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Abstract 

The essential post-translational modification O-linked β-N-acetylglucosamine (O-

GlcNAc) regulates thousands of nuclear, cytoplasmic, and mitochondrial proteins. O-

GlcNAc is dynamically added and removed from proteins by the O-GlcNAc transferase 

(OGT) and the O-GlcNAcase (OGA), respectively. Dysregulation of O-GlcNAc-cycling is 

implicated in the etiology of numerous diseases, including cancer, neurodegeneration, and 

metabolic dysfunction. Underpinning these observations, O-GlcNAc regulates nearly 

every major cellular process including transcription, translation, protein degradation, 

protein localization, and the cell cycle. Furthermore, many forms of cellular stress and 

injury, including oxidative stress, elicit an increase in O-GlcNAcylation on numerous 

proteins, which has been demonstrated to promote cell survival. However, the mechanisms 

by which OGT and OGA are regulated during oxidative stress to alter O-GlcNAcylation 

are not fully characterized. Here, we demonstrate that oxidative stress leads to elevated O-

GlcNAc levels in U2OS cells but has little impact on the activity of OGT. In contrast, the 

expression and activity of OGA are enhanced. We hypothesized that this seeming paradox 

could be explained by proteins that bind to and control the local activity or substrate 

targeting of OGA, thereby resulting in the observed stress-induced elevations of O-

GlcNAc. To identify potential protein partners and regulators, we utilized BioID proximity 

biotinylation in combination with Stable Isotopic Labeling of Amino Acids in Cell Culture 

(SILAC). This analysis revealed 90 OGA-interacting partners, many of which exhibited 

increased binding to OGA upon stress. The associations of OGA with fatty acid synthase 

(FAS), filamin-A, heat shock cognate 70 kDa protein, and OGT were confirmed by co-

immunoprecipitation. The pool of OGA bound to FAS demonstrated a substantial (∼85%) 
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reduction in specific activity, suggesting that FAS inhibits OGA. Consistent with this 

observation, FAS overexpression augmented stress-induced O-GlcNAcylation on a subset 

of proteins. Although the mechanism by which FAS sequesters OGA remains unknown, 

these data suggest that FAS fine-tunes the cell's response to stress and injury by remodeling 

cellular O-GlcNAcylation. Finally, our studies characterized the use of two commercially 

available and three non-commercially available antibodies for detecting and enriching full-

length OGA from lysates of mouse and human origin in order to facilitate future studies 

probing the regulation of OGA in disease.  

 

Dissertation Advisor: Natasha E. Zachara, Ph.D. 

Dissertation Reader: Steven M. Claypool, Ph.D. 

 



  iv 

Preface 

My goals for graduate school were to strengthen my knowledge of biological life 

science and medical research at a molecular level, learn a broad range of techniques and 

skills that would apply to numerous career paths, and to develop meaningful friendships 

and a long-lasting professional network. My success in each of these areas is a direct result 

of the help and support of a number of individuals.  

First and foremost, I am incredibly grateful that Dr. Natasha E. Zachara gave me 

the opportunity to train in her laboratory. Natasha fostered my development into a 

confident and independent scientist, never wavered on her support of my non-academic 

career goals, and went above and beyond to help in times of personal need. I would also 

like to thank the members of my thesis committee, Dr.’s Ronald Schnaar, Robert Cole, 

Katherine Wilson, and Steven Claypool, for their insight, suggestions, and support of my 

professional goals. Furthermore, I would like to thank my formal and informal 

collaborators, Dr.’s Jennifer Van Eyk, Akhilesh Pandey, Alfredo Quiñones-Hinojosa, 

Partha Banerjee, Gerald Hart, Michael Wolfgang, and Sagar Shah, as well as Robert 

O’Meally, Caitlyn Bowman, and Chris Saeui, for their contributions to this work and my 

professional development. This work was supported by grants from the National Institutes 

of Health, including a pre-doctoral National Research Service Award from the National 

Institute on Aging.  

I would also like to acknowledge all past and current members of the Zachara 

laboratory, especially Dr.’s Albert Lee, Kamau Fahie, Marissa Martinez, Devin Miller, 

Thiago Dias, and Russell Reeves, as well as Gokben Yildirir, Cathrine McKen, Roger 

Henry, Peter Natov, Srona Sengupa, and Austin Maduka. These individuals have become 



  v 

part of my family, providing scientific and technical guidance as well as friendship and 

laughter during the hardships of graduate school. None of this work could have been 

successful without the efforts of the Biological Chemistry Department Graduate Program 

and Administrative Office, especially Darlene Sutton, Danelle Daniels, and Natalie Peters. 

