
Target protein deglycosylation in living cells by a nanobody-
fused split O-GlcNAcase

Yun Ge1, Daniel H. Ramirez1, Bo Yang1, Alexandria K. D’Souza1, Chanat Aonbangkhen1, 
Stephanie Wong1, Christina M. Woo1,*

1Department of Chemistry and Chemical Biology, Harvard University, Cambridge, MA, USA

Abstract

O-GlcNAc is an essential and dynamic post-translational modification presented on thousands of 

nucleocytoplasmic proteins. Interrogating the role of O-GlcNAc on a single target protein is 

crucial yet challenging to perform in cells. Herein, we developed a nanobody-fused split O-

GlcNAcase (OGA) as an O-GlcNAc eraser for selective deglycosylation of a target protein in cells. 

After systematic cellular optimization, we identified a split OGA with reduced inherent 

deglycosidase activity that selectively removed O-GlcNAc from the desired target protein when 

directed by a nanobody. We demonstrate the generality of the nanobody-fused split OGA using 

four nanobodies against five target proteins, and use the system to study functions for O-GlcNAc 

on the transcription factors c-Jun and c-Fos. The nanobody-directed O-GlcNAc eraser provides a 

new strategy for functional evaluation and engineering of O-GlcNAc via the selective removal of 

O-GlcNAc from individual proteins directly in cells.

Introduction

O-Linked N-acetyl glucosamine (O-GlcNAc) is a monosaccharide post-translational 

modification (PTM) installed on serine or threonine residues of numerous 

nucleocytoplasmic proteins across species1. O-GlcNAc is a reversible and dynamic 

modification regulated by a single pair of enzymes, the writer O-GlcNAc transferase2 (OGT) 

and the eraser O-GlcNAcase3 (OGA). Loss of O-GlcNAc homeostasis has been linked to 

many diseases, including neurodegeneration4, diabetes5, and cancer6. Understanding the 

functional contribution of O-GlcNAc will elucidate the essential roles this modification 

plays in maintaining nutrient homeostasis and cellular signaling7.
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To uncover the functions of O-GlcNAc on a protein in cells, methods to either globally 

regulate O-GlcNAc or investigate specific glycosites have been developed8. Overexpression, 

genetic knockdown/knockout, or application of chemical inhibitors for OGT or OGA are 

common mechanisms to globally reduce or elevate O-GlcNAc, respectively9–11. However, 

these approaches produce wide-spread changes to O-GlcNAc levels that require additional 

studies to characterize the function of O-GlcNAc on a target protein. Furthermore, inhibitors 

of OGT and OGA have recently been shown to rapidly alter expression of OGT9 or OGA10. 

With the advent of glycoproteomic methods12–14, specific glycosites are more readily 

targeted by site-directed mutagenesis approaches to permanently add O-GlcNAc15 or block 

its installation. However, modification site mapping remains non-trivial and using site-

directed mutagenesis to study O-GlcNAcylated proteins with multiple or unmapped 

glycosites is challenging. Additionally, O-GlcNAc has extensive cross-talk with other PTMs, 

including phosphorylation16 and ubiquitylation17, which may be disrupted by site-directed 

mutagenesis. An alternative method to selectively edit protein O-GlcNAcylation in cells will 

facilitate dissection of O-GlcNAc functions on the target protein.

Recently, we reported the selective installation of O-GlcNAc to a target protein in living 

cells using a nanobody fusion to OGT18. A nanobody is a small, single-domain protein 

binder that is capable of recognizing intracellular targets with high affinity and selectivity19. 

Building on the insights gained from engineering a nanobody-OGT and the recent crystal 

structures of human OGA20–22, we sought to develop an O-GlcNAc eraser to remove O-

GlcNAc from a desired target protein in cells by leveraging the protein selectivity of the 

nanobody and the robust enzymatic activity of OGA after rational engineering (Fig. 1a). We 

developed a split OGA with minimal size and limited inherent activity by optimization and 

characterization of a series of OGA constructs, and demonstrated that fusion of a nanobody 

selectively restores deglycosidase activity on the target protein (Fig. 1b). The nanobody-

fused split OGA is modular and generalizable for various nanobodies that recognize protein 

and peptide tags for the successful deglycosylation of a broad range of target proteins with 

excellent protein selectivity and minimal effects on global O-GlcNAc levels. We further 

demonstrated use of the O-GlcNAc eraser to distinguish global versus protein-specific 

functions for O-GlcNAc on transcription factors c-Jun and c-Fos activity in cells, two 

transcription factors that carry multiple or unmapped O-GlcNAc sites.

Results

Identifying the essential domains of active OGA.

The long splice variant of human OGA is a 103-kDa hydrolase containing a catalytic 

domain, a stalk domain, and a pseudo-histone acetyltransferase (HAT) domain interspersed 

by several disordered regions23. Inspired by the recent structures of OGA20–22, we initiated 

efforts to identify a nominally functional OGA variant that targeted a substrate of interest in 

living cells using three constructs with or without the nanobody: (1) the catalytic domain 

alone, (2) a construct lacking the C-terminal HAT domain, and (3) a construct with a 

glycine-serine linker replacing a disordered region in OGA20 (Extended Data Fig. 1a,b). To 

evaluate the enzymatic activities of these constructs, we used the highly O-GlcNAcylated 

Nup62 tagged with GFP and a Flag-tag at the N-terminus for detection, and an EPEA-tag at 
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the C-terminus for enrichment (GFP-Nup62, Extended Data Fig. 1c) as a target protein24. 

After co-expression with one of the three OGA constructs in HEK 293T cells, GFP-Nup62 

was immunoprecipitated and the O-GlcNAc levels probed with the RL2 antibody. As 

expected20–22, we found that the catalytic domain and the stalk domain of OGA, but not the 

HAT domain, are required for deglycosylation of GFP-Nup62 within cells (Extended Data 

Fig. 2a). Deglycosylation of GFP-Nup62 was enhanced by recruitment of the active OGA 

constructs with an N-terminal nanobody against GFP (nGFP)25 (Extended Data Fig. 2b). 

However, further investigation revealed that these initial nanobody-OGA fusion proteins 

exhibited poor selectivity and affected the localization of the target protein (Extended Data 

Fig. 3). To improve the target protein selectivity, we pursued the further engineering of OGA 

to identify a construct capable of serving as a protein-selective O-GlcNAc eraser.

Optimizing a selective nanobody-directed split OGA.

With the aim of reducing the inherent activity of OGA and thereby improving selectivity for 

the target protein through the nanobody in living cells, we utilized a novel strategy to reduce 

the size and activity of OGA. Human OGA contains a caspase-3 cleavage site at Asp-413 

that splits OGA during apoptosis into an N- and C-terminal fragment26, which can 

reconstitute enzymatic activity when co-expressed simultaneously in living cells (Extended 

Data Fig. 4a). Encouraged by this observation, we next sought to lower the association 

between the two fragments by first fine tuning the enzymatic activity of split OGA. We 

generated three N-fragments (N1–N3) and four C-fragments (C1–C4) by iteratively reducing 

the size of each fragment, starting from the original cleavage site Asp-413 (Fig. 2a). The 

deglycosidase activity of these fragments was screened against GFP-Nup62 beginning with 

the truncated N1–N3 fragments paired with the original C-fragment [C1, amino acid (aa) 

414–916] (Fig. 2b and Supplementary Figure 1a). Following immunoprecipitation and 

probing for O-GlcNAc on GFP-Nup62, we found that N2 was the minimal N-fragment that 

possessed deglycosylation activity when paired with C1. No activity was seen with the 

shorter N3 fragment on GFP-Nup62 regardless of the C-fragment pairing (Supplementary 

Figure 2). We reasoned that part of the stalk domain (aa 367–400) forms critical contacts for 

the biochemical activity of OGA in cells, which is consistent with in vitro observations22.

