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ABSTRACT: Inhibitors of human α-L-fucosidases, tissue α-L-
fucosidase (tFuc), and plasma α-L-fucosidase reportedly play
roles in multiple diseases, suggesting their therapeutic potential
for gastric disease associated with Helicobacter pylori and
fucosidosis. Terminal fucose linkages on glycoproteins and
glycolipids are a natural substrate for both enzymes; however,
there are currently no fluorogenic substrates allowing their
cellular evaluation. Here, we described the development of
novel three-color fluorogenic substrates for lysosome-localized
tFuc that exhibited excellent specificity and sensitivity in three
human cell lines. Additionally, we developed a cell-based high-
throughput inhibitor screening system in a 96-well format and a
cell-based inhibitory activity evaluation system in a 6-well
format for tFuc inhibitors using this substrate, which allowed accurate quantification of the inhibition rate. Moreover, analysis of
significant changes in gene expression resulting from 30% inhibition of tFuc in HeLa cells revealed potential roles in gastric
disease.
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The FUCA1 and FUCA2 genes constitute the two α-L-
fucosidase genes in the human genome and encode tissue

α-L-fucosidase (tFuc) and plasma α-L-fucosidase (pFuc),
respectively. tFuc plays an important role in hydrolyzing α-
1,6-linked fucose linkages at the nonreducing end of N-
acetylglucosamine (GlcNAc) on glycoproteins and glycolipids
presented on lysosomes, with tFuc mutations associated with
fucosidosis as an autosomal-recessive lysosomal-storage dis-
ease.1 By contrast, pFuc is a secreted protein that hydrolyzes α-
1,6-linked fucose linkages of glycans in the extracellular region,
with pFuc critical for Helicobacter pylori adhesion, growth, and
pathogenicity related to the development of gastric cancer.2 A
variety of physiological and pathological events are associated
with fucose-containing glycoconjugates, with studies of
fucosidase inhibition reporting their relevance to inflamma-
tion,3 antigenic determination,4 cystic fibrosis,5 and tumor
progression.6 Such inhibitors could potentially be used to
study tFuc and pFuc functions to promote the development of
therapeutic agents.7 Although inhibitor studies have used
commercially available α-L-fucosidase from bovine kidney for
in vitro evaluation,8,9 few studies report inhibition of human α-
L-fucosidase in vitro.10 To develop α-L-fucosidase inhibitors
into lead compounds for drug development, it is necessary to
evaluate their inhibitory activities against human-origin
enzymes. Similarly, to provide an appropriate membrane
permeability for inhibitors, suitable screening methods are
required using human cultured cells. Importantly, there are

currently no reports of purified human tFuc and pFuc
exhibiting α-L-fucosidase activity, and although recombinant
α-L-fucosidase derived from FUCA1 is commercially available,
it is expensive and can only be obtained in small amounts.
Therefore, in this study, our goal was to develop a method for
screening and evaluating human tFuc and pFuc inhibitors
using a cell-based high-throughput screening (HTS) system.
As the first target inhibitor enzyme, we selected tFuc expressed
in lysosomes from adherent human cultured cells. By contrast,
the pFuc, which is secreted into the extracellular space and
potentially shows a deficient activity in cells, was selected as
the next target. In a previous report, pFuc was secreted only
under coculture conditions wherein host human cells were
infected with H. pylori.11

Previous inhibitor studies used commercially available
nitrophenyl α-L-fucopyranoside derivatives as colorimetric
tFuc substrates and 4-methylumbelliferyl α-L-fucopyranoside
as a fluorogenic tFuc substrate.8−10 At the cellular level, only
an α-L-fucopyranosyl anthracenecarboximide derivative in
human embryonic kidney 293T cells and murine aneuploid
fibrosarcoma cells has been reported as a substrate.12

Additionally, an enzyme inhibitor screening and enzyme
activity-based cell imaging of adherent cultured cells generally
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require a fluorogenic substrate; however, use of 4-methyl-
umbelliferone as a fluorophore will be ineffective at low pH,
given the location of tFuc, an acidic organelle (pH ≈ 3.5).13

