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Abstract: It is well known that the “free” form of glycans that are structurally related to 
asparagine (N)-linked glycans (“free N-glycans”) are found in a wide variety of organisms. 
The mechanisms responsible for the formation/degradation of high mannose-type free  
N-glycans have been extensively studied in mammalian cells. Recent evidence, however, 
also suggests that sialylated, complex-type free N-glycans are also present in the cytosol of 
various mammalian-derived cultured cells/tissues. We report herein on an investigation of 
the mechanism responsible for the degradation of such sialyl free N-glycans. The findings 
show that the amount of glycans is dramatically reduced upon the co-expression of cytosolic 
sialidase NEU2 with cytosolic �-glycosidase GBA3 in human stomach cancer-derived 
MKN45 cells. The physical interaction between NEU2 and GBA3 was confirmed by  
co-precipitation analyses as well as gel filtration assays. The NEU2 protein was found to be 
stabilized in the presence of GBA3 both in cellulo and in vitro. Our results thus indicate that 
cytosolic GBA3 is likely involved in the catabolism of cytosolic sialyl free N-glycans, 
possibly by stabilizing the activity of the NEU2 protein. 
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1. Introduction 

The N-glycosylation of proteins constitutes one of the most abundant co- or post-translational 
modifications of eukaryotic proteins, and numerous studies have provided evidence for the pivotal roles 
of this modification in modulating the physicochemical/physiological properties of carrier proteins [1–4]. 
While most, if not all, of the biosynthetic pathway for N-glycosylation has been well clarified in 
mammalian cells, the issue of how these glycans are degraded in cells remains relatively unclear, except 
for the degradation process that occurs in lysosomes [5,6]. For example, while the occurrence of free 
oligosaccharides that are structurally related to N-glycans (free N-glycans; FNGs) as products of the 
“non-lysosomal” catabolic pathway for glycoconjugates has been well documented in mammalian cells 
or yeast [7,8], most of the studies have been limited to high mannose–type FNGs. On the other hand,  
the occurrence of sialylated, complex-type FNGs has been reported in the cytosol of mouse liver [9], 
human stomach cancer-derived MKN7/45 cells [10], mice autophagy-defective cells [11] as well as in 
human cancer tissues [12,13], whereas the issue of how these glycans are formed and degraded remains 
poorly understood. 

It has been previously documented that, when cytosolic sialidase NEU2 is expressed in MKN45 cells, 
the levels of sialyl FNGs become decreased [10]. As the accumulation of non-sialylated, complex-type 
FNGs was not obvious in these cells, we hypothesized that there must be a specialized catabolic pathway 
that processes non-sialyl complex-type FNGs. A literature survey prompted us to examine GBA3, a 
cytosolic �-glycosidase that is produced by mammals [14–16]. This glycosidase exhibits a broad 
substrate specificity, and therefore it has been hypothesized that this enzyme may play a role in 
hydrolyzing xenobiotic glycosides [17]. It was subsequently reported that this enzyme also appears to 
be involved in the nonlysosomal catabolic pathway for glucosylceramide [18]. 

In this study, we report on the possible role of GBA3 in the catabolism of cytosolic sialyl FNGs in 
MKN45 cells. To our surprise, the co-expression of NEU2 and GBA3 resulted in the nearly complete 
loss of sialyl FNGs in MKN45 cells. The physical interaction of NEU2 and GBA3 was confirmed by 
biochemical analyses and, consistent with this observation, the stabilization of NEU2 activity in the 
presence of GBA3 was evident both in cellulo and in vitro. Our results thus demonstrate an additional 
function of GBA3 in the catabolism of sialyl FNGs in the cytosol of mammalian cells. 

2. Results 

2.1. Involvement of GBA3 in the Catabolic Pathways for Sialyl-FNGs in the Cytosol of MKN45 Cells 

We previously reported that high levels of complex-type sialyl free N-glycans (sialyl FNGs) 
accumulate in the cytosol of gastric adenocarcinoma cell lines MKN45 and MKN7 [10]. The  
objective of this study was to provide deeper insights into the mechanism of how those glycans are 
catabolized in MKN45 cells. To clarify the catabolic pathways for the sialyl FNGs found in the  
cytosol of MKN45 cells, we examined the effect of the overexpression of cytosolic glycosidases,  
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namely NEU2 (a cytosolic sialidase) and GBA3 (�-galactosidase/�-glucosidase), in the amount of  
sialyl FNGs. Consistent with the previous observation, the levels of sialyl FNGs were significantly 
reduced in MKN45 cells that stably expressed NEU2 (MKN45-NEU2) [10] (Figure 1A). Next we 
investigated the effect of GBA3 expression. The original rationale behind this approach is that, if  
GBA3 were involved in the catabolism of desialylated, galactose-terminated FNGs after the NEU2 
action of sialylated FNGs, the overexpression of GBA3 could further facilitate the catabolism of 
desialylated FNGs. 

 

Figure 1. Expression of GBA3 in MKN45-Mock cells and MKN45-NEU2 cells.  
(A) Quantitation of sialyl FNG (Neu5Ac�2-6Gal�1-4GlcNAc�1-2Man�1-3Man�1-4GlcNAc) 
(closed bar; n = 3) and high mannose-type FNG (Man5-6GlcNAc) (open bar; n = 1), in MKN45, 
MKN45-NEU2, and MKN45-NEU2/GBA3 cells. Amount of the sialylglycan or the high 
mannose-type glycans in MKN45 cells was set to 100. (B–D) 1 �g of pCMV-Myc-GBA3 as 
well as the mock vector (pCMV-Myc-N, Takara Bio Inc., Otsu, Japan) was transfected into 
1 × 106 MKN45Mock cells or MKN45-NEU2 cells. Cells were harvested 48 h after 
transfection for RT-PCR (B), western blotting (C), or GBA3 enzymatic activity assay (D). 
In B, �-actin was detected as the loading control; in C, GBA3 expression in cells was 
detected by an anti-Myc antibody, while GAPDH serves as the loading control. 
Representative data from three independent experiments are shown; error bars in D represent 
the ± SD. *: p < 0.05, **: p < 0.001 against control (Mock or NEU2). 
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To validate this hypothesis, MKN45-Mock or MKN45-NEU2 cells were further transfected with 
Myc-tagged GBA3 or the vector control. As shown in Figure 1, we successfully obtained GBA3-expressing 
MKN45 cells in Mock (MKN45-GBA3) and NEU2-overexpressing cells (MKN45-NEU2/GBA3),  
as evidenced by RT-PCR analysis (Figure 1B) as well as by western blot analysis (Figure 1C). 
Furthermore, we detected GBA3 enzymatic activity in the cytosol of GBA3-expressing cells using  
pNP-�-Gal as well as pNP-�-Glc as substrates (Figure 1D). This broad substrate specificity of GBA3 is 
consistent with previously reported observations [16,19]. 

