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Abstract

Post-translational modification with O-linked β-N-acetylglucosamine (O-GlcNAc) occurs

selectively on serine and/or threonine residues of cytoplasmic and nuclear proteins,

and dynamically regulates their molecular functions. Since conventional strategies to

evaluate the O-GlcNAcylation level of a specific protein require time-consuming steps,

the development of a rapid and easy method for the detection and quantification of an O-

GlcNAcylated protein has been a challenging issue. Here, we describe a novel method in

which O-GlcNAcylated and non-O-GlcNAcylated forms of proteins are separated by lectin

affinity gel electrophoresis using wheat germ agglutinin (WGA), which primarily binds to N-

acetylglucosamine residues. Electrophoresis of cell lysates through a gel containing copoly-

merized WGA selectively induced retardation of the mobility of O-GlcNAcylated proteins,

thereby allowing the simultaneous visualization of both the O-GlcNAcylated and the unmodi-

fied forms of proteins. This method is therefore useful for the quantitative detection of O-

GlcNAcylated proteins.

Introduction

Protein post-translational modifications (PTMs) regulate various properties of proteins such

as stability, subcellular localization, and catalytic activity. Of these PTMs, O-linked β-N-acetyl-

glucosamine modification (O-GlcNAcylation) is a type of protein glycosylation in which a sin-

gle-sugar, N-acetylglucosamine, is added to the hydroxyl moiety of serine and threonine

residues of cytoplasmic and nuclear proteins. Previous studies have shown that thousands of

proteins in cells are modified with O-GlcNAc [1]. Protein O-GlcNAcylation is dynamically

and reversibly regulated by the paired enzymes, O-GlcNAc transferase (OGT) and O-GlcNA-

case (OGA) [2, 3]. OGT catalyzes the addition of a GlcNAc moiety from a uridine diphosphate

(UDP)-GlcNAc to target proteins, while OGA removes the O-GlcNAc from the modified pro-

teins. In contrast to protein phosphorylation that is regulated by many kinases and phospha-

tases, OGT and OGA are the only enzymes responsible for the protein O-GlcNAcylation cycle

in a cell. Since both O-GlcNAcylation and phosphorylation occur at serine and threonine
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residues, these two types of PTMs are mutually exclusive on the same target residue. In addi-

tion, these modifications can suppress each other within a protein even when they do not take

place on the same residues [4]. This dynamic crosstalk between phosphorylation and O-

GlcNAcylation has been frequently found in various cellular proteins, and the molecular func-

tion of the modified proteins dramatically changes according to the modification state [4].

Recent increases in the sensitivity and rapidity of mass spectrometry have enabled high-

throughput screening of a wide variety of PTMs including O-GlcNAc-modification [5]. How-

ever, stoichiometric analysis of O-GlcNAcylation has been reported for only a few proteins

because the conventional methods for quantifying the O-GlcNAcylation level entail laborious

processes and high-running cost [6, 7]. In addition, in collision-induced dissociation (CID)

for mass-spectrum analysis, O-GlcNAc is readily released from the conjugated peptide [8],

which limits evaluation of the O-GlcNAcylation level of a specific protein. The development of

novel techniques for quantitative analysis of protein O-GlcNAcylation therefore remains an

important challenge.

A previous study demonstrated that performance of SDS-PAGE with a specific lectin-gel

layer consisting of a concanavalin A (ConA)-copolymerized acrylamide gel, allowed the sepa-

ration of the N-glycosylated form of a transmembrane protein, anion exchanger 1 (AE1), from

the unmodified form [9]. Since ConA exhibits high affinity for α-D-mannosyl and α-D-gluco-

syl residues in glycoproteins, the immobilized-ConA causes retardation of the glycosylated

form(s) of the protein during electrophoresis, thereby allowing evaluation of the protein glyco-

sylation level by quantification of the degree of mobility shift. Based on the principle of this

system, we developed a novel method for the separation of cytoplasmic and nuclear O-GlcNA-

cylated proteins by using wheat germ agglutinin (WGA), a lectin from Triticum vulgaris [10].