Finally, I would like to thank my family for their support of my career that took me 

thousands of miles across the country, and for their faith that I will reach any goal I set my 

mind to.  



  vi 

Table of Contents 

ABSTRACT	.................................................................................................................................................................	II	
PREFACE	..................................................................................................................................................................	IV	
TABLE	OF	CONTENTS	..........................................................................................................................................	VI	
LIST	OF	TABLES	..................................................................................................................................................	VIII	
LIST	OF	FIGURES	...................................................................................................................................................	IX	
ABBREVIATIONS	.....................................................................................................................................................	X	
AMINO	ACID	CODES	...........................................................................................................................................	XIII	
CHAPTER	1:	:	DYNAMIC	O-GLCNACYLATION	AND	ITS	ROLES	IN	THE	CELLULAR	STRESS	
RESPONSE	AND	HOMEOSTASIS	..........................................................................................................................	1	
SUMMARY	......................................................................................................................................................................................	2	
INTRODUCTION	.............................................................................................................................................................................	3	
BIOSYNTHESIS	OF	O-GLCNAC	....................................................................................................................................................	5	
The	hexosamine	biosynthetic	pathway	.........................................................................................................................	6	
O-GlcNAc	transferase	............................................................................................................................................................	7	
O-GlcNAcase	............................................................................................................................................................................	10	

O-GLCNAC	AND	THE	CELLULAR	STRESS	RESPONSE	..............................................................................................................	11	
The	PI3K/Akt	pathway	.......................................................................................................................................................	14	
Heat	shock	protein	expression	........................................................................................................................................	15	
Calcium	homeostasis	...........................................................................................................................................................	18	
Reactive	oxygen	species	.....................................................................................................................................................	19	
Mitochondrial	dynamics	....................................................................................................................................................	20	
Inflammation	..........................................................................................................................................................................	22	

INTERPLAY	BETWEEN	O-GLCNAC	AND	OTHER	PTMS	........................................................................................................	23	
Phosphorylation	....................................................................................................................................................................	23	
Other	PTM	roles	.....................................................................................................................................................................	26	

MOLECULAR	MECHANISMS	OF	DISEASE	...................................................................................................................................	27	
Alzheimer’s	disease	..............................................................................................................................................................	28	
Parkinson’s	disease	..............................................................................................................................................................	29	

METHODS	TO	STUDY	O-GLCNACOMICS	..................................................................................................................................	30	
In	vitro	and	in	vivo	modulation	of	O-GlcNAc	levels	...............................................................................................	31	
Murine	models	and	the	OGTF/Y,mER-Cre-2A-GFP	cell	line	...............................................................................................	31	
Modulating	O-GlcNAc	levels	using	inhibitors	of	OGT,	OGA,	and	the	HBP	.....................................................	32	
Isolation,	purification,	and	detection	of	O-GlcNAc	and	O-GlcNAc-modified	proteins	.............................	34	
Detecting	O-GlcNAc-modified	proteins	by	3H-galactose	labeling	....................................................................	35	
Immunopurification	with	antibodies	and	lectins	...................................................................................................	35	
Lectin	affinity	chromatography	.....................................................................................................................................	37	
Click-iT	and	other	chemically	based	strategies	to	detect	O-GlcNAc-modified	proteins	........................	42	
Mass	spectrometry	...............................................................................................................................................................	43	

FUTURE	DIRECTIONS	..................................................................................................................................................................	44	
ACKNOWLEDGEMENTS	..............................................................................................................................................................	45	
DISCLOSURES	..............................................................................................................................................................................	45	
REFERENCES	...............................................................................................................................................................................	46	

CHAPTER	2:	CHARACTERIZATION	OF	TOOLS	TO	DETECT	AND	ENRICH	HUMAN	AND	MOUSE	O-
GLCNACASE	............................................................................................................................................................	82	
SUMMARY	....................................................................................................................................................................................	83	
INTRODUCTION	...........................................................................................................................................................................	84	
RESULTS	AND	DISCUSSION	........................................................................................................................................................	87	



  vii 

Detection	of	OGA	by	Western	blotting	.........................................................................................................................	87	
Enrichment	of	OGA	by	immunoprecipitation	...........................................................................................................	88	

CONCLUDING	REMARKS	.............................................................................................................................................................	91	
MATERIALS	AND	METHODS	.......................................................................................................................................................	92	
Antibodies	................................................................................................................................................................................	92	
Cell	and	tissue	preparation	and	extraction	...............................................................................................................	92	
Immunoprecipitation	..........................................................................................................................................................	93	
Electrophoresis	and	Western	blotting	.........................................................................................................................	93	
Reproducibility	......................................................................................................................................................................	93	