Having confirmed the enzymatic activity of expressed GBA3 proteins, we next examined the amount 
of sialyl FNGs in GBA3/NEU2-expressing cells. Unexpectedly, the co-expression of NEU2 and GBA3 
resulted in a further decrease in sialyl FNG levels, to the point where they were barely detectable (Figure 1A 
for quantitation of the relative amount of Neu5Ac�2-6Gal�1-4GlcNAc�1-2Man�1-3Man�1-4GlcNAc, 
the most abundant sialyl FNGs). In sharp contrast, no drastic change was observed in high mannose-type 
glycan levels (Figure 1A). These results clearly indicate that GBA3 is somehow involved in the efficient 
catabolism of sialyl FNGs in MKN45 cells. 

 

Figure 2. Co-precipitation assay of recombinant His-GBA3-HA and GST-NEU2. 500 �L of 
purified recombinant His-GBA3-HA (1.5 mg/mL) and recombinant GST-NEU2 (1.5 mg/mL) 
were incubated together overnight at 4 °C. As the negative control, His-GBA3-HA was 
mixed with GST alone and GST-NEU2 was mixed with His-PNGase, respectively.  
Five percent of input was shown by western blotting (A). The mixtures were then pulled 
down with 20 �L Ni-Sepharose™ (GE Healthcare Japan, Tokyo, Japan) 6 Fast Flow (B) or 
Glutathione-Sepharose™ (GE Healthcare Japan) 4B (C), and proteins that were bound to the 
resin were boiled in sample buffer, subjected to SDS-PAGE and western blotting. An anti-HA 
antibody was used to detect His-GBA3-HA; an anti-GST antibody was used to detect GST 
and GST-NEU2; an anti-His antibody was used to detect His-GBA3-HA and His-PNGase. 
Representative data from three independent experiments were shown. Asterisk (*) indicates 
the proteolytic fragments of GST-NEU2 which co-purify with the intact protein. 
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2.2. GBA3 Binds to NEU2 to Form a Complex 

The fact that GBA3 somehow caused a drastic reduction of sialyl FNG levels led us to initially 
hypothesize that GBA3 in the cells may be involved as a cytosolic �-galactosidase in the catabolism  
of desialylated FNGs that are formed by the action of NEU2. However, despite repeated attempts,  
we were not able to detect any enzyme action of GBA3 towards FNGs or PA-labeled glycans of 
desialylated, complex-type FNGs (Li Wang and Tadashi Suzuki, RIKEN, Wako, Japan; Unpublished 
data, 2014). We therefore investigated whether the presence of GBA3 somehow affected the activity of 
NEU2, especially since it was previously reported that NEU2 undergoes lysosomal degradation through 
the autophagy process [20]. In an initial attempt, we examined whether the GBA3 physically interacts 
with NEU2. To this end, we expressed epitope-tagged GBA3 (His-GBA3-HA) and NEU2 (GST-NEU2) 
in E. coli, and the expressed proteins were purified using Ni-Sepharose and glutathione-Sepharose, 
respectively. The purified recombinant proteins were then incubated together overnight, and proteins were 
precipitated either with Ni-Sepharose or GST-sepharose, to determine if two proteins can be co-precipitated 
together. The protein input in the extract is shown in Figure 2A. As shown in Figure 2B, as the result of 
pull-down with Ni-Sepharose, GST-NEU2 was found to be co-precipitated (Figure 2B, middle panel; 
lane 3). In sharp contrast, GST (control) was not co-precipitated with His-GBA3-HA (Figure 2B, middle 
panel; lane 1) or His-PNGase (control) cannot be co-precipitated with GST-NEU2 (Figure 2B, middle 
panel; lane 2), further suggesting the specific binding between GBA3 and NEU2. Similar results are 
obtained by pull-down with glutathione-Sepharose (Figure 2C), and specific co-precipitation was observed 
between GST-NEU2 and His-GBA3-HA. The above collective results indicate the occurrence of  
a specific interaction between GBA3 and NEU2 proteins, as confirmed by a co-precipitation analysis. 

To further confirm the existence of a physical interaction between GBA3 and NEU2 to form a complex, 
a gel-filtration assay was carried out. When each protein was analyzed independently on a Sephacryl  
S-300 gel filtration column, GBA3 was eluted in fraction No. 17 as judged by a western blot analysis 
(Figure 3A, top) as well as an enzymatic activity assay (Figure 3A, bottom). On the other hand, NEU2 
was eluted in fraction No. 15, as judged by western blot analysis (Figure 3B, top) and a sialidase assay 
(Figure 3B, bottom). Next, the two proteins were mixed together overnight, and GBA3 was pulled down 
by Ni-Sepharose and subjected to a gel-filtration assay monitored by an anti-HA western blot (Figure 3C, 
top panel) or an enzymatic activity assay (Figure 3C, middle panel). Upon co-incubation, a new peak for 
GBA3 at fraction No. 13 was observed. Since the pull-down was carried out using Ni-Sepharose,  
the protein appearing in fraction No. 17 should represent the free GBA3 protein, which could also be 
isolated by immunoprecipitation. 