The physiologically active form of WGA exists as a homodimer that has multiple GlcNAc-

binding sites [11, 12]. Analysis of the crystal structure of WGA showed head-to-tail interaction

between two WGA molecules. Homodimerized WGA is highly resistant to protein denaturing

conditions such as high temperature, acidic environments, and chaotropic agents [13, 14].

Due to these physicochemical features, WGA has long been used as an investigative tool for

O-GlcNAc proteins. For example, a horseradish peroxidase (HRP)-conjugated WGA can be

utilized as a probe to detect O-GlcNAcylated proteins in western blotting, and a WGA-agarose

column can be used for the purification and concentration of O-GlcNAcylated proteins from

cell extracts. In addition, fluorescein isothiocyanate (FITC)-labeled WGA can be used to visu-

alize a specific banding pattern of highly condensed chromatin at which GlcNAc-containing

proteins are localized [15]. Here, we describe a novel electrophoretic method, termed WGA-

SDS-PAGE, that separates O-GlcNAcylated and unmodified proteins, thereby enabling quan-

tification of O-GlcNAcylated proteins.

Materials and methods

All reagents and solvents in this study were analytical grade or better.

Plasmids

The expression plasmids for Tab1, TFG, UBAP2L, TSC22D1, OGA and OGT were generated

using pcDNA3HA, pcDNA4Myc and pcDNA3Flag vectors. All expression plasmids were puri-

fied using a commercially available plasmid purification kit (Roche, Plasmid Midi-prep).

Media and buffers

DMEM (Nacalai Tesque, Japan) was supplemented with 10% fetal bovine serum (FBS), L-glu-

tamine, streptomycin and penicillin. Stock lysis buffer contained 20 mM Tris-HCl (pH 7.5),
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137 mM NaCl, 1% Triton X-100, and 10% glycerol. The following chemicals were added to the

stock lysis buffer immediately before harvesting the cells: 1 mM dithiothreitol; 0.5% deoxycho-

late (DOC); 50 μM PUGNAc (Sigma), 10 μM Thiamet-G (TMG); 1 mM phenylmethylsulpho-

nyl fluoride (PMSF); 10 μg/ml aprotinin; and 10 μg/ml leupeptin. Stock lysis buffer containing

0.5% DOC and 0.1% SDS was used for washing immunoprecipitates. SDS-PAGE loading

buffer contained 65 mM Tris-HCl (pH 6.8), 5% 2-mercaptoethanol, 10% glycerol, 3% SDS,

and 25 μg/ml bromophenol blue. Stock separating gel buffer contained 1.5 M Tris-HCl (pH

8.8) and 0.4% SDS, and stock stacking gel buffer contained 0.5 M Tris-HCl (pH 6.8) and 0.4%

SDS. WGA protein (J-OIL MILLs, lot numbers: 91014C and 11213C) was dissolved in 10 mM

Tris-HCl (pH 7.5) to give a final concentration of 10 mg/ml. Transfer buffer for electroblotting

of O-GlcNAcylated proteins contained 25 mM Tris, 192 mM glycine, 20% methanol, and 0.1%

SDS.

Antibodies

The following antibodies were used: anti-HA monoclonal antibody (mAb) F-7 (Santa Cruz,

sc-7392); anti-Myc mAb 9E10 (Santa Cruz, sc-40); anti-Myc polyclonal antibody (pAb) A14

(Santa Cruz, sc-789); mouse mAb M2 specific to the Flag epitope (Sigma, F1804); anti-Actin

mAb (Wako, Japan, 013–24553); anti-AGFG1 pAb (Abcam, ab86349); anti-O-GlcNAc mAb

(Santa Cruz, RL2: sc-59624, CTD110.6: sc-59623); anti-Nup62 pAb (Santa Cruz, sc-25523);

and anti-OGT pAb (Abcam, ab96718). All antibodies were used at a dilution of 1:2,000 for

immunoblotting. HRP-conjugated secondary antibodies specific for mouse or rabbit IgG were

purchased from GE healthcare. WGA-HRP was purchased from J-OIL MILLS (Japan, J420).