Therefore, we chose resorufin (excitation, emission: 571 and
585 nm, respectively), 2-methyl TokyoGreen (2MeTG; 491
and 510 nm, respectively), and 4-trifluoromethylumbelliferone
(TFMU; 385 and 502 nm, respectively) as red, green, and blue
fluorophores based on their distinct excitation and emission
wavelengths, excellent fluorescence quantum yields, and low
pH-dependent changes in fluorescence.
For use as tFuc-specific fluorogenic substrates, it is common

to conjugate these fluorophores at the C1 position of α-L-
fucopyranoside similar to the commercial substrates. However,
we previously raised a concern about the poor binding affinity
of such designed substrates for the active site of tFuc, which is
an exo-acting glycan hydrolase.14,15 The active sites of
hydrolases are bound by their respective substrates at the
subsite −1, which recognizes a sugar residue at the
nonreducing end of the substrate, and the subsite +1, which
recognizes the penultimate sugar residue at the nonreducing
end. Therefore, fluorophores representing these substrates
might be incompatible with the subsite +1 due to steric
hindrance, thereby requiring a different approach to design
fluorogenic substrates for tFuc. In our previous study, we
developed a quinone methide cleavage (QMC) substrate-
design platform to investigate the activities of Golgi-localized
β-galactosidase14 and β-allosidase15 as exo-acting glycan
hydrolases. In the present study, we used this platform to
design fluorogenic substrates for tFuc, and they exhibited
improved fluorescence intensity at low pH and binding affinity
to subsite +1 of the active site. We expected that the designed
substrates (Figure 1) would effectively report tFuc activity

based on the ability of the α-L-fucopyranoside residue and
benzyl moieties to occupy the subsite −1 and subsite +1,
respectively, while the attached fluorophore would remain
located outside of the active site.
The hydrolysis reaction catalyzed by tFuc will release the

fluorophore via cleavage of the α-L-fucopyranoside linkage,
thereby initiating a signal in the lysosome reporting tFuc
location. To improve the cell-membrane permeability of the
substrates (4−6), we incorporated acetyl modifications to
obtain substrates 1 through 3, which returned distribution
coefficient (clog D7.4) values of 4.54, 3.70, and 7.78,
respectively, at physiological pH in cells, indicating good
membrane permeability based on a previous study using Caco-
2 cells.16 Furthermore, we previously reported that acetyl

modification of substrate hydroxyl groups effectively improved
membrane permeability without influencing the detection of
glycosidase activity in living cells.14,15

To assess the affinity of the designed substrates for the tFuc
active site, we performed molecular docking simulations using
the crystallographic structure of Thermotoga maritima α-L-
fucosidase (PDB ID: 2ZXD17) and three types of ligands:
QMC platform-based substrates 4 through 6, α-1,6-fucose-
linked GlcNAc as a natural substrate, and 2MeTG α-L-
fucopyranoside (a model compound with 2MeTG instead of a
commercial substrate). Due to the lack of a tFuc crystal
structure, we used the T. maritima enzyme from the same
glycoside hydrolase family as tFuc.17 The docking models of
substrates 4 through 6 and a natural substrate (Figure 2 and

Figure S4) demonstrated potential interactions between each
ligand and the subsite −1 and subsite +1 in the active site. The
1-position carbon atom of the fucopyranoside moiety of
substrate 6 and that of the natural substrate were located 3.8
and 3.6 Å from the carboxyl group of the Asp224 residue as a
catalytic nucleophile amino acid residue, respectively, with
both ligands predicted to occupy both subsite −1 and subsite
+1 (Figure 2A,B). By comparing the ligand conformations of
bound substrates 4 through 6 and the natural substrate, the
configuration of the fucopyranoside moiety and the glycosidic
bond hydrolyzed by the enzyme were found to show a very
substantial overlap (Figure 2D left). By contrast, the
fucopyranoside moiety of 2MeTG α-L-fucopyranoside did
not sufficiently occupy the subsite −1 (Figure 2C), and the
position of the glycosidic bond between the catalytic residue,
Asp224, and the decomposition was inappropriate (Figure 2D
right) due to the incompatibility of sizable molecular size
fluorophores to subsite +1. The simulation results suggested
the efficacy of the designed substrates to appropriately bind the
target active site, thereby suggesting their efficacy as tFuc-
specific fluorogenic substrates. Additional details concerning
the computational analyses are presented in the Supporting
Information.

Figure 1. Structure of QMC platform-based fluorogenic substrates for
tFuc localized in the lysosome in adherent cultured cells.