When the elution profile of NEU2 was examined using the same chromatography, the peaks for 
sialidase were shifted from the original elution profile (Figure 3B) and a new peak emerged at fraction 
No. 13 (Figure 3C, bottom panel), where an activity peak for GBA3 was also observed (Figure 3C, 
middle panel, peak indicated by asterisk). These results collectively suggest that the new peak at Fraction 
No. 13 represents a GBA3-NEU2 complex. While the new sialidase peaks at fraction No. 9 (the void 
fraction of this column) were also observed (Figure 3C, bottom panel), an additional peak corresponding 
to �-galactosidase/�-glucosidase activities was not observed in this fraction (Figure 3C, middle panel), 
despite the fact that both proteins were eluted in the same fraction (Figure 3C, top panel). These 
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results suggest that the GBA3 in this fraction was enzymatically inactive, and the NEU2 observed in this 
fraction may correspond to aggregates. 

 

Figure 3. Gel filtration assay for recombinant His-GBA3-HA and GST-NEU2. (A) 500 �L 
of purified recombinant His-GBA3-HA (1.5 mg/mL) was subjected to a gel filtration assay 
and 0.9 mL fractions were collected. The components contained in an 0.8 mL aliquot of each 
fraction were precipitated with trichloroacetic acid (10%) and further subjected to western 
blotting for the detection of GBA3 by anti-HA antibody (top panel). 100 �L of fractions 
were assayed for enzymatic activity (bottom panel). (B) 500 �L of purified recombinant 
GST-NEU2 (1.5 mg/mL) was subjected to a gel filtration assay and 0.9 mL fractions were 
collected. The components contained in a 0.8 mL aliquot of each fraction were precipitated, 
and the resulting precipitates were subjected to western blotting for the detection of NEU2 
by anti-GST antibody (top panel). 100 �L of fractions were assayed for sialidase activity 
(bottom panel). (C) 500 �L of purified recombinant His-GBA3-HA (1.5 mg/mL) and 
recombinant GST-NEU2 (1.5 mg/mL) were incubated together overnight at 4 °C, the 
mixture was then pulled down with Ni-Sepharose™ 6 Fast Flow. Proteins bound to the resin 
were analyzed by Sephacryl S-300 column. Fractions of 0.9 mL were collected. 0.7 mL of 
each fraction was precipitated subjected to western blotting for detection of GBA3 by anti-HA 
antibody and NEU2 by anti-GST antibody (top panel). Each 100 �L of fractions were 
assayed for GBA3 enzymatic assay (middle panel) and sialidase activity (bottom panel). 
Asterisk indicates the new GBA3 activity peak appeared upon incubation with NEU2. 
Representative data from three independent experiments were shown. 
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Figure 4. NEU2 was stabilized in the presence of GBA3. First, 1 �g of pCMV-Myc-GBA3 as 
well as the mock vector (pCMV-Myc-N, Clontech) was transfected into 1 × 106 MKN45-Mock 
and MKN45-NEU2 cells. After a 48 h incubation, the cells were harvested, and were 
subjected to various analyses as follows: (A) western blotting for detection of NEU2 by  
anti-FLAG or GBA3 by anti-Myc antibody. GAPDH; as the loading control. (B) Sialidase 
(NEU2) activity assays of samples obtained in (A). **: p < 0.001. (C) Cycloheximide decay 
assay. Cycloheximide was added to the 1 × 106 of MKN45-NEU2 or MKN45-NEU2/GBA3 
cells, and then cells were harvested at the indicated time points. Samples were analyzed by 
western blotting for analysis of NEU2 by anti-FLAG antibody. (D) Quantitation data for (C). 
The amount of protein at 0 time was set to 1. (E) Effect of GBA3 on the in vitro stability of 
NEU2. For this, 100 �L of purified GST-NEU2 (1.5 mg/mL) mixed with recombinant 100 �L 
of His-GBA3-HA (1.5 mg/mL) were incubated at 4 °C for the indicated times, and samples 
were subjected to a sialidase assay. For control incubation, 100 �L of buffer (25 mM MES 
buffer containing 100 mM NaCl (pH 6.0)) was added to the 100 �L of purified GST-NEU2. 
Activity of NEU2 at 0 time point was set to 1. Data shown represent data from three 
independent experiments. Error bars represent the ± SD. 
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2.3. GBA3 Co-Transfection Stabilized NEU2 Protein and Increased NEU2 Activity both in Cellulo and 
in Vitro Experiments 

As shown in Figures 2 and 3, our biochemical analyses using recombinant proteins strongly indicated 
the existence of a physical interaction between GBA3 and NEU2 in vitro. In addition to these analyses, 
we also noted that the amount of NEU2 protein was dramatically increased when co-expressed with GBA3 
in MKN45 cells (Figure 4A), even when the same transfection conditions were applied. The increase  
in NEU2 expression was also confirmed by a sialidase assay (Figure 4B). Based on these results,  
we hypothesized that GBA3 stabilizes the NEU2 protein in cellulo. To validate this hypothesis, 
cycloheximide-decay experiments were carried out to test the stability of NEU2 in MKN45 cells with or 
without the co-expression of GBA3. As shown in Figure 4C,D, the NEU2 protein was time-dependently 
degraded in the absence of GBA3 while the stability of NEU2 was substantially enhanced in the presence 
of GBA3 protein. Sialidase (NEU2) activity was also found to be stabilized in vitro when co-incubated 
with His-GBA3-HA (Figure 4E). These results clearly suggest that the GBA3 protein stabilizes NEU2 
proteins through physical interactions between the two molecules. 

3. Discussion 

In this study, we clearly demonstrate the existence of a physical interaction between GBA3 and  
NEU2 proteins by a series of in cellulo and in vitro analyses. It appears that GBA3 stabilizes the NEU2 
proteins through binding to them, and thereby the catabolism of sialyl FNGs was greatly enhanced in 
MKN45-NEU2/GBA3 cells. While our initial expectation was that GBA3 may be involved in the 
degradation of desialylated FNGs in the cytosol after the action of NEU2, we failed to provide 
experimental evidence to show that GBA3 can directly act on desialylated FNGs in vitro, even in the 
presence of the NEU2 protein. This is puzzling, since GBA3 is known to show a broad substrate 
specificity towards various �-glycosides [14,16], and it may still be possible that additional factor(s) may 
be required for GBA3 to act on desialylated FNGs in vivo. Consequently, the detailed molecular 
mechanism responsible for the catabolism of desialylated complex-type glycans in the cytosol of 
mammalian cells still remains unclarified. 