Succinylated WGA-HRP was purchased from EY-laboratories (H-2102-1, lot number:

330806–1).

Cell culture, transfection and harvesting

HEK293 and COS-7 cells were purchased from RIKEN Cell Bank (Japan, HEK293: RCB1637,

COS-7: RCB0539). For transient transfection of expression plasmids, 2x105 HEK293 or COS-7

cells were seeded on 35 mm dishes and incubated overnight at 37˚C with 5% CO2. The appro-

priate combinations of expression plasmids (total 1 μg/dish) were transfected into the cells

using the X-tremeGENE 9 DNA transfection reagent (Sigma). The culture medium was

changed 24-hours later. After an additional 24-hour incubation, the cells were washed twice

with ice-cold PBS and harvested with Lysis buffer on ice. The cell lysates were centrifuged at

20,000 x g for 15 min at 4˚C, and the supernatants were used for several assays.

Knockdown of OGT with siRNA

One day before transfection, 5 x 104 HEK293 cells were seeded on a 35-mm culture dish. A

double-stranded small interfering RNA (siRNA) oligonucleotide specific for human OGT

(Mission siRNA, SASI_Hs01_00141131; Sigma), was transfected into the cells with the Lipo-

fectamine RNAiMAX Transfection Reagent (Thermo) according to the manufacturer’s proto-

col. Briefly, 4 μl of RNAiMAX was diluted in 500 μl of Opti-MEM I (Thermo), and was then

mixed with the siRNA oligonucleotide suspended in 500 μl of Opti-MEM I. After incubation

for 15 minutes at room temperature, the siRNA mixture was added to the cells. Seventy-two

hours after transfection, the cells were harvested with Lysis buffer. MISSION siRNA Universal

Negative Controls (Sigma) was used as a negative control for this experiment. All siRNA

nucleotides were used at a final concentration of 50 nM. The efficacy of OGT expression

knockdown was evaluated by immunoblotting with the specific antibody.
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Immunoprecipitation

Cell lysates were precleared by incubation with protein G-Sepharose beads at 4˚C for 1 hr. The

lysates were then incubated with an anti-HA or an anti-Myc Ab at 4˚C for 3 hr with gentle

rotation. Protein G-Sepharose beads were then added and incubated for 1 hour. The resulting

immune-complexes were washed three times with stock lysis buffer containing 0.1% SDS. The

immunoprecipitates were mixed with SDS loading buffer, and were completely denatured by

boiling for 4 min. After centrifugation at 20,000 x g for 1 min, the supernatants were loaded

onto the SDS-PAGE gel.

Preparation of a WGA-polyacrylamide gel layer

A mini-type electrophoresis apparatus (gel thickness, 1 mm; Nihon-Eido, Japan) was used for

these experiments. The separating polyacrylamide gel solution (7.5% acrylamide) was made by

mixing 5 ml of 30% acrylamide solution (Nacalai Tesque, Japan), 5 ml of the stock separating

gel buffer, 10 ml of deionized water, 90 μl of 10% ammonium persulfate solution (APS) and

30 μl of tetramethylethylenediamine (TEMED), and was poured between two glass plates. Fol-

lowing formation of the separating gel, the WGA-polyacrylamide gel solution was made by

mixing 0.375 ml of a 10 mg/ml WGA solution, 0.25 ml of a 30% acrylamide solution, 0.25 ml

of the stock separating gel buffer, 0.119 ml of deionized water, 4.5 μl of 10% APS and 1.5 μl of

TEMED, and was poured on top of the separating gel. To make a horizontal gel surface, water-

saturated isobutanol was layered onto the surface of the separating and WGA polyacrylamide

gels. After gel polymerization, the stacking gel solution was made by mixing 1.5 ml of a 30%

acrylamide solution, 2.5 ml of the stock stacking gel buffer, 6 ml of deionized water, 90 μl of

10% APS and 30 μl of TEMED, and was layered on top of the WGA-gel. A gel comb was then

immediately inserted into the stacking gel solution. Gels constructed in the absence of the

WGA layer are referred to as standard SDS-PAGE gels.