Similarly, we screened the C-fragments in combination with N2 and found that shorter C-

fragments corresponded to a decrease in split OGA activity on GFP-Nup62 (Fig. 2c and 

Supplementary Figure 1b). Among those combinations, the N2-C3 pair and the N2-C4 pair 

showed significantly reduced activity. Target protein deglycosylation was next evaluated by 

fusion of nGFP to the N-terminus of either the N-fragment (N2) or C-fragments (C3 or C4). 

Fusion of nGFP to either N2 or C3 selectively restored deglycosidase activity to GFP-

Nup62. However, no activity on GFP-Nup62 was observed with the N2-C4 pair after fusion 

of nGFP (Fig. 2d and Supplementary Figure 1c). Likewise, only the N2 and nGFP-fused C3 

pair were reciprocally co-immunoprecipitated (Extended Data Fig. 4b), which implies that 

amino acids 544–553 contribute to the association of the two fragments, likely via the 

formation of the OGA homodimer, and therefore reconstituting the active OGA in vivo22.

Finally, we confirmed the deglycosidase activity on the target protein derived from the 

nanobody-fused split OGA by mutation of D174, one of the two catalytic aspartate residues 
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in OGA27, to asparagine (N) as an inactive negative control (Extended Data Fig. 4c). On 

comparison to the inactive control, we found that N2 with nGFP-fused C3 possessed the 

highest efficiency and selectivity at removal of O-GlcNAc on GFP-Nup62, and termed this 

combination nGFP-splitOGA in subsequent experiments (highlighted in the red rectangle, 

Fig. 2a).

Selective O-GlcNAc removal from target proteins.

We next evaluated the generalizability of nGFP-splitOGA as a selective O-GlcNAc eraser 

against a range of target proteins. nGFP-splitOGA removed O-GlcNAc analogous to the 

full-length OGA (fl-OGA) from GFP-Nup62 in a nGFP-dependent manner, regardless of the 

GFP orientation on Nup62 (Fig. 3a, Supplementary Figure 3 & 4a). nGFP-splitOGA is 

similarly as effective as the fl-OGA at deglycosylation of the constitutively O-GlcNAc-

modified protein, GFP-Sp124 following installation of the nanobody for protein targeting 

(Fig. 3b and Supplementary Figure 4b). A third target protein, GFP-JunB, was evaluated 

using a mass shift assay24 as this transcription factor possesses several glycosites at a 

relatively low occupancy28. Cell lysates co-transfected with nGFP-splitOGA and GFP-JunB 

were sequentially labeled with UDP-GalNAz and 5kDa DBCO-PEG to reveal the O-

GlcNAcylation status by immunoblotting.

Notably, nGFP-splitOGA selectively deglycosylated GFP-JunB while leaving endogenous 

CREB24 largely unperturbed, in contrast to the effects of co-expression of fl-OGA (Fig. 3c 

and Supplementary Figure 4c). The O-GlcNAc levels on CREB were minimally perturbed 

by nGFP-splitOGA regardless of the target protein (Extended Data Fig. 5a). Global O-

GlcNAc levels also showed negligible changes on co-expression of nGFP-splitOGA and 

GFP-JunB, in contrast to the dramatic reduction caused by the OGT inhibitor OSMI-4b9 

(Extended Data Fig. 5b). Furthermore, no perturbation of endogenous OGT or OGA protein 

levels was observed in the presence of nGFP-splitOGA constructs, though expression levels 

of nGFP-splitOGA is greater than native expression of OGA (Extended Data Fig. 5c,d). In 

addition, nGFP-splitOGA did not alter the subcellular localization of the target protein in 

HEK 293T cells (Extended Data Fig. 6). These data point to the high selectivity, 

orthogonality, and generality of nGFP-splitOGA in target protein deglycosylation.

To more quantitatively evaluate the selectivity of nGFP-splitOGA, we performed an 

unbiased quantitative mass spectrometry (MS) analysis of the O-GlcNAcylated proteome on 

expression of nGFP-splitOGA (Extended Data Fig. 7a). O-GlcNAcylated proteins from 

HEK 293T cells co-expressing GFP-Nup62 and (1) fl-OGA, (2) nGFP-splitOGA, or (3) the 

inactive form of nGFP-splitOGA [N2(D174N) + nGFP-C3] were chemoenzymatically 

labeled, enriched, and digested for protein identification and quantification by MS using 

tandem mass tags (TMT). Two independent biological replicates were performed with 

excellent reproducibility (Extended Data Fig. 7b–d). Normalization to the inactive form of 

nGFP-splitOGA revealed that fl-OGA expression globally decreased O-GlcNAcylated 

proteins, while nGFP-splitOGA expression significantly reduced O-GlcNAcylated GFP-

Nup62 with negligible perturbation of the O-GlcNAc proteome by comparison (Fig. 3d). 

The greater reduction of O-GlcNAc on GFP-Nup62 by nGFP-splitOGA than by fl-OGA 

may reflect the arguably more sensitive measurement by MS. Direct comparison of the O-
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GlcNAc proteome from nGFP-splitOGA to fl-OGA shows GFP-Nup62 as the only protein 

that is reproducibly deglycosylated by nGFP-splitOGA more than fl-OGA (Fig. 3e).

To directly compare the nGFP-splitOGA to split OGA alone, we subsequently quantified the 

global O-GlcNAc proteome from four independent biological replicates with HEK 293T 

cells co-expressing GFP-Sp1 and (1) nGFP-splitOGA, (2) split OGA (N2+C3), or (3) the 

inactive form of split OGA [N2(D174N) + C3]. GFP-Sp1 displays the largest O-GlcNAc 

reduction with the minimal P-value on co-expression of nGFP-splitOGA in comparison to 

split OGA (Fig. 3f). Notably, the global O-GlcNAc proteome in the presence of split OGA 

shows no significant difference from that of the inactive form (Fig. 3g). Taken together, both 

immunoblotting analysis and quantitative proteomics demonstrate that nGFP-splitOGA is a 

general mechanism to selectively remove O-GlcNAc from target proteins in cells, at 

efficiency levels comparable to fl-OGA, while minimally affecting the broader O-GlcNAc 

proteome.

Diverse nanobody-epitope pairs are applicable.

Although we were enthused that nGFP-splitOGA is a highly selective O-GlcNAc eraser of 

several GFP-fused target proteins, we were cognizant that GFP fusion proteins may not be 

ideal for the full range of potential biological applications of this system. Hence, we 

evaluated three additional nanobodies and their epitope tags, with a focus on short peptide 

epitopes, as additional options for utilizing the protein selective O-GlcNAc eraser. We first 

evaluated nanobodies against the EPEA-tag and the Ubc tag, which recognize a C-terminal 

EPEA-tag29, or 14-residue peptide epitope derived from UBC6e30, respectively (Fig. 4a). 

Application of these nanobodies to the target protein Nup62-Ubc-EPEA revealed that both 

nanobodies are efficient at reducing O-GlcNAc levels from the target protein (Fig. 4b). The 

nUbc-splitOGA and the Ubc-tagged substrate were further observed to co-localize by 

confocal imaging (Supplementary Figure 5). Target protein deglycosylation was also 

effective with a third nanobody that recognizes the BC2-tag, a 12-residue peptide epitope31 

(Extended Data Fig. 8).