The physical interaction between NEU2 and GBA3 is reminiscent of the formation of a complex 
between lysosomal sialidase, NEU1, and �-galactosidase, together with other proteins such as the 
protective protein cathepsin A (PPCA) and GalNAc-6-sulfate sulfatase [21–27]. While a direct 
interaction between NEU2 and GBA3 was observed in this study, more proteins may be involved in the 
formation of a complex between NEU2 and GBA3 in vivo. Incidentally, cytosolic sialidase was reported 
to have a broad elution profile (estimated molecular weight of 60,000–200,000) when a crude extract 
fraction was examined [28]. This variety may be derived from the formation of complexes of NEU2 
proteins in vivo. 

How general is the NEU2-mediated degradation of sialyl FNGs that occurs in the cytosol of human 
cells? Since the expression of the NEU2 gene was extremely low or undetectable in many human 
tissues/cells [29], the issue of whether or not it represents a major degradation pathway for sialyl FNGs 
remains to be clarified. It has been shown that sialyl FNGs in the cytosol can be catabolized by 
starvation-induced autophagy [11], possibly by delivering cytosolic FNGs to the lysosomes for 
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degradation. It is therefore possible that the autophagy process may play a key role in the degradation of 
sialyl FNGs. It should also be noted that, while cytosolic �-glycosidase activity can be found in various 
mammals including the guinea pig [17,30], human [19,31], pig [32], or calf [33], such activity has not 
been reported in mice. Furthermore, while the GBA3 gene was identified in humans [15,16] or the guinea 
pig [14], the obvious gene orthologue was not found in mice (M. musculus). Consequently, it may be 
possible that the conditions for the catabolism of cytosolic sialyl FNGs might be quite distinct between 
mammalian species. If so, further studies will be required to provide deeper insights into the details of 
the nonlysosomal catabolic pathway for sialyl FNGs in mammalian cells. 

4. Material and Methods 

4.1. Cell Culture 

MKN45 cells were maintained in RPMI 1640 (Nacalai Tesque Co., Kyoto, Japan) with 10% fetal 
bovine serum and antibiotics (100 units/mL penicillin G; 100 ng/mL streptomycin, Nacalai Tesque Co.). 

4.2. Western Blotting 

Cells (1 × 106) were washed twice with PBS (phosphate buffered saline), lysed in 500 �L of 2×  
SDS-PAGE sample buffer (8% SDS, 40% glycerol, 0.25 M Tris-HCl (pH 6.8), 2% BPB and 5%  
�-mercaptoethanol), and boiled for 10 min. Following SDS-PAGE, the gel was subjected to western 
blotting and visualized using a LAS3000 mini (Fujifilm Co., Tokyo, Japan) and Immobilon Western 
Reagents (Millipore). Antibodies used in the experiments were as follows: mouse monoclonal (M2)  
anti-FLAG antibody (dilution; 1:5000) was purchased from Sigma-Aldrich Co., LLC (St. Louis, MO, USA); 
the rabbit polyclonal anti-Myc antibody (1:5000), the mouse anti-GST antibody (1:5000), and the mouse 
anti-HA antibody (1:5000) were obtained from Santa Cruz biotechnology; the mouse anti-(His)6 
antibody (1:500) was obtained from Roche; the mouse anti-GAPDH antibody (1:5000) was from Millipore. 
Secondary antibodies conjugated with horseradish peroxidase (anti-Rabbit IgG antibody (1:5000) and 
anti-Mouse IgG antibody (1:5000, except for the case with anti-GAPDH (1:10,000))) were purchased 
from Cell Signaling Technology, Inc. (Danvers, MA, USA). 

4.3. RT-PCR 

To examine GBA3 mRNA expression via RT-PCR, cDNA was prepared from MKN45 cells as 
described previously [34]. The following two primers were used to assess GBA3 expression: sense 
primer: 5'-ATGGCTTTCCCTGCAGGATT-3'; antisense primer: 5'-CTACAGATGTGCTTCAAGGC-3'. 
The primers for �-actin were: sense primer: 5'-AGAAAATCTGGCACCACACC-3'; antisense primer: 
5'-CCATCTCTTGCTCGAAGTCC-3'. PCR products were resolved on a 2% agarose gel to detect the 
amplified DNA. 

4.4. Extraction and PA-Labeling of Free Oligosaccharides Recovered from Cytosol 

Individual aliquots of 1 × 108 cells were washed twice with cold PBS, harvested, and lysed in 800 �L 
of lysis buffer (10 mM Hepes/NaOH buffer (pH 7.4), 5 mM DTT, 250 mM mannitol, 1 mM EDTA  
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(pH 8.0), 1 × complete protease inhibitor cocktail (Roche Diagnostics K.K., Tokyo, Japan), and 1 mM 
Pefabloc (Roche Diagnostics K.K.)). The cell lysates were homogenized and centrifuged at 1000× g for 
10 min at 4 °C to remove nuclei and unbroken cells. The supernatant was then centrifuged at 100,000× g 
for 1 h at 4 °C; the resulting supernatant was used as the cytosolic fraction. To precipitate proteins,  
1.5 volumes of ethanol were added to the cytosolic fraction; each solution was mixed well and 
centrifuged at 17,000× g for 20 min at 4 °C. Each supernatant, which contained the free FNGs, was dried 
up to ~100 �L to remove the excess ethanol, and was desalted using a PD-10 column (GE Healthcare 
Japan) according to the manufacturer’s instructions. Detailed methods for PA-labeling as well as the 
removal of the excess reagent have been described previously [35,36], and the resulting sample was used 
for subsequent HPLC analysis. 