Running of WGA-SDS-PAGE, and electroblotting onto a nitrocellulose

membrane

Aliquots of whole cell lysates were denatured in SDS–PAGE loading buffer by boiling for 4

min, and were then separated by 7.5% SDS-PAGE according to Laemmli’s procedure in the

absence (standard SDS-PAGE) or presence of the WGA-gel. The electrophoresis was per-

formed at 4˚C at a constant current of 20 mA. After the electrophoresis was completed, the

separating gel fused with the WGA-gel was washed three times with transfer buffer. Standard

and WGA-SDS-PAGE gels were elecroblotted onto a nitrocellulose membrane in GlcNAc-free

transfer buffer. Note that the addition of 0.5 M N-acetylglucosamine to the transfer buffer did

not affect the transfer efficiency of O-GlcNAcylated proteins to a nitrocellulose membrane (S1

Fig).

Immunoblotting analysis

For the detection of proteins, the nitrocellulose membranes were blocked with 2% ECL block-

ing agent (GE) for 1 hour at R.T. For the detection of O-GlcNAcylation, membranes were

blocked with 3% BSA for 1 hour at R.T. After incubation of the membranes with the appropri-

ate primary antibodies overnight at 4˚C, antibody-bound proteins on the membranes were

visualized by using enhanced chemiluminescence (ECL prime, GE). An aliquot of HEK293

cell lysates containing 30 μg protein was used for the detection of endogenous AGFG1 and

Nup62. Digitized images were captured by LAS-1000 Plus with a CCD camera (Fujifilm), and

protein bands were quantified by densitometric analysis using Image gauge (Fujifilm). The
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detection of O-GlcNAcylation using succinylated WGA-HRP was carried out as described pre-

viously [16].

Results and discussion

Affinity-based separation of O-GlcNAcylated proteins through an

acrylamide gel containing polymerized WGA

We prepared an acrylamide gel containing a layer of polymerized WGA between the stacking

and the separating gels (Fig 1). As O-GlcNAcylated proteins pass through the WGA-contain-

ing layer of the gel, the O-GlcNAc residues interact with the immobilized-WGA, resulting in

retardation of their mobility. To evaluate the efficacy of WGA-SDS-PAGE for the separation

of O-GlcNAcylated proteins, we used Tab1, which is an activator of TAK1/MAP3K7 [17], as a

representative O-GlcNAcylatable protein [18]. To enhance the O-GlcNAcylation level of

Tab1, we expressed HA-tagged Tab1 together with human OGT in HEK293 cells. Immuno-

purified HA-Tab1 was first separated in the absence of the WGA-gel layer by using standard

SDS-PAGE, and the O-GlcNAcylation level of Tab1 was assessed by immunoblotting using

either an anti-O-GlcNAc antibody (RL2) or WGA-HRP. As shown in Fig 2A, this analysis

confirmed that coexpression of OGT significantly increased the O-GlcNAcylation level of

Tab1. However, in HA-blotting following standard SDS-PAGE, the difference in the mobility

of the O-GlcNAcylated Tab1 as compared with that of the non-O-GlcNAcylated Tab1 that was

produced by its coexpression with OGA was barely discernable (Fig 2A, third panel). We next

prepared a WGA-copolymerized acrylamide gel layer (WGA, 3.75 mg/ml; gel-length, 9 mm)

between the stacking and the separating gels, and a small volume of the same whole cell lysates

was subjected to WGA-SDS-PAGE. In this experiment, when HA-Tab1 was expressed alone

or together with OGA, the resulting non-O-GlcNAcylated Tab1 appeared as a single band (Fig

2B). In contrast, when coexpressed with OGT, the O-GlcNAcylated Tab1 was separated into