As before, the new nanobody-splitOGA fusions were generalizable to additional target 

proteins as desired. c-Fos is a core component of AP-1 transcription factor complex32 and 

reported to be O-GlcNAc modified in mammalian cells33, yet these glycosites await 

unambiguous assignment by MS. Target deglycosylation of c-Fos tagged with Ubc (c-Fos-

Ubc) in HEK 293T cells showed that, as expected, O-GlcNAc was selectively reduced from 

the target protein by nUbc-splitOGA, and not the inactive mutant [N2(D174N) + nUbc-C3], 

at levels equivalent to fl-OGA (Fig. 4c and Supplementary Figure 6). Taken together, these 

results demonstrate that multiple nanobody-tag pairs are readily adapted to split OGA for 

protein-selective deglycosylation.

Revealing the role of O-GlcNAc on target proteins.

We envisioned that the targeted O-GlcNAc eraser would facilitate engineering and 

functional analysis of O-GlcNAc on a target protein, and thus evaluated the impact of O-

GlcNAc on two members of the AP-1 transcription factor complex, c-Jun and c-Fos. c-Jun 

carries multiple glycosites34 and is stabilized on global elevation of O-GlcNAc by OGT 
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overexpression in hepatocellular carcinoma (HCC) cells35.However, the direct contribution 

of O-GlcNAc to stabilization of c-Jun has yet to be established. First, we performed a mass-

shift assay on GFP-c-Jun to validate that nGFP-splitOGA can selectively erase O-GlcNAc 

from O-GlcNAcylated GFP-c-Jun. Similar to GFP-JunB, GFP-c-Jun was selectively 

deglycosylated by the active nGFP-splitOGA, with minimal disruption of O-GlcNAc levels 

on endogenous CREB or the global O-GlcNAc proteome (Fig. 5a, Supplementary Figure 7 

and Extended Data Fig. 9a,b).

Given that O-GlcNAc may stabilize c-Jun, we monitored the turnover of GFP-c-Jun in HEK 

293T cells by adding cycloheximide (CHX) to block protein synthesis. Indeed, degradation 

of GFP-c-Jun was accelerated upon OGT inhibition with Ac45SGlcNAc and attenuated upon 

OGA inhibition with Thiamet-G (Extended Data Fig. 9c). However, inhibition of OGT or 

OGA broadly alters O-GlcNAc on a number of proteins, which may alter protein stability 

through other mechanisms36. Therefore, we employed nGFP-splitOGA to directly link the 

O-GlcNAc modification on GFP-c-Jun to protein stability. GFP-c-Jun was co-expressed with 

nGFP-splitOGA (red line) or the inactive form (blue line) in HEK 293T cells. Upon addition 

of CHX, the protein level of GFP-c-Jun was monitored over time to reveal that targeted 

deglycosylation of GFP-c-Jun accelerated degradation (Fig. 5b), implying that the stability 

of GFP-c-Jun is directly impaired by the loss of O-GlcNAc.

c-Jun forms a heterodimer with c-Fos as part of the AP-1 transcription factor complex. Next, 

we sought to explore a possible connection between O-GlcNAc and c-Fos on transcriptional 

activity by comparison of target protein deglycosylation to chemical inhibition of O-

GlcNAcylation. We first verified that nUbc-splitOGA selectively removes O-GlcNAc 

without altering global O-GlcNAc levels, in contrast to the potent OGT inhibitor OSMI-4b9 

(Fig. 5c and Supplementary Figure 8). By contrast, the O-GlcNAc modification on 

endogenous c-Jun was reduced upon OGT inhibition by OSMI-4b, but remained 

unperturbed under the treatment of nUbc-splitOGA (Extended Data Fig. 10). To evaluate 

transcriptional activity, c-Fos-Ubc and the AP-1-responsive luciferase reporter were co-

transfected in HEK 293T cells and we observed an enhanced AP-1 responsive luciferase 

signal upon OGT inhibition with OSMI-4b (Fig. 5d). Intriguingly, AP-1 transcriptional 

activity remained largely unperturbed on selective c-Fos deglycosylation using nUbc-

splitOGA in comparison to the inactive mutant, indicating that direct deglycosylation of c-

Fos is not promoting AP-1 activity (Fig. 5e). Notably, addition of OSMI-4b again recovered 

AP-1 transcriptional activity in the presence of the inactive nUbc-splitOGA. Therefore, 

based on the insight garnered by the target protein deglycosylation approach, we postulate 

that the enhanced transcriptional activity induced by OSMI-4b may be promoted by removal 

of O-GlcNAc from other proteins and is not directly linked to removal of O-GlcNAc on c-

Fos. For example, AP-1 is composed of members from several protein families32, of which 

several are O-GlcNAc modified, and other members of transcription machinery are O-

GlcNAc modified as well, such as RNA polymerase II37 and TATA-binding protein38. Taken 

together, the nanobody-fused split OGA can readily translate effects observed on the global 

O-GlcNAc proteome back to the desired target protein in cells, and will find particular use in 

the study of target proteins bearing multiple or only partially characterized glycosites.
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Discussion

Here we report a method to selectively remove O-GlcNAc and measure the functional 

contribution on a desired target protein using a nanobody-fused split OGA. The targeted O-

GlcNAc eraser enables selective deglycosylation on a protein of interest in cells with 

minimal perturbation of the global O-GlcNAc proteome, and complements chemical and 

genetic methods to globally perturb O-GlcNAc levels or target specific glycosites, if known. 

We demonstrate the generality of nanobody-splitOGA using four nanobodies directed to five 

protein targets that represent the range of O-GlcNAc substrates and demonstrate selectivity 

for the target protein through the nanobody by comparison of several split OGA constructs 

and evaluation of the global O-GlcNAc proteome. Finally, we applied the system to 

characterize the direct functional contribution of O-GlcNAc on a desired protein, using c-Jun 

and c-Fos, in the context of protein stabilization and downstream transcriptional activation.

The ability to perform protein-selective deglycosylation within cells bridges an important 

gap in the translation of phenotypic effects observed from the global perturbation of O-

GlcNAc to the contribution of O-GlcNAc on specific target proteins and enables a number of 

new strategies for the study and engineering of O-GlcNAc. Utilizing inhibitors of OGT or 

OGA allows for correlation of phenotypic effects with O-GlcNAcylation, yet to link the 

effect of O-GlcNAc back to a target protein previously required the comprehensive mapping 

of the glycosites and validation using site-directed mutagenesis. Using the nanobody-

splitOGA, candidate proteins can instead be directly evaluated in cells to facilitate the 

attribution of a phenotype or desired outcome prior to glycosite mapping efforts. We 

envision that this will be of particular utility for many O-GlcNAc proteins, like c-Jun or c-

Fos, which are O-GlcNAc modified at multiple or unmapped glycosites. The approach may 

further avoid disturbances to other PTM signaling pathways, function, or structure of a 

protein that may arise from conventional site-directed mutagenesis. Furthermore, unlike 

mutagenesis, the nanobody-splitOGA is readily complemented with the nanobody-OGT18 to 

enable bidirectional modulation of the target protein and functional evaluation. Since O-

GlcNAc serves as a signal molecule on nucleocytoplasmic proteins, target protein 

glycosylation and deglycosylation may reveal both native functions for O-GlcNAc and neo-

functions that may participate in rewiring related signaling pathways similar to the 

engineering of other PTMs, like ubiquitylation39 and phosphorylation40, in the long term.

