyzed and activated by cytosolic esterases.?>

Considering these results, substrates 1-3 and 6 were synthe-
sized in preparation for testing in cell-based assays. To be useful
as B-allosidase substrates and multicolor bioimaging tool in cells,
the fluorescence from substrates 1-3 and 6 should show minimal
emission before hydrolyzation, as was observed with substrates
1-3 and 6 in PBS. Therefore, these substrates will be in a quenched
state in cells before hydrolyzation. For synthesis details, 'H NMR,
13C NMR, MS, elemental analysis (C, H, N, and F), and fluorescence
spectra of substrates 1-3 and 6, refer to the METHODS and
Supporting information sections.

3.2. Fluorescence of QMC platform-based substrates in cultured
human cells

To screen for B-allosidase activity in cultured cells, we
incubated a human fibrosarcoma cell line (HT-1080), a human cer-
vical cancer cell line (HeLa), and a human neuroblastoma cell line
(SK-N-SH) with substrates 1-3 and 6, at final concentrations of
10 puM. The resulting fluorescence signals were imaged using a
confocal laser-scanning microscope. Fluorescence signaling from
substrates 1-3 (with acetyl groups) and substrate 6 (without an
acetyl group) revealed an intracellular accumulation of each
fluorophore in the nuclear peripheries (Fig. 6), suggesting that they
were cleaved both by B-allosidase and esterase enzymes. The
fluorescence intensities of substrates 1-3 and 6 generated by B-
allosidase activity in each cell line was independent of fluorophore
structures and acetyl modification. The substrates bound to subsite
—1 and subsite +1 of B-allosidase, and the enzyme has no recogni-
tion site for the fluorophore based on molecular modeling data
with a mannosidase. Moreover, substrates 1-3 and 6 stained the
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Figure 8. Fluorescence images of HT-1080 cells stained with Golgi-ID Green and Substrate 6 (both green) following dispersion of the Golgi apparatus with BFA along with
differential interference contrast microscopy (DIC) images highlighting the altered morphology of the cells.

same cellular compartment. A dynamic equilibrium may occur as
deacetylated substrates are transferred into the lumens of organ-
elles and are then trapped by hydrolysis at the p-allopyranoside
linkage. The pattern of bright fluorescence observed around the
nuclear peripheries suggested that the fluorescent substrates were
localized to the Golgi apparatus, as a reticulated staining pattern
characteristic of the ER was not observed.

3.3. p-Allosidase activity in the Golgi apparatus

The subcellular localization of the observed B-allosidase activity
was investigated using a commercially available organelle-specific
dye. A well-known fluorescent reagent for the Golgi apparatus,
Golgi-ID Green (EX, 473 nm; EM, 543 nm), was used to co-stain
HT-1080, HeLa, and SK-N-SH cells with substrate 1. Substrate 1
contains resorufin as the fluorophore, which provides a fluores-
cence window that is distinct from Golgi-ID Green. The capacity
for generating alternative fluorescence wavelengths by the QMC
platform allows flexibility in selecting the most suitable substrates
for biological observations. Fluorescence signaling in cells co-
stained with substrate 1 and Golgi-ID Green was evident in all 3
cell lines. Moreover, substrate 1 and Golgi-ID Green fluorescence
colocalized to the Golgi apparatus, as shown in Figure 7. It is evi-
dent from these observations that substrates 1-3 and 6 were spe-
cifically hydrolyzed in the Golgi apparatus. In parallel experiments,
we analyzed the dispersion of the stained Golgi apparatus caused
by BFA. BFA inhibits the transport of proteins from the ER to the
Golgi apparatus; consequently, the Golgi apparatus is dispersed
in living cells.’* Treatment of HT-1080 cells with BFA and either
Golgi-ID Green or substrate 6 revealed similar morphological and
staining patterns in the Golgi apparatus, as shown in Figure 8. In
these cell-based assays, traces of released fluorophore leaking out
of the Golgi apparatus were observed. After carefully considering
the concern, it is evident from our data that the Golgi apparatus
of human cells possesses B-allosidase.

4. Conclusion

We successfully developed a QMC platform for synthesizing
fluorescent substrates of exo glycan-processing enzymes, based
on the known subsite structures. Fluorescent substrates 1-3 and

6 can be used to investigate the role of B-allosidase in glycan
processing and to determine aberrant activities in diseases. The
preliminary conclusions was reached that the Golgi apparatus of
human cells contains active p-allosidase. Further consideration will
be needed to yield any findings about an isolation of B-allosidase
and a determination of enzymatic properties. Substrates 1-3 and
6 also provide a starting point for developing fluorescent sub-
strates to explore novel glycan-processing enzymes mediating
PTMs in living cells. The results of this study provide a good exam-
ple of the utility of the QMC platform for designing substrates of
glycan-processing enzymes; thus, this platform should be useful
for analyzing both static and dynamic events in biological applica-
tions. Using this strategy, we are currently building a library of
fluorescent substrates for exo glycan-processing hydrolases
involved in PTMs, such as glucosidase in the ER, mannosidase in
the ER and Golgi apparatus, and fucosidase in the lysosome, which
will greatly impact the bioimaging field of glycobiology. Glycosyl-
ation studies deeply affected our understanding of PTMs in the last
century. Similarly, the bioimaging of processing enzyme activities
in living cells should advance our understanding of protein
glycosylation and provide breakthroughs needed to monitor gly-
can-processing pathways in live cells.
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