Fig 1. Schematic diagram of the principle of WGA-SDS-PAGE. A whole cell lysate contains proteins with

different O-GlcNAcylation states ranging from no (A), through partial (B) to high (C) O-GlcNAcylation. In the

WGA-copolymerized acrylamide gel layer, the migration of the O-GlcNAcylated proteins is retarded, thereby

producing slower-migrating bands in the separating gel.

https://doi.org/10.1371/journal.pone.0180714.g001
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several bands with slower mobility during electrophoresis. Considering that proteins conju-

gated with multiple O-GlcNAc residues have high binding affinity for WGA [12], the relatively

slower-migrating bands observed in WGA-SDS-PAGE are considered to be highly O-GlcNA-

cylated forms of Tab1. In addition, we observed that other O-GlcNAcylatable proteins (TFG,

TSC22D1 and UBAP2L), which were previously identified through global O-GlcNAc prote-

ome analyses [19–21], also showed slower-migrating bands in WGA-SDS-PAGE when co-

expressed with OGT (S2 Fig). Since WGA binds not only N-acetylglucosamine but also sialic

acid, we investigated if the slower-migrating proteins were indeed modified by O-GlcNAcyla-

tion. For this purpose, we used succinylated WGA-HRP (sWGA-HRP) to probe O-GlcNAcy-

lated proteins since this chemically modified lectin selectively binds to GlcNAc but not to

sialic acid [22]. As shown in the S2 Fig, the up-shifted bands of TFG, TSC22D1 and UBAP2L

were detected by sWGA-HRP in WGA-SDS-PAGE. These data indicated that the slower-

migrating bands of proteins in WGA-SDS-PAGE were derived from their O-GlcNAcylation.

Next, to assess the effect of the WGA concentration in the gel on the mobility-shift of

O-GlcNAcylated proteins, we prepared a series of WGA-gels containing various concentra-

tions (0, 1.5, 3.75, or 5 mg/ml) of WGA, with a fixed WGA-gel length (9 mm). HA-Tab1 was

exogenously expressed with OGT or OGA in COS-7 cells, and the whole cell lysates were run

on the WGA-SDS-PAGE gels containing the different concentrations of WGA. As shown in

Fig 3A, higher concentrations of WGA exaggerated the upward band-shift of O-GlcNAcylated

Tab1. We next examined if the length of the WGA-gel affects the electrophoretic-mobility of

Fig 2. Separation and detection of O-GlcNAcylated HA-Tab1 by WGA-SDS-PAGE. (A) Ectopic

expression of OGT augments O-GlcNAcylation of Tab1. HA-Tab1 was transiently expressed with either Flag-

OGT or Myc-OGA in HEK293 cells. Immunoprecipitated (IP) HA-Tab1 was separated by standard [WGA

(-)]-SDS-PAGE, and probed for O-GlcNAcylation using WGA-HRP (top panel) or the anti-O-GlcNAc RL2 Ab

(2nd panel). The O-GlcNAcylation levels of proteins in the total cell lysates are also shown (4th panel). Actin

was used as a loading control (bottom panel). (B) O-GlcNAcylated Tab1 forms are separated on

WGA-SDS-PAGE. An aliquot of the whole cell lysates used in (A) was separated on WGA-SDS-PAGE,

followed by immunoblotting with an anti-HA Ab (upper panel).

https://doi.org/10.1371/journal.pone.0180714.g002
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O-GlcNAcylated proteins during WGA-SDS-PAGE. The cell lysates were run on WGA-SDS-

PAGE with a WGA-gel layer of different lengths (3, 6, and 9 mm), but with the WGA concen-

tration fixed at 3.75 mg/ml. Immunoblotting with an anti-HA antibody showed that the lon-

gest length (9 mm) of WGA-gel layer led to sharp and multiple HA-Tab1 bands with slower

electrophoretic mobility (Fig 3B), while the shorter WGA-gel layer lengths caused diffusion of

individual Tab1 bands. These data suggested that the efficacy of WGA-based electrophoretic

separation of O-GlcNAcylated proteins depends on the concentration and the length of the

WGA-gel. The best experimental conditions for the separation of the O-GlcNAcylated Tab1

proteins tested in this study were a 9 mm-gel length and more than 3.75 mg/ml of WGA,

although these values may vary for individual O-GlcNAcylated proteins.