4.5. HPLC Analysis 

PA-labeled oligosaccharides were fractionated by various HPLC techniques. For anion exchange 
chromatography, a TSKgel DEAE-5PW column (7.5� × 75 mm; Tosoh, Tokyo, Japan) was used, as 
described previously [11]. For analyzing sialyl FNGs, the following conditions were used: solvent A, 
10% acetonitrile, 0.01% triethylamine; solvent B, 10% acetonitrile, 3% acetic acid, 7.4% triethylamine; 
and flow rate was 1.0 mL/min. Elution conditions were as follows: 0–10 min, 100% A; and 10–20 min, 
15% solvent B. Peaks were monitored by fluorescence with �ex = 310 nm and �em = 380 nm. Sialyl FNGs 
that were sensitive to A. ureafaciens sialidase were collected and used for further analyses. 

For analyzing desialylated PA-labeled glycans by size fractionation HPLC, a Shodex NH2P-50 4E 
column, in conjunction with a GL Sciences HPLC system (PU611 double pumps/CO630 column oven) 
and a fluorescence detector (LaChrom; Hitachi High-Technologies Co., Tokyo, Japan) were used. The 
elution was performed using two solvent gradients as follows: solvent A: 93% acetonitrile in 0.3% 
acetate (pH adjusted to 7.0 with ammonia); solvent B: 20% acetonitrile in 0.3% acetate (pH adjusted to 
7.0 with ammonia). The gradient program (expressed as the percentage of solvent A): 0–5 min: isocratic 
97%; 5–8 min: 97%–67%; 8–40 min: 67%–29%. Eluted compounds were detected by fluorescence with 
�ex = 310 nm and �em = 380 nm. Conditions for the separation of sialylated oligosaccharides on the 
amide-80 column were preformed, as reported previously [37]. Identification of PA-labeled glycans on 
ODS columns were performed as described previously [38]. 

4.6. Plasmid Transfection into Mammalian Cells 

pCMV-Tag2-Flag-NEU2, which expresses N-terminal FLAG-tagged human NEU2 protein and  
its mock vector (pCMV-Tag2, Agilent Technologies, Santa Clara, CA, USA) [10] were transfected into 
1 × 106 MKN45 cells using FuGENE HD (Roche Diagnostics K.K.) or the Nucleofactor Transfection 
Kit (Amaxa; Lonza Japan, Tokyo, Japan) according to the manufacturer’s protocols. After 48 h, the 
medium was replaced with RPMI/10% FBS containing 200 �g/mL of G418 (Nacalai Tesque Co.) to 
select stable transfectants. 

GBA3 gene was amplified from cDNA prepared from human liver. Human liver mRNA was a kind 
gift from Drs. Kei-ichiro Inamori (Tohoku Pharm. Univ., Sendai, Japan) and Naoyuki Taniguchi 
(RIKEN, Wako, Japan), and cDNA was prepared using ReverTra Ace/Blend Taq (Toyobo Co. Ltd, 
Osaka, Japan) according to the vendor’s protocol. The primers used for the GBA3 amplification were as 
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follows: forward primer: 5'-ACGCGTCGACCATGGCTTTCCCTGCAGGATT-3', reverse primer:  
5'-ATAAGAATGCGGCCGCCTACAGATGTGCTTCAAGGC-3'. The fragment was cloned into TA 
cloning vector (Invitrogen, Life Technologies Japan, Tokyo, Japan). After the DNA sequence was 
confirmed, the SalI/NotI fragment was cloned into the equivalent site of pCMV-Myc-N vector  
(Takara Bio Inc.) to obtain pCMV-Myc-GBA3. pCMV-Myc-GBA3 or the mock vector (pCMV-Myc-N) 
was transfected into 1 × 106 cells using the Nucleofactor Transfected Kit (Lonza Japan) according to 
the manufacturer’s protocols. Cells were harvested 48 h after transfection for further analyses. 

4.7. E. coli Expression and Purification of Recombinant GBA3 and NEU2 

For E. coli expression of recombinant GBA3, the coding sequence was amplified using pCMV-Myc-
GBA3 as a template with the following primers: 5'-CACCATGGCTTTCCCTGCAGGATT-3' and  
5'-CTACAGATGTGCTTCAAGGC-3', and cloned into Pdest™ 17 vector (Life Technologies Japan) for 
expression of N-terminal 6 × His tagged GBA3 (His-GBA3). The HA sequence was then inserted to the 
C-terminus of the sequence using the following primers: 5'-CGACGTCCCAGACTACGCTTAG 
TTGTACAAAGTGGTTGATTC-3' and 5'-CTGGGACGTCGTATGGGTACAGATGTGCTTCAAGG 
CCATTG-3', using the Quikchange site-directed mutagenesis (Agilent Technologies) according to 
the manufacturer’s protocol to construct pDEST17-His-GBA3-HA. The DNA sequence of the construct 
was confirmed by DNA sequencing analysis. 