Despite these advantages, the nanobody-splitOGA system contains several limitations in its 

present form. Although the modularity of nanobody-tag pairs is generalizable, the tagging 

and expression of a target protein is required for recruitment of the nanobody-splitOGA 

system. These challenges will be mitigated through the generation of nanobodies that target 

endogenous proteins 41 or through genetic engineering approaches, like CRISPR, that enable 

tagging of endogenous proteins with small peptide sequences or GFP42. Nonetheless, 

binding of the nanobody to the target protein has the potential to influence the functionalities 

of target proteins, such as by blocking protein-protein interactions, inhibiting enzymatic 

activity, or interfering with dynamic structural changes43, necessitating the use of 

appropriate controls (i.e., the catalytically inactive nanobody-splitOGA) and additional 

validation experiments. In the long term, integration of recent developments in nanobody 

engineering with this system, such as nanobodies with a wide range of affinities44, or 
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chemo/optogenetically controlled nanobodies45,46 may address these issues and expand the 

capabilities of this system. As the nanobody-splitOGA system is a target protein 

deglycosidase, phenotypic effects from modulation of an individual glycosite on a multiply 

glycosylated target protein may be overlooked. In addition, the protein-selective 

deglycosylation mediated by nanobody-splitOGA will not differentiate between functions 

associated with co-translational47 versus post-translational O-GlcNAc modification. 

Leveraging nanobodies that target unique signal sequences of nascent proteins or 

relocalization of a nanobody-splitOGA to certain subcellular compartments with more 

spatiotemporal control may overcome these challenges.

In conclusion, we report a generalizable and flexible strategy for target protein 

deglycosylation using a nanobody-fused split OGA. The targeted O-GlcNAc eraser enables 

the direct linkage of phenotypic effects observed in cellular assays to O-GlcNAc on a target 

protein of interest, thus facilitating characterization of O-GlcNAc functions on a protein 

level. In combination with additional methods for studying O-GlcNAc, the system reported 

here will accelerate the discovery of O-GlcNAc functions on the several thousand target 

proteins bearing O-GlcNAc within different physiological and nutritional contexts.

Methods

Cell culture and transfection.

HEK 293T cells (ATCC) were cultured in Dulbecco’s Modified Eagle Medium (DMEM, 

11995073) supplemented with penicillin (50 μg/mL) and streptomycin (50 μg/mL) along 

with 10% (v/v) FBS. Transfections of all plasmids in this study were performed using 

TransIT-PRO® (Mirus Bio, MIR 5740) according to the manufacturer’s instructions.

Plasmids and subcloning.

Glycoproteins Nup62, Sp1, JunB, c-Jun were subcloned into pcDNA3.1 vector with GFP 

and a Flag-tag, or BC2 tag in the N terminus and EPEA tag in the C terminus, respectively, 

unless otherwise noted. For all split OGA constructs with or without the fusion of nanobody, 

N fragments were tagged with a myc tag and C fragments were tagged with a HA tag, 

respectively. Human SP1 cDNA ORF plasmid (HG12024-G), human c-Fos cDNA ORF 

plasmid (HG11279-M) and human OGT cDNA ORF clone with a C-terminal His tag 

(HG17892-CH) were purchased from Sino Biological. c-Fos was subcloned into pcDNA3.1 

vector with a 14-residue Ubc tag (amino acids: QADQEAKELARQIA), Flag tag and EPEA 

tag in the C terminus. 3xAP1pGL3 was a gift from Alexander Dent (Addgene plasmid # 

40342; http://n2t.net/addgene:40342; RRID: Addgene_40342). The full-length OGA 

plasmid with a myc-tag is a generous gift from Prof. David Vocadlo, Simon Fraser 

University, Canada. All nanobody DNA fragments were synthesized from IDT. A list of 

genetic constructs used in this study, with annotated epitope tags, vector name, etc., was 

provided in Supplementary Table 1.

Antibodies and reagents.

Anti-Flag (F3165) and anti-OGA (HPA036141) were purchased from Sigma-Aldrich. Anti-

DYKDDDK Tag (14793), anti-myc (2276), anti-HA (3724), anti-GAPDH (5174), anti-OGT 
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(24083), anti-His-Tag (12698), anti-CREB (9197), anti-c-Jun (60A8), anti-c-Fos (2250) and 

anti-HA-Tag (Alexa Fluor® 647 Conjugate) (3444) were purchased from Cell Signaling 

Technology. Anti-O-GlcNAc(RL2) (ab2739) was obtained from Abcam. Anti-Nup62 

(610497) was purchased from BD Biosciences. Anti-β-actin (sc-47778) was purchased from 

Santa Cruz Biotechnology. Horseradish peroxidase (HRP)-conjugated secondary antibodies 

were purchased from Rockland Immunochemicals. IRDye® secondary antibodies were 

purchased from LI-COR Biosciences. Alexa Fluor™ 488 anti-rabbit IgG (A11008), Alexa 

Fluor™ 647 anti-rabbit IgG (A21244), Alex Fluor™ 568 anti-mouse IgG (A11004) and 

NucBlue™ Fixed Cell Stain ReadyProbes™ reagent (R37606) were purchased from 

Invitrogen. OSMI-4b, Ac45SGlcNAc and Biotin-Alkyne probe were homemade.

Immunoprecipitation and Immunoblot assays.

After 36~48 h of transfection, cells were harvested and washed with PBS once. Cells were 

lysed with M-PER lysis buffer (Thermo Scientific, 78501) containing 1× cOmplete™, 

EDTA-free protease inhibitor cocktail (Sigma-Aldrich, 11873580001) and 10 μM Thiamet-

G (Sigma-Aldrich, SML0244) unless otherwise noted. Protein concentrations were 

determined by the BCA assay kit (G-Biosciences, 786) on a multi-mode microplate reader 

FilterMax F3 (Molecular Devices LLC, Sunnyvale, CA).

For immunoprecipitation of proteins with the C-terminal EPEA tag, cell lysates with equal 

amounts of protein were diluted with PBS and incubated with C-tag affinity matrix (Thermo 

Scientific, 191307005) for 1 h at room temperature, with end-to-end rotation. After washed 

three times with PBS buffer, the enriched proteins were eluted with SDS sample buffer and 

subjected to SDS-PAGE.

For immunoprecipitation of proteins with the Flag tag, cells were lysed in a buffer 

containing 50 mM Tris HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 5% 

glycerol, 1× protease inhibitor cocktail and 10 μM Thiamet-G on ice for 20 min. Cell lysates 

with equal amounts of protein were diluted with the lysis buffer and incubated with ANTI-

FLAG® M2 magnetic beads (Sigma-Aldrich, M8823) for 2 h at 4 °C with rotation. The 

beads were washed by TBS buffer (50 mM Tris HCl pH 7.4, 150 mM NaCl) for three times. 

The enriched proteins were eluted with SDS sample buffer and subjected to SDS-PAGE.

For immunoprecipitation of proteins with anti-HA (Pierce, 88836) or anti-c-Myc (Pierce, 

88842) magnetic beads, cell lysates with equal amounts of protein were diluted with 1× 

TBS-T buffer (25 mM Tris HCl pH 7.4, 150 mM NaCl, 0.05% Tween-20) and incubated 

with pre-washed magnetic beads at room temperature for 30 min with mixing, following the 

manufacturer’s instructions. Anti-HA magnetic beads were washed three times with TBS-T 

buffer and once with ultrapure water. Anti-c-Myc magnetic beads were washed three times 

with 5× TBS-T buffer and once with ultrapure water. The enriched proteins were eluted with 

SDS sample buffer and subjected to SDS-PAGE.