The detection and separation of endogenously O-GlcNAcylated proteins

by WGA-SDS-PAGE

We next examined if WGA-SDS-PAGE could be applied to the detection of endogenously O-

GlcNAcylated proteins. For this purpose, we focused on the protein, ArfGAP with FG Repeats

1 (AGFG1), that plays a critical role in the traffic of human immunodeficiency virus (HIV)-

derived RNA molecules from the nucleus to the cytoplasm [23–25]. Although previous studies

have shown that AGFG1 can be O-GlcNAcylated in cells [26, 27], the ratio of O-GlcNAcylated

AGFG1 to total AGFG1 under physiological conditions remains unknown. For this assay, an

Fig 3. The effects of WGA concentration and length of the WGA-gel on the electrophoretic-mobility of

O-GlcNAcylated proteins during WGA-SDS-PAGE. (A) An increase in WGA concentration improves the

efficacy of separation of O-GlcNAcylated HA-Tab1. HA-Tab1 was co-expressed together with Flag-OGT or

Myc-OGA in COS-7 cells. The cell lysates were separated by WGA-SDS-PAGE with gels containing the

indicated concentrations of WGA, followed by immunoblotting with an anti-HA antibody (top and 2nd panels).

The length of the WGA-gel layer was fixed at 9-mm. An aliquot of the same cell lysates was also separated

with standard SDS-PAGE, and immunoblotted with an anti-HA antibody (3rd panel). The expression levels of

Flag-OGT and Myc-OGA are also shown (4th and bottom panels). (B) Increase in the length of the WGA-gel

layer enhances the efficacy of separation of O-GlcNAcylated Tab1 and the resolution of the protein bands.

WGA-gel layers of different lengths (3, 6, and 9 mm) were prepared, and aliquots from the same cell lysate

used in (A) were then separated on these WGA-SDS-PAGE gels. HA-Tab1 was detected with an anti-HA

antibody as in (A). The WGA concentration was fixed at 3.75 mg/ml.

https://doi.org/10.1371/journal.pone.0180714.g003
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aliquot of the whole cell lysate of human HEK293 cells was separated using WGA-SDS-PAGE

or conventional SDS-PAGE. As shown in Fig 4A (upper panel, lane 1), after separation on

WGA-SDS-PAGE, endogenous AGFG1 exhibited multiple slower-migrating bands upon

immunoblotting using an anti-AGFG1 antibody. In contrast, these bands were not observed

when AGFG1 proteins were separated by SDS-PAGE in the absence of a WGA-gel layer (Fig

4B, upper panel, lane 1). To confirm that these slower-migrating bands were indeed O-GlcNA-

cylated forms of AGFG1, we blocked O-GlcNAcylation of AGFG1 by knockdown of OGT

expression with siRNA. This siRNA induced a decrease in OGT expression in the cells, and,

concomitant with this decrease, the O-GlcNAcylation levels of total cellular proteins signifi-

cantly declined (S3 Fig, lane 2). Consistent with this result, the slower-migrating AGFG1

bands that were observed in WGA-SDS-PAGE almost completely disappeared when OGT was

depleted with siRNA, and, instead, a single faster-migrating band was observed (Fig 4A, lane

2). Furthermore, treatment of HEK293 cells with a potent OGA inhibitor Thiamet-G (TMG),

which increases O-GlcNAcylation levels of cellular proteins (S3 Fig, lane 3), enhanced the

intensity of the upper-shifted AGFG1 bands in WGA-SDS-PAGE (Fig 4A, upper panel, lane

3). Densitometric analysis of the multiple AGFG1 bands demonstrated that only 26% of

Fig 4. Detection and separation of endogenous O-GlcNAcylated proteins by WGA-SDS-PAGE. (A and

B) Whole cell lysates from HEK293 cells transfected with siRNA targeting OGT or control siRNA, and treated

with or without 10 μM Thiamet-G (TMG) for 24 hours were separated on WGA-SDS-PAGE (A) or standard

SDS-PAGE (B). WGA-gel layer conditions were fixed at 9-mm in length and a concentration of 3.75 mg/ml.