Figure 2. Evaluation of the suitability of the fluorogenic substrates for
α-L-fucosidase by docking simulations. Docking models using (A) the
natural substrate as a native ligand (yellow), (B) substrate 6 (light
blue), and (C) 2MeTG α-L-fucopyranoside (blue). (D, left)
Superposition of the natural substrate, substrate 4 (green), substrate
5 (purple), and substrate 6 in the active site. (D, right) Superposition
of the natural substrate and 2MeTG α-L-fucopyranoside in the active
site.
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Substrates 1 through 6 were synthesized according to Figure
3. L-Fucose as the starting material was acetylated to obtain

compound 7, followed by selective deacetylation at the C1
position to obtain compound 8. Compound 8 was converted
to glycosyl imidate 9. Compound 10 was synthesized by
Schmidt glycosylation18 of compound 9, and the tert-
butyldimethylsily group of 10 was subsequently deprotected
to obtain compound 11. Compound 11 and a fluorophore
(resorufin, TFMU, or 2MeTG) were reacted under Mitsunobu
reaction conditions14,15 to obtain acetylated fluorogenic
substrates 1 through 3, after which substrates 4 through 6
were synthesized by deacetylation of substrates 1 through 3,
respectively. Synthesis details, including 1H NMR, 13C NMR,
MS, and elemental analysis (C, H, N, and F), are provided in
the Supporting Information. Effectiveness of fluorogenic
substrates requires the fluorescence to show a minimal
emission state before hydrolysis. We confirmed this character-
istic in substrates 1 through 6 in phosphate-buffered saline,
ensuring their status in a quenched state before hydrolysis
(Figures S1−S3).
To detect tFuc activity in lysosomes in the adherent cultured

cells, synthesized fluorogenic substrates 1 through 6 were
evaluated in a human fibrosarcoma cell line (HT1080), a
human cervical cancer cell line (HeLa), and a human
neuroblastoma cell line (SK-N-SH) at final concentrations of
10 μM, respectively (Figure 4). To avoid the possibility of

cross activity contamination of pFuc activity, the medium
containing the pFuc used for cell culture was removed before
performing the cell-based tFuc assay. We observed bright
fluorescence signals from acetylated substrates 1 through 3,
and substrates 4 through 6 revealed intercellular accumulation
of each fluorophore at the nuclear periphery accompanied by a
small-dot pattern typical of lysosome staining and not
indicative of the endoplasmic reticulum, Golgi apparatus, or

cytosol. Moreover, the fluorescence intensities of substrates 1
through 6 in each cell line were independent of fluorophore
structure and acetyl modification. To distinguish subcellular
localization of the observed tFuc activity, we evaluated
costaining with substrates 1 and 4 (resorufin; red) and a
commercially available lysosome-specific fluorescent dye
(Lyso-ID Green; excitation, 473 nm; emission, 543 nm) in
three cell lines, revealing that the resorufin fluorophores
exhibited similar signals as those of Lyso-ID Green (Figure 5).

These findings verified that substrates 1 and 4 successfully
targeted lysosomes. However, they cannot be substrates for
pFuc as secreted enzymes according to this assay method as
pFuc is properly removed from the assay medium and the
endogenous pFuc activity is deficient.
Ezawa et al.19 reported that FUCA1 localizes to an organelle

surrounding the nucleus in addition to lysosomes in H1299
cells. This potential discrepancy with our results prompted us
to examine tFuc subcellular localization by treating the stained
lysosomes with chloroquine, which results in their enlargement
by inhibiting lysosomal function.20 After costaining HT1080
cells with substrates 1, 4, and Lyso-ID Green, we found that
chloroquine treatment enlarged the fluorescence-stained
lysosomes (Figure 6). Given these observations of fluorophore
localization in lysosomes of human cells based on endogenous
tFuc enzyme activity, the discrepancy with previous studies
might be explained by the differences in detection objects. The
previous study detected the FUCA1 gene-derived protein itself,

Figure 3. Synthesis of fluorogenic substrates 1 through 6.

Figure 4. Fluorescence images of fluorogenic substrates 1 through 6
based on tFuc activity in three human cell lines.

Figure 5. Fluorescence and merged images of tFuc substrates 1 and 4,
as well as those of Lyso-ID Green as a lysosome-specific fluorescent
dye, in three human cell lines.