E. coli strain BL21(AI) cells were transformed with pDEST17-His-GBA3-HA and grown at 37 °C 
for 12 h with shaking in 500 mL of LB medium supplemented with 100 �g/mL of ampicillin. Then  
L-arabinose was added to a final concentration of 0.02% for 3 h with shaking at 25 °C to induce protein 
expression. Cells were harvested by centrifugation (5000× g for 10 min), washed twice with cold PBS, 
and suspended in 20 mL of extraction solution (1% Triton X-100 in PBS with 1× complete protease 
inhibitor cocktail (Roche Diagnostics K.K.) and 1 mM Pefabloc (Roche Diagnostics K.K.)). After sonication 
for 6 intervals (10 s each time), cell debris was removed by centrifugation (15,000× g for 30 min). A 4 mL 
aliquot of the obtained supernatant was applied to a 200 �L (bed volume) of Ni-Sepharose 6 Fast Flow 
(GE Healthcare Japan) column, and the column was washed with 10 bed volumes of 20 mM imidazole 
in 20 mM sodium phosphate/0.5 M NaCl buffer (pH 7.4). The proteins adsorbed to the resin were then 
eluted with 5 bed volumes of 500 mM imidazole in 20 mM sodium phosphate/0.5 M NaCl buffer (pH 7.4). 
The eluted fraction was dialyzed against 1 L of 25 mM MES buffer containing 100 mM NaCl (pH 6.0) 
and aliquots were stored at �80 °C for further analyses. For E. coli expression of recombinant NEU2, 
E. coli strain BL21(DE3) cells were transformed with pGEX4T-NEU2 [39] and grown at 37 °C for 12 h 
in 500 mL of LB medium supplemented with 100 �g/mL of Ampicillin with shaking. The pGEX4T-NEU2 
was a generous gift from Dr. Soichi Wakatsuki (Stanford University, Stanford, CA, USA). IPTG was 
added to a final concentration of 0.05 mM for 12 h with shaking at 15 °C to induce protein expression. 
The procedure used to extract the protein was the same as above. For purification, 4 mL of supernatant 
obtained was applied to a 200 �L (bed volume) of Glutathione Sepharose™ 4B (GE Healthcare Japan) 
column. After washing the column with 10 bed volumes of PBS, the protein adsorbed to the column was 
eluted with 5 bed volumes of 10 mM glutathione in 50 mM Tris-HCl buffer (pH 8.0). Eluted fraction 
was dialyzed against 1 L of 50 mM MES buffer (pH 6.7) and aliquots were stored at �80 °C for further 
analyses. Before storage of purified GBA3 or NEU2, protein concentration was adjusted to 1.5 mg/mL. 
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4.8. Co-Precipitation Assay 

To verify the interaction between NEU2 and GBA3 in vitro, a co-precipitation assay was carried out. 
In this assay, purified recombinants His-GBA3-HA and GST-NEU2 were mixed overnight at 4 °C. 
Aliquots of the mixture were then incubated with 20 �L of Ni Sepharose™ 6 Fast Flow (GE Healthcare 
Japan) or Glutathione Sepharose 4B (GE Healthcare Japan) for 1 h at 4 °C, and were spun down at  
2300× g for 10 min. The resins containing protein complexes were washed three times with PBS and 
were suspended in sample buffer. As the negative control, His-GBA3-HA was mixed with GST alone 
and GST-NEU2 was mixed with (His)6-tagged yeast PNGase (His-PNGase; [40]), respectively. The 
mixtures were then pulled down with Ni-Sepharose™ 6 Fast Flow or Glutathione-Sepharose 4B. The 
resulting samples were subjected to SDS-PAGE and western blotting. 

4.9. Gel Filtration Assay 

Recombinant His-GBA3-HA and GST-NEU2 proteins were prepared in the presence of 1× complete 
protease inhibitor cocktail (Roche Diagnostics K.K.) and 1 mM Pefabloc (Roche Diagnostics K.K.). 
Aliquots of the two proteins were incubated together overnight at 4 °C. A 0.5 mL aliquot of each  
protein or mixture (1.5 mg/mL of each) was loaded on a Sephacryl S-300 column (GE Healthcare Japan; 
1.5 × 50 cm) equilibrated with elution buffer (300 mM NaCl in 50 mM Tris-HCl, pH 7.5), 
respectively, and fractions of 0.9 mL were collected. Fractions were assayed for enzyme activity, and 
0.8 mL of each fraction was precipitated with trichloroacetic acid (10%) and further subjected to 
SDS/PAGE and western blotting. 

4.10. Cycloheximide-Decay Assay 

For the cycloheximide-decay assay, MKN45-NEU2 cells or MKN45-NEU2/GBA3 cells were equally 
divided into 6 dishes (1 × 106) and cycloheximide (Sigma) was added to each dish to a final concentration 
of 50 �g/mL before harvesting in 0.5 mL of SDS-PAGE sample buffer at the indicated time points. 
Samples were then analyzed by SDS/PAGE and western blotting. 

4.11. Sialidase Assay 

One hundred �L of cytosolic fractions of cells or 100 �L of diluted recombinant GST-NEU2 (1.5 �g/mL) 
were incubated with 100 �L of 0.1 mM 4MU-NeuAc (Sigma-Aldrich Co., LLC) in 0.2% Triton  
X-100/50 mM sodium citrate buffer (pH 6.0) at 37 °C for 4 h. After stopping the reaction by addition of 
0.8 mL of 0.25 M glycine-NaOH buffer (pH 10.6), the fluorescence intensity was measured at 450 nm, 
with excitation at 365 nm by the Fluorescence spectrophotometer (F-4500, Hitachi High-Technologies Co.). 
One unit was defined as the amount required for to catalyze the release of 1 nmol of 4MU from  
4MU-NeuAc in 1 h. 

4.12. GBA3 Activity Assay 

GBA3 enzymatic activity was measured on 5 mM p-nitro-phenyl-�-D-galactopyranoside (pNP-�-Gal; 
Sigma) and 5 mM p-nitro-phenyl-�-D-glucopyranoside (pNP-�-Glc; Sigma-Aldrich Co., LLC) in  
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20 mM sodium phosphate buffer (pH 6.5). Ten �L of cytosolic fractions of cells or 10 �L of diluted 
recombinant His-GBA3-HA (1.5 �g/mL) were incubated with 100 �L of pNP-�-Gal or pNP-�-Glc  
for 12 h at 37 °C. The reaction was stopped by adding 0.9 mL of a sodium borate solution (100 mM,  
pH 9.3). The absorbance was read at 450 nm by a microreader. One unit (U) of activity was defined as 
the amount of enzyme required to hydrolyze 1 �mol of substrate per hour. 

5. Conclusions 

We show that the amount of sialyl free N-glycans (FNGs) is dramatically reduced upon the co-expression 
of cytosolic sialidase NEU2 with cytosolic �-glycosidase GBA3 in human stomach cancer-derived 
MKN45 cells. The physical interaction between NEU2 and GBA3 was confirmed by co-precipitation 
analyses as well as gel filtration assays. The NEU2 protein was found to be stabilized in the presence of 
GBA3 both in cellulo and in vitro. Our results thus indicate that cytosolic GBA3 is likely involved in 
the catabolism of cytosolic sialyl free N-glycans, possibly by stabilizing the activity of the NEU2 protein. 