Immunoblotting was performed with an anti-AGFG1 antibody (upper panels) or an anti-Nup62 antibody

(bottom panels). The black and white arrowheads indicate the O-GlcNAcylated and non-O-GlcNAcylated

protein bands, respectively. Individual migration bands of AGFG1 (A, upper panel, no. 1–7) were quantified by

densitometry, and the relative abundance ratio is shown in a small graph. The area of the WGA-gel layer

transferred to the nitrocellulose membrane is indicated by a black bracket. Actin was used as a loading control

(bottom panel, B).

https://doi.org/10.1371/journal.pone.0180714.g004
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AGFG1 remained in the non-O-GlcNAcylated state in human HEK293 cells (Fig 4A, upper

panel, lane 1), suggesting that most cellular AGFG1 proteins were modified with O-GlcNAc at

multiple sites.

We also assessed the endogenous O-GlcNAcylation level of another representative

O-GlcNAcylatable protein, Nup62 [28]. This protein is a component of the nuclear pore com-

plex (NPC), and the bulk of its O-GlcNAcylated residues is in the FG-repeat domain [29, 30].

Western blot analysis of cell lysates separated on WGA-SDS-PAGE with an anti-Nup62 anti-

body showed a single, markedly up-shifted band near the top of the separating gel (Fig 4A,

lower panel, and S4 Fig). Treatment of cells with the OGA inhibitor TMG did not further

decrease the mobility of Nup62 (S4 Fig). Knockdown of OGT by siRNA dramatically increased

the mobility of Nup62 on WGA-SDS-PAGE, resulting in the appearance of a lower band.

These findings indicated that, in contrast to AGFG1, almost all Nup62 proteins in cells exist as

a homogeneous, highly O-GlcNAc-modified form. Therefore, these combined data indicated

that WGA-SDS-PAGE is a useful tool for analysis of the O-GlcNAcylation status of endoge-

nous proteins. It should be noted that, unlike our observation, a previous report has suggested

that several different O-GlcNAcylated forms of Nup62 are present in rat brain, as O-GlcNAcy-

lated Nup62 conjugated with PEG-tag was detected as multiple bands in SDS-PAGE [7].

Although the precise reason is unclear, this apparent difference might be caused by cell type-

dependent regulation of O-GlcNAcylation or by difference in the detection methods.

It has been reported that, in some cases, certain PTMs such as phosphorylation cause the

retardation of the electrophoretic-mobility of target proteins, allowing the detection of modi-

fied proteins as up-shifted bands in SDS-PAGE [31–33]. On standard SDS-PAGE, the migra-

tion-rate depends on the physicochemical properties of proteins, such as hydrophobicity and

net-charge [34]. However, in many cases, O-GlcNAcylation does not induce a significant

change in the electrophoretic mobility of the modified protein in standard SDS-PAGE due to

the low molecular weight and lack of charge of an O-GlcNAc residue. Hence few techniques

for the quantification of O-GlcNAcylated proteins have been developed. In the present study,

we demonstrated for the first time that O-GlcNAcylated proteins could be separated from

their unmodified forms by electrophoresis through an SDS-polyacrylamide gel containing an

immobilized WGA layer, therefore enabling the sensitive and quantitative detection of various

O-GlcNAcylated proteins. Previously developed methods for the detection of O-GlcNAcylated

proteins require complicated processes, such as in vitro enzymatic and chemical reactions, and

mass-spectrometry [6, 7]. For example, Rexach et al. have recently reported the PEG-tag-medi-

ated detection of O-GlcNAcylated proteins, which requires several specific reagents (e.g., a

galactosyltransferase GalT-Y289L mutant, UDP-ketogalactose, and aminooxyl-functiobalized