For immunoprecipitation of proteins with His tag, cells were lysed in a buffer containing 50 

mM Tris HCl pH 8.0, 150 mM NaCl, 1% Triton X-100, 5% glycerol, 1× protease inhibitor 

cocktail and 10 μM Thiamet-G on ice for 20 min. Cell lysates with equal amounts of protein 

were diluted with wash buffer (50 mM Tris HCl pH 8.0, 150 mM NaCl, 0.01% Tween-20) 
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and incubated with pre-washed His-Tag Dynabeads (Invitrogen, 10103D) at room 

temperature for 20 min with mixing, following the manufacturer’s instructions. After 

washed 4 times with wash buffer, the enriched proteins were eluted with elution buffer (300 

mM Imidazole, 50 mM Tris HCl pH 8.0, 150 mM NaCl, 0.01% Tween-20) on a shaker for 

10 min at room temperature.

For immunoblotting analysis, proteins were transferred to a nitrocellulose membrane using 

iBlot (Thermo Scientific). Membranes were blocked with Tris buffered saline containing 

0.1% Tween-20 and 5% BSA (Sigma-Aldrich, A9647) and incubated with the primary 

antibodies (1:1,000 dilution) and the secondary antibodies (1:10,000 dilution) sequentially. 

Immunoblots images were captured by Azure Imager C600 (Azure Biosystems, Inc., Dublin, 

CA) and analyzed with Fiji ImageJ. All IR fluorescence western blot images are converted 

into grayscale images by Fiji ImageJ. The unsaturated exposure of immunoblot images was 

used for quantification with the appropriate loading controls as standards.

Cycloheximide (CHX) treatment.

HEK 293T cells were transiently transfected with indicated plasmids and treated with 

DMSO, or Ac45SGlcNAc, or Thiamet-G at the same time if needed. 36~48 h after the 

transfection, cells were incubated with 50 μM CHX (Sigma-Aldrich, C4859) for up to 12 h. 

At the indicated time points, cells were harvested and lysed with M-PER lysis buffer. Protein 

expression and global O-GlcNAc level were determined by immunoblot assays. GAPDH 

protein level was used as the internal loading control.

Chemoenzymatic labeling of O-GlcNAcylated proteins.

Purification of GalT1 (Y289L) enzyme and labeling of O-GlcNAcylated proteins with 

GalNAz were performed according to the procedure of Hsieh-Wilson and co-workers48. 

Briefly, cell samples in 6-well plates or 15-cm dishes were harvested and washed by PBS 

once. The lysis buffer (PBS with 2% SDS) was added into cell pellets and heated for 5 min 

at 95 °C, followed by the sonication to sheer DNA. Protein concentrations were determined 

by BCA assay. Cell lysates were reduced and alkylated with 25 mM DTT (Thermo 

Scientific, 20290) at 95 °C for 5 min and 50 mM iodoacetamide (Sigma-Aldrich, I1149) at 

room temperature for 1 h, respectively. Proteins were precipitated by the methanol/

chloroform solution (aqueous phase : CH3OH : CHCl3 = 4 : 4 :1) and resuspended in 1% 

SDS, 20 mM HEPES (pH 7.9) buffer with a concentration of 3.75 mg/mL. For 150 μg 

proteins, H2O (49 μL), 2.5× GalT labeling buffer (80 μL, final concentrations: 50 mM NaCl, 

20 mM HEPES, 2% NP-40, pH 7.9), 100 mM MnCl2 (11 μL), 500 μM UDP-GalNAz (10 

μL), 2 mg/mL GalT1 (Y289L) (10 μL) were added into cell lysates orderly. The reaction was 

gently rotated at 4 °C for at least 20 h and the proteins were precipitated as described above. 

The proteins were resuspended with 1% SDS, PBS for the further click chemistry. For mass 

spectrometry analysis, the procedures were scaled up with the starting material of 3 mg input 

proteins.

Mass shift assay with PEG5K labeling.

For proteins in PBS containing 1% SDS, 10 mM DBCO-PEG-5kDa (Click Chemistry Tools, 

A118) was added with a final concentration of 1mM. The reaction was conducted at 95 °C 
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for 5 min. The proteins were precipitated as previously described and resuspended in PBS 

containing 2% SDS. The proteins were mixed with SDS sample buffer and subjected into the 

immunoblot assay. The relative abundance of O-GlcNAcylated forms and unmodified form 

of the target protein is obtained by measuring the intensities of mass-shifted bands at higher 

molecular weights and the bottom band with the original molecular weight, respectively48. 

The ratio of abundances of O-GlcNAcylated forms versus unmodified form reflects the O-

GlcNAcylation level on the protein of interest.

CuAAC and biotin-immunoprecipitation.

For enrichment and identification of the O-GlcNAcylated proteins, experiments were 

performed based on the procedure of Woo and co-workers49. Briefly, the proteins in PBS 

containing 1% SDS were diluted with PBS and incubated with 100 μM THPTA (Sigma-

Aldrich, 762342), 0.5 mM CuSO4, 2.5 mM fresh sodium ascorbate and 200 μM either 

Biotin-PEG4-Alkyne (Click Chemistry Tools, TA105) for immunoblotting or Biotin-Alkyne 

probe for proteomics at 37 °C for 4 h.

For biotin-immunoprecipitation, proteins were precipitated and resuspended into 100 μL 

PBS containing 1% SDS. The protein solutions were diluted with PBS to lower the final 

concentration of SDS into 0.2% and incubated with pre-washed 40 μL streptavidin beads 

slurry at room temperature for 2 h with gentle rotation. Beads were washed sequentially with 

0.2 % SDS/PBS three times and PBS three times. Enriched proteins were eluted with SDS 

sample buffer and subjected to SDS-PAGE.

Quantitative chemical proteomics.

For quantitative proteomics, after reacted with Biotin-Alkyne probe, proteins were 

precipitated and resuspended into 400 μL PBS containing 2% SDS. The protein solutions 

were diluted with PBS to lower the final concentration of SDS into 0.2% and incubated with 

pre-washed 400 μL streptavidin beads slurry. The mixture was incubated at room 

temperature for 4 h with gentle rotation. The beads were transferred into the Bio-Spin 

column (Bio-Rad, 7326207) and washed with 1 mL 8 M urea, 5 mL 0.2% SDS/PBS, 5 mL 

PBS and 5 mL Milli-Q water sequentially with the help of a vacuum manifold. After 

changing buffer with 500 μL 500 mM urea, 1 mM CaCl2 in PBS, 2 μg trypsin (Promega, 

V5111) was added, and the resulting mixture was incubated at 37°C for 16 h. The eluant 

containing trypsin digested peptides were collected as the trypsin fraction for protein 

identification. The peptides were desalted by C18 Tips (87784) following the manufacturer’s 

instructions and resuspended in 20 μL 50 mM TEAB buffer. For each sample, 5 μL the 

corresponding amine-based TMT 10 (90406)/16-plex (A44520) reagents (Thermo Scientific, 

10 μg/μL, 11.9 μg/μL, respectively) was added and reacted for 1 h at room temperature. The 

reactions were quenched with 2 μL 5% hydroxylamine solution and combined. The 

combined mixture was concentrated using Eppendorf Vacufuge to dryness. For 

glycoproteomics experiments on GFP-Sp1, the mixture was resuspended and fractionated 

into 6 samples with High pH Reversed-Phase Peptide Fractionation Kit (Thermo Scientific, 

84868), and concentrated to dryness. All samples are stored at –20 °C until analysis.

Ge et al. Page 11

Nat Chem Biol. Author manuscript; available in PMC 2021 September 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Mass spectrometry acquisition procedures.