Acknowledgements 

We are grateful to the members of Glycometabolome Team for fruitful discussions. We acknowledge 
Soichi Wakatsuki (Stanford Unviersity) for providing pGEX4T-NEU2 and Kei-ichiro Inamori (Tohoku 
Pharm. Univ.) and Naoyuki Taniguchi (RIKEN) for providing mRNA from human liver. This research 
was supported by the Mizutani Foundation for Glycoscience and Grants-in-Aid from the Ministry of 
Education, Culture, Sports, Science, and Technology of Japan (22570148 to Tadashi Suzuki). 

Author Contributions 

Li Wang and Tadashi Suzuki designed the experiments; Li Wang, Junichi Seino, Haruna Tomotake, 
Yoko Funakoshi, and Hiroto Hirayama performed the experiments; Li Wang, Junichi Seino,  
Haruna Tomotake, Yoko Funakoshi, Hiroto Hirayama, and Tadashi Suzuki analyzed the data; Li Wang 
and Tadashi Suzuki wrote the paper. 

Conflicts of Interest 

The authors declare that they have no conflicts of interests. 

References 

1. Varki, A. Biological roles of oligosaccharides—All of the theories are correct. Glycobiology 1993, 
3, 97–130. 

2. Helenius, A.; Aebi, M. Roles of N-linked glycans in the endoplasmic reticulum. Annu. Rev. Biochem. 
2004, 73, 1019–1049. 

3. Haltiwanger, R.S.; Lowe, J.B. Role of glycosylation indevelopment. Annu. Rev. Biochem. 2004, 73, 
491–537. 

4. Kamiya, Y.; Satoh, T.; Kato, K. Molecular and structural basis for N-glycan-dependent 
determination of glycoprotein fates in cells. Biochim. Biophys. Acta Gen. Subj. 2012, 1820,  
1327–1337. 



Biomolecules 2015, 5 1512 
 
5. Winchester, B. Lysosomal metabolism of glycoproteins. Glycobiology 2005, 15, 1R–15R. 
6. Suzuki, T. Introduction to “Glycometabolome”. Trends Glycosci. Glycotechnol. 2009, 21, 219–227. 
7. Suzuki, T. Cytoplasmic peptide: N-glycanase and catabolic pathway for free N-glycans in the 

cytosol. Semin. Cell Dev. Biol. 2007, 18, 762–769. 
8. Suzuki, T.; Harada, Y. Non-lysosomal degradation pathway for N-linked glycans and dolichol-linked 

oligosaccharides. Biochem. Biophys. Res. Commun. 2014, 453, 213–219. 
9. Ohashi, S.; Iwai, K.; Mega, T.; Hase, S. Quantitation and isomeric structure analysis of free 

oligosaccharides present in the cytosol fraction of mouse liver: Detection of a free disialobiantennary 
oligosaccharide and glucosylated oligomannosides. J. Biochem. 1999, 126, 852–858. 

10. Ishizuka, A.; Hashimto, Y.; Naka, R.; Kinoshita, M.; Kakehi, K.; Seino, J.; Funakoshi, Y.; Suzuki, T.; 
Kameyama, A.; Narimatsu, H. Accumulation of free complex-type N-glycans in MKN7 and 
MKN45 stomach cancer cells. Biochem. J. 2008, 413, 227–237. 

11. Seino, J.; Wang, L.; Harada, Y.; Huang, C.C.; Ishii, K.; Mizushima, N.; Suzuki, T. Basal autophagy 
is required for the efficient catabolism of sialyloligosaccharides. J. Biol. Chem. 2013, 288,  
26898–26907. 

12. Yabu, M.; Korekane, H.; Hatano, K.; Kaneda, Y.; Nonomura, N.; Sato, C.; Kitajima, K.; Miyamoto, Y. 
Occurrence of free deaminoneuraminic acid (KDN)-containing complex-type N-glycans in human 
prostate cancers. Glycobiology 2013, 23, 634–642. 

13. Yabu, M.; Korekane, H.; Takahashi, H.; Ohigashi, H.; Ishikawa, O.; Miyamoto, Y. Accumulation of 
free Neu5Ac-containing complex-type N-glycans in human pancreatic cancers. Glycoconj. J. 2013, 
30, 247–256. 

14. Hays, W.S.; Jenison, S.A.; Yamada, T.; Pastuszyn, A.; Glew, R.H. Primary structure of the cytosolic 
beta-glucosidase of guinea pig liver. Biochem. J. 1996, 319, 829–837. 

15. Yahata, K.; Mori, K.; Arai, H.; Koide, S.; Ogawa, Y.; Mukoyama, M.; Sugawara, A.; Ozaki, S.; 
Tanaka, I.; Nabeshima, Y.; et al. Molecular cloning and expression of a novel klotho-related protein. 
J. Mol. Med. Jmm 2000, 78, 389–394. 

16. De Graaf, M.; van Veen, I.C.; van Der Meulen-Muileman, I.H.; Gerritsen, W.R.; Pinedo, H.M.; 
Haisma, H.J. Cloning and characterization of human liver cytosolic beta-glycosidase. Biochem. J. 
2001, 356, 907–910. 

17. Gopalan, V.; Pastuszyn, A.; Galey, W.R.; Glew, R.H. Exolytic hydrolysis of toxic plant glucosides 
by guinea-pig liver cytosolic beta-glucosidase. J. Biol. Chem. 1992, 267, 14027–14032. 

18. Hayashi, Y.; Okino, N.; Kakuta, Y.; Shikanai, T.; Tani, M.; Narimatsu, H.; Ito, M. Klotho-related 
protein is a novel cytosolic neutral beta-glycosylceramidase. J. Biol. Chem. 2007, 282, 30889–30900. 

19. Daniels, L.B.; Coyle, P.J.; Chiao, Y.B.; Glew, R.H.; Labow, R.S. Purification and characterization 
of a cytosolic broad specificity beta-glucosidase from human-liver. J. Biol. Chem. 1981, 256,  
3004–3013. 