PEG derivatives), as well as time-consuming processes such as GalT-mediated PEGylation and

protein purification [7]. In contrast, our WGA-SDS-PAGE method can readily detect and pre-

cisely quantifies the O-GlcNAcylation levels of specific proteins without using the unusual

chemical materials, and without taking complicated and time-consuming steps. Moreover,

this method can be applied to any cellular protein because O-GlcNAcylated protein forms can

be detected by immunoblotting using specific antibodies, thereby allowing easy assessment of

the O-GlcNAcylaion state of a protein of interest. It should, however, be noted that because

WGA binds not only N-acetylglucosamine but also sialic acid, O-GlcNAcylation of slower-

migrating proteins in WGA-SDS-PAGE should be confirmed at least once by immunoblotting

using the anti-O-GlcNAc antibody or sWGA-HRP as we demonstrated in Fig 2A and S2 Fig.

In conclusion, the WGA-SDS-PAGE method can accelerate studies of protein O-GlcNAcyla-

tion, and provide novel insights into functions of O-GlcNAcylation in physiological and path-

ological processes.
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Supporting information

S1 Fig. Washing of the gel with transfer buffer containing N-acetylglucosamine did not

affect the transfer efficiency of O-GlcNAcylated proteins. HA-Tab1 was transiently

expressed with Flag-OGT or Myc-OGA in HEK293 cells, and the cell lysates were separated on

WGA-SDS-PAGE (9-mm-long WGA-gel layer containing 3.75 mg/ml of WGA). After electro-

phoresis was completed, the separating gel was washed three times with transfer buffer with or

without 0.5 M N-acetylglucosamine (GlcNAc). Immunoblotting was performed with an anti-

HA Ab.

(TIF)

S2 Fig. The O-GlcNAcylation of up-shifted bands in WGA-SDS-PAGE is detected by prob-

ing with succinylated WGA-HRP. (A) Myc-TFG, (B) Myc-TSC22D1 or (C) Myc-UBAP2L

was transiently expressed with Flag-OGT or Flag-OGA in HEK293 cells, and the cell lysates

were immunoprecipitated with an anti-Myc Ab. The immune-precipitated proteins or cell

lysates were separated on WGA-SDS-PAGE (upper panel, 9-mm-long WGA-gel layer contain-

ing 3.75 mg/ml of WGA) or standard SDS-PAGE (lower panel). After electrophoresis and

transfer to nitrocellulose membranes were completed, succinylated WGA-HRP (sWGA) or

the indicated antibodies were used to probe the membranes.

(TIF)

S3 Fig. SiRNA-dependent knockdown of OGT inhibits O-GlcNAcylation of cellular pro-

teins. HEK293 cells were transfected with siRNA targeting OGT or control siRNA, and treated

with or without 10 μM Thiamet-G (TMG) for 24 hours. The cell lysates were separated on

standard SDS-PAGE, followed by immunoblotting with the indicated antibodies. O-GlcNAcy-

lation levels of cellular proteins were probed with the O-GlcNAc-specific monoclonal anti-

body, RL2. Actin was used as a loading control.

(TIF)

S4 Fig. The effect of different concentrations of WGA-gel on the efficiency of separation of

endogenous O-GlcNAc proteins. The effect of WGA concentration on the efficacy of separa-

tion of O-GlcNAcylated AGFG1 (top panels) and Nup62 (middle panels). HEK293 cells were

transfected with siRNA targeting OGT or control siRNA, and treated with or without 10 μM

TMG for 24 hours. The aliquots of HEK293 cell lysates were separated on WGA-SDS-PAGE

with different WGA concentrations in the WGA-gel layer. Immunoblotting was performed

with the indicated antibodies. Actin was used as a loading control (bottom panel).

(TIF)
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