A Thermo Scientific EASY-nLC 1000 system was coupled to an Orbitrap Fusion Tribrid 

with a nano-electrospray ion source. Mobile phases A and B were water with 0.1% formic 

acid (v/v) and acetonitrile with 0.1% formic acid (v/v), respectively. For non-fractionated 

peptides, peptides were separated with a linear gradient from 4 to 32% B within 140 min, 

followed by an increase to 50% B within 10 min and further to 98% B within 10 min, and 

re-equilibration. For fractionated peptides, peptides were separated with a linear gradient 

from 4 to 32% B within 50 min, followed by an increase to 50% B within 10 min and further 

to 98% B within 10 min, and re-equilibration. The instrument parameters were set as 

follows: survey scans of peptide precursors were performed at 120K FWHM resolution over 

a m/z range of 410–1800. HCD fragmentation was performed on the top 10 most abundant 

precursors exhibiting a charge state from 2 to 5 at a resolving power setting of 50K and 

fragmentation energy of 37% in the Orbitrap. CID fragmentation was applied with 35% 

collision energy and resulting fragments detected using the normal scan rate in the ion trap.

Mass spectrometry data analysis.

The raw data was processed using Proteome Discoverer 2.4 (Thermo Fisher Scientific). For 

the trypsin fraction, the data were searched against the UniProt/SwissProt human (Homo 

sapiens) protein database (Aug. 19, 2016, 20,156 total entries) and contaminant proteins 

using Sequest HT algorithm. The database was adjusted by deleting O60502 (OGA) and 

replacing P37198 (Nup62) with GFP-Nup62 or P08047 (Sp1) with GFP-Sp1 protein 

sequences, respectively. Searches were performed with the following guidelines: spectra 

with a signal-to-noise ratio greater than 1.5; trypsin as enzyme, 2 missed cleavages; variable 

oxidation on methionine residues (15.995 Da); static carboxyamidomethylation of cysteine 

residues (57.021 Da), static TMT labeling (229.163 Da for TMT 10plex or 304.207 Da for 

TMT 16-plex) at lysine residues and peptide N-termini; 10 ppm mass error tolerance on 

precursor ions, and 0.02 Da mass error on fragment ions. Data were filtered with a peptide-

to-spectrum match (PSM) of 1% FDR using Percolator. The TMT reporter ions were 

quantified using the Reporter Ions Quantifier without normalization. For the obtained 

proteome, the data was further filtered with the following guidelines: protein FDR 

confidence is high; unique peptides are greater than 2; master protein only; exclude all 

contaminant proteins. For P-value and fold change calculations, the data was further 

processed using a custom algorithm as described below. Most of the empty abundances, if 

any, are filled in with minimum noise level. If all abundances are missing for control and 

treatment or the variance between existing abundances is above 30%, the PSM is removed. 

Applied here is a VSN normalization computed on the imputed matrix using a robust variant 

of the maximum-likelihood estimator for an additive-multiplicative error model and affine 

calibration50. The model incorporates dependence of the variance on the mean intensity and 

a variance stabilizing data transformation. A linear model is fitted to the expression data for 

control and treatment, then t-statistics are computed by empirical Bayes moderation of 

standard errors towards a common value.
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Immunofluorescence microscopy.

Cells were seeded on 22×22 mm glass coverslips No. 1.5 coated with poly-L-lysine 

(Neuvitro Corporation, H-22–1.5-pll) that had been placed in single wells of a 6-well plate 

for 24 h prior to transfection. 24~36 h after transfection, cells were washed with PBS twice 

and fixed in freshly prepared 4% paraformaldehyde in PBS for 20 min at room temperature. 

After washed with PBS twice, cells were permeabilized and blocked with the blocking 

buffer (1× PBS / 5% BSA / 0.3% Triton X-100) for 1 h at room temperature. The primary 

and secondary antibodies were diluted with the dilution buffer (1× PBS / 1% BSA / 0.3% 

Triton X-100) as the manufacturers recommended on their websites. The cells were 

incubated with the primary antibodies overnight at 4 °C. The cells were rinsed with PBS 

three times, followed by 1 h incubation with the secondary antibodies (1:1,000 dilution) at 

room temperature in the dark. The cells were washed with PBS three times and incubated 

with extra fluorophore conjugated primary antibodies if needed. After washed with PBS 

three times, NucBlue™ Fixed Cell Stain ReadyProbes™ reagent (Invitrogen, R37606) was 

added to stain the nuclei according to the manufacturer’s instructions. Coverslips were 

washed with PBS and mounted in anti-fade Diamond (Life Technologies, P36961). Images 

were collected on an OLYMPUS confocal laser scanning microscope (FV3000) and 

exported to Fiji ImageJ for final processing and assembly.

Luciferase reporter assay.

For luciferase assay in the OGT inhibition experiment, HEK 293T cells co-transfecting with 

c-Fos-Ubc-Flag-EPEA plasmid and AP-1 responsive luciferase reporter were treated with 

either DMSO or 25 μM OSMI-4b for 48 h before luciferase activity detection. For luciferase 

assay in the co-expression of nUbc-splitOGA, HEK 293T cells co-transfecting with c-Fos-

Ubc-Flag-EPEA plasmid and AP-1 responsive luciferase reporter with the incubation of 

either DMSO or 25 μM OSMI-4b were co-expressed with either nUbc-splitOGA or its 

inactive mutant (D174N) for 48 h before luciferase activity detection. Luciferase reporter 

assays were performed using Luciferase Assay System (Promega, E1500) according to 

manufacturer’s protocols. At least three independent biological replicates were done in this 

assay.

Statistical analysis.

Statistical analyses (unpaired two-tailed Student’s t-test) were performed using GraphPad 

Prism 8. Data were derived from at least three independent biological replicate experiments 

and presented as the mean ± s.d., *P < 0.0332, **P < 0.0021, ***P < 0.0002, ****P < 

0.0001 and n.s., not significant. For raw data of Fig. 3f, g, the Benjamini-Hochberg 

adjustment was applied for multiple comparisons.

Data availability

The main data generated or analyzed during this study are included in this published article 

and its Supplementary Information. The mass spectrometry proteomics data were searched 

against the UniProt/SwissProt human (Homo sapiens) protein database (Aug. 19, 2016, 

www.uniprot.org/proteomes/UP000005640) and have been deposited to the 

ProteomeXchange Consortium via the PRIDE51 partner repository with the dataset identifier 
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PXD022347 (Fig. 3d,e) and PXD018914 (Fig. 3f,g). Source data are provided with this 

paper.

Code availability

Code used to analyze the mass spectrometry proteomics data has been deposited in GitHub 

and is available for download at: https://github.com/harvardinformatics/quantproteomics/

tree/master/PEA

Extended Data
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Extended Data Fig. 1. Schematic representation of OGA and target protein constructs used in 
this study.
a, Schematic of the structures of human OGA and other truncations. Catalytic domain, stalk 

domain, HAT domain, and intrinsic disordered regions are shown in pink, cyan, orange and 

white, respectively. GS linker represents a 15-residue glycine and serine linker. b, Depiction 

of the strategy to fuse the nanobody on OGAs to achieve protein specificity. nGFP, 

nanobody against GFP. c, Design of GFP-fused, Ubc tag-fused and BC2 tag-fused proteins 

of interest used in this study. For GFP-fused proteins, GFP and a Flag tag are placed on the 

N-terminus and the EPEA tag is in the C-terminus unless otherwise noted. For Ubc tag-

fused proteins, the 14-residue peptide tag, Flag tag and EPEA tag are sequentially placed in 

the C-terminus unless otherwise noted. For BC2 tag-fused proteins, the 12-residue peptide 

tag is placed on the N-terminus and Flag, EPEA tag are in the C-terminus. Peptide 

sequences of Ubc and BC2 were shown. d, Symbols used in this manuscript to represent the 

indicated split OGA constructs.