20. Rossi, S.; Stoppani, E.; Martinet, W.; Bonetto, A.; Costelli, P.; Giuliani, R.; Colombo, F.; Preti, A.; 
Marchesini, S.; Fanzani, A. The cytosolic sialidase NEU2 is degraded by autophagy during 
myoblast atrophy. Biochim. Biophys. Acta Gen. Subj. 2009, 1790, 817–828. 

21. Verheijen, F.; Brossmer, R.; Galjaard, H. Purification of acid beta-galactosidase and acid neuraminidase 
from bovine testis—Evidence for an enzyme complex. Biochem. Biophys. Res. Commun. 1982, 108, 
868–875. 



Biomolecules 2015, 5 1513 
 
22. Verheijen, F.W.; Palmeri, S.; Hoogeveen, A.T.; Galjaard, H. Human placental neuraminidase—Activation, 

stabilization and association with beta-galactosidase and its protective protein. Eur. J. Biochem. 
1985, 149, 315–321. 

23. Yamamoto, Y.; Nishimura, K. Copurification and separation of beta-galactosidase and sialidase 
from porcine testis. Int. J. Biochem. 1987, 19, 435–442. 

24. Potier, M.; Michaud, L.; Tranchemontagne, J.; Thauvette, L. Structure of the lysosomal 
neuraminidase—Beta-galactosidase-carboxypeptidase multienzymatic complex. Biochem. J. 1990, 
267, 197–202. 

25. Pshezhetsky, A.V.; Potier, M. Direct affinity purification and supramolecular organization of human 
lysosomal cathepsin-A. Arch. Biochem. Biophys. 1994, 313, 64–70. 

26. Pshezhetsky, A.V.; Potier, M. Association of N-acetylgalactosamine-6-sulfate sulfatase with the 
multienzyme lysosomal complex of beta-galactosidase, cathepsin A, and neuraminidase—Possible 
implication for intralysosomal catabolism of keratan sulfate. J. Biol. Chem. 1996, 271, 28359–28365. 

27. Pshezhetsky, A.V.; Ashmarina, M. Lysosomal multienzyme complex: Biochemistry, genetics, and 
molecular pathophysiology. Prog. Nucleic Acid Res. Mol. Biol. 2001, 69, 81–114. 

28. Miyagi, T.; Tsuiki, S. Purification and characterization of cytosolic sialidase from rat-liver.  
J. Biol. Chem. 1985, 260, 6710–6716. 

29. Koseki, K.; Wada, T.; Hosono, M.; Hata, K.; Yamaguchi, K.; Nitta, K.; Miyagi, T. Human cytosolic 
sialidase NEU2-low general tissue expression but involvement in PC-3 prostate cancer cell survival. 
Biochem. Biophys. Res. Commun. 2012, 428, 142–149. 

30. Lamarco, K.L.; Glew, R.H. Hydrolysis of a naturally-occurring beta-glucoside by a broad-specificity 
beta-glucosidase from liver. Biochem. J. 1986, 237, 469–476. 

31. Day, A.J.; DuPont, M.S.; Ridley, S.; Rhodes, M.; Rhodes, M.J.C.; Morgan, M.R.A.; Williamson, G. 
Deglycosylation of flavonoid and isoflavonoid glycosides by human small intestine and liver  
beta-glucosidase activity. Febs Lett. 1998, 436, 71–75. 

32. McMahon, L.G.; Nakano, H.; Levy, M.D.; Gregory, J.F. Cytosolic pyridoxine-beta-D-glucoside 
hydrolase from porcine jejunal mucosa—Purification, properties, and comparison with broad 
specificity beta-glucosidase. J. Biol. Chem. 1997, 272, 32025–32033. 

33. Legler, G.; Bieberich, E. Isolation of a cytosolic beta-glucosidase from calf liver and characterization of 
its active-site with alkyl glucosides and basic glycosyl derivatives. Arch. Biochem. Biophys. 1988, 260, 
427–436. 

34. Wang, L.; Suzuki, T. Dual functions for cytosolic alpha-mannosidase (Man2C1) its down-regulation 
causes mitochondria-dependent apoptosis independently of its alpha-mannosidase activity. J. Biol. Chem. 
2013, 288, 11887–11896. 

35. Hirayama, H.; Seino, J.; Kitajima, T.; Jigami, Y.; Suzuki, T. Free oligosaccharides to monitor 
glycoprotein endoplasmic reticulum-associated degradation in saccharomyces cerevisiae. J. Biol. Chem. 
2010, 285, 12390–12404. 

36. Suzuki, T.; Hara, I.; Nakano, M.; Shigeta, M.; Nakagawa, T.; Kondo, A.; Funakoshi, Y.; Taniguchi, N. 
Man2c1, an alpha-mannosidase, is involved in the trimming of free oligosaccharides in the cytosol. 
Biochem. J. 2006, 400, 33–41. 

37. Tomiya, N.; Awaya, J.; Kurono, M.; Endo, S.; Arata, Y.; Takahashi, N. Analyses of N-linked 
oligosaccharides using a two-dimensional mapping technique. Anal. Biochem. 1988, 171, 73–90. 



Biomolecules 2015, 5 1514 
 
38. Suzuki, T.; Matsuo, I.; Totani, K.; Funayama, S.; Seino, J.; Taniguchi, N.; Ito, Y.; Hase, S. Dual-gradient 

high-performance liquid chromatography for identification of cytosolic high-mannose-type free 
glycans. Anal. Biochem. 2008, 381, 224–232. 

39. Chavas, L.M.G.; Tringali, C.; Fusi, P.; Venerando, B.; Tettamanti, G.; Kato, R.; Monti, E.; 
Wakatsuki, S. Crystal structure of the human cytosolic sialidase NEU2—Evidence for the dynamic 
nature of substrate recognition. J. Biol. Chem. 2005, 280, 469–475. 

40. Katiyar, S.; Suzuki, T.; Balgobin, B.J.; Lennarz, W.J. Site-directed mutagenesis study of yeast 
peptide: N-glycanase—Insight into the reaction mechanism of deglycosylation. J. Biol. Chem. 2002, 
277, 12953–12959. 

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/4.0/). 