Figure 6. Differential interference contrast microscopy, fluorescence,
and merged images of chloroquine-treated HT1080 cells stained with
tFuc substrates 1 and 4, as well as Lyso-ID Green as a lysosome-
specific fluorescent dye. Arrows represent the enlarged lysosome
following chloroquine treatment.
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while we detected the enzyme activity of tFuc derived from the
FUCA1 gene. Details of cell-based imaging results are provided
in the Supporting Information.
By ensuring that the recombinant human tFuc hydrolyzes

these substrates, we provide a molecular-level confidence that
these substrates are substrates for tFuc. To detect α-L-
fucosidase activity from commercial recombinant human
tFuc, synthesized fluorogenic substrates 4 through 6 were
respectively evaluated in 50 mM sodium acetate buffer
including 5 mM MgCl2 (pH 4.5) at 37 °C at final
concentrations of 50 μM (Figure S5). As a result, tFuc reliably
hydrolyzed these substrates regardless of the structure of the
three fluorophores. Details of the in vitro assay results are
provided in the Supporting Information.
Cell-based HTS represents a powerful method for

identifying inhibitors from a compound library. We con-
structed the human-cell-based inhibitor HTS system to identify
tFuc inhibitors using fluorogenic substrate 3 and HeLa cells on
a 96-well plate. The 96-well format inhibitor HTS system is
useful for primary inhibitor screening against a compound
library that especially requires a screening speed and efficiency.
The quality and suitability of the constructed system were
evaluated using the Z′ factor.21,22 The Z′ factor for the system
was calculated to be 0.78 using the fluorescence intensity from
substrate 3 based on signal and background controls evaluated.
Besides, the calculated interwell variability was CV < 6.8%, and
the signal-to-background ratio obtained was >10. Together,
these statistical parameters confirm the high quality and
suitability of the system. Next, we constructed and evaluated a
6-well format inhibitor evaluation system using changes in
fluorescence intensity and area of the hydrolyzing activity of
substrate 3 by tFuc in cultured HeLa cells. These data were
processed according to our previous study.23 This system made
it possible to eliminate false positive compounds as final hit
compounds of inhibitor screening to observe morphological
changes of the cells by cytotoxicity.
To determine changes in gene expression resulting from

tFuc inhibition, we performed assays using the tFuc inhibitor
deoxyfuconojirimycin (DFJ; 250 μM) and HeLa cells in the 6-
well format system, which resulted in 30% tFuc inhibition. The
reason why the DFJ indicated a low inhibition rate despite its
high concentration (250 μM) was that the DFJ had a low
permeability to the cell membrane based on its high
hydrophilic property.24 Details of these experiments are
provided in the Supporting Information. Analysis of gene
expression under conditions that precisely define the enzyme-
inhibition rate is important for assessing the intracellular
function of the inhibitor. We used DNA microarray analysis to
evaluate changes in gene expression at 30% inhibition of tFuc
activity in HeLa cells following treatment with 250 μM DFJ for
18 h, with resulting microarray data submitted to the GEO
repository (accession number: GSM991004). This is the first
report of changes in gene expression associated with tFuc
inhibition, with comparisons of differentially expressed genes
relative to a negative control and according to upregulated
(fold change > 2.5) and downregulated (fold change > 0.45)
genes and their associated pathways (Tables S1−S3). The
most highly expressed gene, pepsinogen III/A (PEP3), exhibited
a 6.51-fold change in expression relative to the control. A
previous study reported PEP3 as a biomarker of atrophic
chronic gastritis, H. pylori-related corpus-predominant or
multifocal atrophy.25 Furthermore, pathways associated with
the upregulated genes included those related to small-ligand G-

protein-coupled receptors and Kit-receptor signaling, which are
associated with gastric cancer26 and gastrointestinal stromal
tumors,27 respectively. Additional details related to the
microarray analysis are provided in the Supporting Informa-
tion.
In summary, we developed three-color fluorogenic sub-

strates, an inhibitor HTS system, and an inhibitor evaluation
system to identify inhibitors of tFuc at the cellular level. These
represent the first in a class of new substrates and systems that
can be utilized to investigate inhibitor efficacy as therapeutic
agents in human cells. Additionally, this system allowed gene-
expression analysis based on tFuc inhibition, revealing
significant changes in gene expression and the regulation of
associated pathways related to gastric diseases. Our future
work will focus on identifying tFuc inhibitors from a
compound library to provide a basis for developing drugs for
gastric diseases in the future.
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