Extended Data Fig. 2. Identification of the minimal OGA for nanobody-directed deglycosylation 
on the target protein.
a, Enzymatic activities of OGA and its truncations are evaluated on GFP-Nup62. GFP-

Nup62 was co-expressed with indicated constructs, enriched by anti-EPEA beads, and 
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analyzed by immunoblotting to visualize the protein level and O-GlcNAc modification level, 

respectively. b, Evaluation of enzymatic activities of nGFP-OGA fusion proteins on GFP-

Nup62. Expression levels of the indicated proteins and degree of O-GlcNAc modification 

were quantified by immunoblotting. The ratio equals to the intensity of anti-O-GlcNAc 

immunoblot normalized by the intensity of anti-Flag immunoblot. WCL, whole cell lysate. 

The data are representative of two biological replicates.

Extended Data Fig. 3. nGFP-OGA(GS-ΔHAT) has limited target protein selectivity and can alter 
subcellular localization of the target protein.
a, nGFP-OGA(GS-ΔHAT) removes O-GlcNAc from Nup62 without GFP tag similar to the 

full length OGA (fl-OGA). HEK 293T whole cell lysates (WCL) and immunoprecipitation 

samples were analyzed by immunoblotting assays using the indicated antibodies. Results are 

representative of two biological replicates. b, nGFP colocalizes with nuclear transcription 

factor Sp1 with GFP and does not change the subcellular localization of GFP-Sp1 by 

immunofluorescence imaging. c, nGFP-OGA(GS-ΔHAT) alters the subcellular localization 

of GFP-Sp1, but co-expression with fl-OGA does not change nuclear localization of GFP-

Sp1 by immunofluorescence imaging. Channels are annotated on the top. Scale bar: 10 μm. 

Right: merged channel. Proteins co-expressed in each sample were labeled on the left side. 

Images are representative of at least three randomly selected frames.
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Extended Data Fig. 4. Optimization of nGFP-fused split OGA constructs in living cells.
a, Co-expressing N- and C-fragments of OGA reconstitutes deglycosidase activity in HEK 

293T cells. b, Split OGA fragments, N2 and C3, instead of C4, associate with each other 

when co-expressed in HEK 293T cells. The asterisk indicated IgG heavy chain from anti-c-

Myc magnetic beads. c, Comparison of nGFP-fused N- and C-terminal OGA fragments on 

GFP-Nup62 in HEK 293T cells. The pair of N2 and nGFP-fused C3 (N2 + nGFP-C3) shows 

the best deglycosylation performance. In a and c, activities of fragments alone or pairs with/

without nGFP were evaluated on GFP-Nup62, which was enriched by beads against EPEA 

tag and blotted with RL2 antibody to reveal O-GlcNAc modification level. D174N, a 

catalytically impaired mutation on OGA. Anti-myc and anti-HA blots detect expression of 
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full-length (fl-OGA) or N-terminal fragment, and C-terminal fragment, respectively. WCL, 

whole cell lysates. The data in a-c are representative of at least two biological replicates.

Extended Data Fig. 5. nGFP-splitOGA selectively deglycosylates the target protein without 
affecting the global O-GlcNAc proteome.
a, nGFP-splitOGA has little effect on endogenous glycoprotein CREB. HEK 293T cells co-

expressing OGA constructs with GFP-Nup62 were subjected to mass shift assay. The 

intensities of O-GlcNAcylated and unmodified CREB were quantified. The ratios are shown 

below the anti-CREB blot. WCL, whole cell lysates. b, Overexpression of selected split 

OGA constructs with target protein has little effect on global O-GlcNAcylation level. For 

OGT inhibition, cells were treated with 25 μM OSMI-4b for 30 h. Global O-GlcNAcylation 

level was evaluated by anti-O-GlcNAc (RL2) antibody. c, nGFP-splitOGA has minimal 

effect on protein levels of endogenous OGT, OGA and glycoprotein CREB. Anti-myc and 
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anti-HA blots detect expression of N-terminal fragment, and C-terminal fragment, 

respectively. d, Comparison of overexpressed proteins with the corresponding endogenous 

proteins. The antibody against OGA recognizes both endogenous OGA and the 

overexpressed N-terminal fragment of split OGA. Endogenous Nup62(*) and OGA (**) are 

indicated. The data in a-d are representative of at least two biological replicates.

Extended Data Fig. 6. Confocal imaging of intracellular distributions of GFP-Sp1 and the split 
OGAs in HEK 293T cells.
a, GFP-Sp1 localized in nucleus. b, Intracellular distributions of N2 and nGFP-C3 fragments 

when co-expressed in HEK 293T cells. Two fragments of nGFP-splitOGA were distributed 

on both cytoplasm and nucleus. c, Subcellular localizations of GFP-Sp1, N fragment and C 

fragment when expressed simultaneously in HEK 293T cells. Two fragments of split OGA 

without nGFP (c, upper row) were distributed on both cytoplasm and nucleus. C-terminal 

fragment of nGFP-splitOGA (c, bottom row) reveals better colocalization with nuclear 

protein GFP-Sp1, showing the binding between nGFP and GFP. Split OGAs do not change 

the subcellular localization of GFP-Sp1. Channels are annotated on the top. Scale bar: 10 

μm. Right: merged channel. Proteins co-expressed in each sample were labeled on the left 

side. Images are representative of at least three randomly selected frames.
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Extended Data Fig. 7. Mass spectrometry analysis on the activity and selectivity of nGFP-
splitOGA on GFP-Nup62.
a, Schematic representation of the workflow of O-GlcNAcylated protein enrichment and 

mass spectrometry-based identification. Proteins with O-GlcNAc modification were labeled 

with GalNAz by GalT(Y289L)-mediated chemoenzymatic labeling, followed by a click 

reaction with an alkyne-biotin probe. Biotin-labeled proteome was enriched by streptavidin 

beads and digested by trypsin. Released peptides were labeled by TMT reagents and 

compiled into a single pool. Proteins were identified and quantified by LC-MS. b–d, 
Reproducibility of the TMT experiments of O-GlcNAcylated proteome shown in Fig. 3d,e. 

The signal abundances of the corresponding TMT channels for each protein were extracted 

and were log10 transformed for full-length OGA treatment (b, fl-OGA), nGFP-splitOGA 

treatment (c) and its inactive form [N2(D174N) + nGFP-C3] treatment (d) groups (n = 2 

independent biological replicates).
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Extended Data Fig. 8. Peptide tag BC2 and its nanobody can be adapted to split OGA to achieve 
protein-selective deglycosylation.
a, Schematic of nanobodies against BC2 and EPEA tag adapted to split OGA. BC2 tag 

refers to a 12-residue peptide epitope, which is functional irrespective of its position on the 

target protein. b, nBC2-splitOGA is able to remove O-GlcNAc from Nup62 tagged with 

BC2 and EPEA in a similar manner to nEPEA-splitOGA. Symbols represent the 

corresponding OGA constructs as indicated in Extended Data Fig. 1. Anti-myc and anti-HA 

blots detect expression of full-length (fl-OGA) or N-terminal and C-terminal fragment, 

respectively. WCL, whole cell lysate. The data are representative of two biological 

replicates.
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Extended Data Fig. 9. Modulation of O-GlcNAc modification level and validation of its 
functional contributions on the stability of GFP-c-Jun.
a, O-GlcNAc level on GFP-c-Jun and endogenous CREB were evaluated by the mass-shift 

assay. GFP-c-Jun was co-expressed with indicated OGA constructs. The intensities of O-

GlcNAcylated and unmodified c-Jun and CREB were quantified. Quantification is shown as 

mean ± s.d. of n = 3 independent biological experiments. All ratios were normalized by the 

Blank samples. Unpaired two-tailed Student’s t tests were used for statistical analysis. n.s., 

not significant. b, Whole cell lysates (WCL) were analyzed by immunoblotting assays using 

the indicated antibodies. Anti-myc and anti-HA blots detect expression of full-length (fl-

OGA) or N-terminal fragment, and C-terminal fragment, respectively. The data in a and b 
are representative of at least three biological replicates. c, The stability of GFP-c-Jun was 

enhanced by OGA inhibition (Thiamet-G treatment) and impeded by OGT inhibition 

(Ac45SGlcNAc treatment). HEK 293T cells expressing GFP-c-Jun pre-treated with DMSO 

or Ac45SGlcNAc or Thiamet-G were incubated with 50 μM CHX for up to 12 h, during 

which the protein level of GFP-c-Jun and global O-GlcNAcylation level were monitored. 

Results in c are representative of two biological replicates.
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Extended Data Fig. 10. Modulation of O-GlcNAc modification level with nUbc-splitOGA on c-
Fos-Ubc in comparison to OGT inhibition.
Immunoblotting analysis of protein expression and O-GlcNAcylation status of c-Fos-Ubc 

and endogenous c-Jun under the indicated treatments corresponding to Fig. 5d, e. by either 

enrichment against EPEA-tag (a) or chemoenzymatic labeling followed with Biotin-IP (b). 

Endogenous c-Jun shows negligible changes on O-GlcNAcylation status with the co-

expression of nUbc-splitOGA but shows reduced O-GlcNAc modification upon OGT 

inhibition with OSMI-4b. No detectable endogenous c-Fos was observed in HEK 293T cells. 

The data in a and b are representative of two biological replicates.
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Fig. 1 |. Design and development of a nanobody-directed split OGA for O-GlcNAc removal in a 
protein-selective manner.
a, Overview of the approach for target protein deglycosylation using a nanobody-directed O-

GlcNAc eraser. The nanobody is able to recognize a desired target and redirect the enzyme 

to remove the O-GlcNAc modification from the target protein. Tags used in this study are 

GFP, EPEA tag, BC2 tag, and Ubc tag. The corresponding nanobodies are nGFP, nEPEA, 

nBC2, and nUbc, respectively (see Extended Data Fig. 1c, d). b, Design of split OGA to 

achieve protein selectivity. OGA was engineered into a split and truncated form with limited 

inherent substrate activity. Introduction of a nanobody to the split OGA promoted 

localization to and deglycosylation of the desired target protein. The catalytic domain and 

stalk domain of split OGA are highlighted in pink and blue, respectively.
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Fig. 2 |. Design and optimization of nanobody-fused split OGA for protein-selective 
deglycosylation on GFP-Nup62.
a, Schematic of the split site, N-fragments, and C-fragments tested in this study. Amino acid 

numbers appear on top. The optimal combination N2 with nGFP-fused C3 (shown in red 

rectangle) is termed nGFP-splitOGA. b, Optimization of the N-fragment with C1 on GFP-

Nup62 to obtain a minimal N-fragment. c, Optimization of the C-fragment with N2 on GFP-

Nup62 to obtain a minimal C-fragment with limited inherent substrate activity. d, nGFP 

fusion to split OGA regains activity on GFP-Nup62. The optimized split OGA (N2 + C3) 
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shows limited substrate activity that is reinstated after fusion with nGFP on either fragment. 

GFP-Nup62 was co-expressed with the indicated constructs, enriched by anti-EPEA beads, 

and analyzed by immunoblotting to reveal the protein level and O-GlcNAc modification 

level respectively. WCL, whole cell lysate. The data in b-d are representative of two 

biological replicates.
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Fig. 3 |. The nanobody-fused split OGA is general for protein-selective deglycosylation on various 
O-GlcNAcylated proteins.
a–c, nGFP-splitOGA shows deglycosidase activity on GFP-tagged Nup62 (a), Sp1(b), and 

JunB (c). In a and b, the target protein was enriched and blotted for O-GlcNAc by RL2. In c, 

samples were subjected to a mass-shift assay with 5kDa DBCO-PEG. O-GlcNAcylation 

levels were measured by the ratio between the intensity of mass-shifted bands and 

unmodified bands. The data in a-c are representative of three biological replicates. 

Quantification is presented as mean ± s.d. of n = 3 independent experiments. d, e, Log2 
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ratios of changes of enriched O-GlcNAcylated protein abundance of fl-OGA and nGFP-

splitOGA versus its inactive form treated cells respectively (d), and nGFP-splitOGA versus 
fl-OGA-treated cells (e) in the presence of GFP-Nup62. The black solid lines refer to the 

median of each group. f, g, Volcano plots illustrating the comparison of enriched O-

GlcNAcylated proteins of nGFP-splitOGA (f) or of inactive (g) versus split OGA-treated 

cells co-expression of GFP-Sp1. P = 0.05 and ±1.5-fold change are denoted by gray dashed 

lines as significance threshold. Each point represents an individual identified protein of two 

(d, e) or four (f, g) independent biological replicates. GFP-Nup62 or GFP-Sp1 are indicated 

by the red dot. Symbols represent the corresponding OGA constructs as indicated. A two-

tailed, unpaired Student’s t-test was used for statistical analysis in c, f and g. n.s., not 

significant.
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Fig. 4 |. Multiple nanobody-tag pairs are applicable for protein-selective deglycosylation.
a, Schematic of nanobodies against the EPEA and 14-residue Ubc tag adapted to split OGA. 

b, nEPEA-splitOGA or nUbc-splitOGA remove O-GlcNAc from Nup62 tagged with Ubc 

and EPEA. Anti-myc and anti-HA blots detect expression of N2 and nanobody-C3, 

respectively. Results are representative of two biological replicates. c, c-Fos with Ubc tag 

can be selectively deglycosylated by nUbc-splitOGA. Representative immunoblots are 

shown. Quantitative results are the mean ± s.d. of n = 3 independent experiments, using 

unpaired two-tailed Student’s t tests for statistical analysis. n.s., not significant. WCL, whole 

cell lysate.
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Fig. 5 |. The nanobody-fused split OGA facilitates the functional attribution of O-GlcNAc on c-
Jun on protein stability, also O-GlcNAc on c-Fos on AP-1 transcription activity.
a, nGFP-splitOGA can remove O-GlcNAc from GFP-c-Jun selectively. A mass-shift assay 

was conducted to evaluate the O-GlcNAc level on both GFP-c-Jun and endogenous CREB. 

b, The stability of GFP-c-Jun is directly related to the extent of O-GlcNAc modification. 

GFP-c-Jun were co-expressed with indicated constructs in HEK 293T cells. Cells were 

incubated with 50 μM CHX for up to 12 h and monitored for GFP-c-Jun at different time 

points. c, nUbc-splitOGA can remove O-GlcNAc from c-Fos-Ubc as OGT inhibitor 

OSMI-4b, but without causing great reduction of global O-GlcNAc level. Blots are 

representative of three (a, b) or two (c) biological replicates. d, e, AP-1 luciferase assay 

showing transcription activity upon OGT inhibition by OSMI-4b (d), or upon the expression 

of nUbc-splitOGA (e) in c-Fos-Ubc co-transfected HEK 293T cells. Quantitative results are 

the mean ± s.d. of n = 3 independent experiments, using unpaired two-tailed Student’s t tests 

for statistical analysis in a, b, d and e. n.s., not significant. WCL, whole cell lysate. Symbols 

represent corresponding OGA constructs as indicated.
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