ACKNOWLEDGEMENTS	..............................................................................................................................................................	94	
DISCLOSURES	..............................................................................................................................................................................	94	
REFERENCES	...............................................................................................................................................................................	95	

CHAPTER	3:	FATTY	ACID	SYNTHASE	INHIBITS	THE	O-GLCNACASE	DURING	OXIDATIVE	STRESS
..................................................................................................................................................................................	100	
SUMMARY	.................................................................................................................................................................................	101	
INTRODUCTION	........................................................................................................................................................................	102	
RESULTS	....................................................................................................................................................................................	105	
Oxidative	stress	increases	OGT	and	OGA	expression,	OGA	activity,	and	O-GlcNAc	levels	...................	105	
The	OGA-mBirA	fusion	proteins	express,	maintain	catalytic	activity,	and	biotinylate	proteins	in	
vivo	...........................................................................................................................................................................................	107	
OGA-mBirA-HA	and	Myc-mBirA-OGA	biotinylate	proximal	proteins	differentially	in	response	to	
oxidative	stress	...................................................................................................................................................................	113	
SILAC-BioID-MS/MS	reveals	numerous	basal	and	stress-induced	OGA-interacting	proteins	.........	116	
Oxidative	stress	induces	the	association	of	OGA	with	FAS,	FLNA,	HSC70,	and	OGT	.............................	127	
OGA	exhibits	reduced	catalytic	activity	when	bound	to	FAS	..........................................................................	131	
FAS	overexpression	increases	O-GlcNAcylation	during	oxidative	stress	...................................................	133	

DISCUSSION	..............................................................................................................................................................................	136	
EXPERIMENTAL	PROCEDURES	...............................................................................................................................................	142	
Reagents	................................................................................................................................................................................	142	
Antibodies	.............................................................................................................................................................................	142	
Cloning	....................................................................................................................................................................................	143	
Cell	culture	............................................................................................................................................................................	144	
Generation	of	stable	cell	lines	.......................................................................................................................................	145	
Murine	tissue	.......................................................................................................................................................................	145	
Preparation	of	cell	and	tissue	lysates	.......................................................................................................................	146	
Immunoprecipitation	.......................................................................................................................................................	146	
Electrophoresis	and	Western	blotting	......................................................................................................................	147	
Indirect	immunofluorescence	.......................................................................................................................................	148	
OGA	activity	assays	...........................................................................................................................................................	149	
OGT	activity	assays	...........................................................................................................................................................	151	
Mass	spectrometry	sample	preparation	and	analysis	.......................................................................................	152	
Search	parameters	and	acceptance	criteria	.........................................................................................................	153	
Experimental	design	and	statistical	rationale	......................................................................................................	156	

ACKNOWLEDGEMENTS	...........................................................................................................................................................	157	
DISCLOSURES	...........................................................................................................................................................................	157	
REFERENCES	............................................................................................................................................................................	158	

APPENDIX	A:	POLYMERASE	CHAIN	REACTION	PRIMERS	FOR	SITE-DIRECTED	MUTAGENESIS
..................................................................................................................................................................................	172	
CURRICULUM	VITAE	FOR	PH.D.	CANDIDATES	.........................................................................................	173	

 



  viii 

List of Tables 

TABLE	1-1:	A	SUMMARY	OF	O-GLCNAC-MODIFIED	PROTEINS,	THEIR	BIOLOGICAL	SIGNIFICANCE,	AND	THE	
METHODS	BY	WHICH	THEY	WERE	DETECTED.	.	.............................................................................................................	39	

TABLE	3-1:	INTERACTING	PARTNERS	OF	OGA.	.	.................................................................................................................	122	
SUPPLEMENTAL	TABLE	3-1:	RAW	PROTEINS	(UNGROUPED)	FOR	OGA-MBIRA-HA.	.	..............................	SUPPLEMENT	
SUPPLEMENTAL	TABLE	3-2:	RAW	PEPTIDES	(UNGROUPED)	FOR	OGA-MBIRA-HA.	.	..............................	SUPPLEMENT	
SUPPLEMENTAL	TABLE	3-3:	RAW	PROTEINS	(GROUPED)	FOR	OGA-MBIRA-HA.	.	...................................	SUPPLEMENT	
SUPPLEMENTAL	TABLE	3-4:	RAW	PROTEINS	(UNGROUPED)	FOR	MYC-MBIRA-OGA.	.	............................	SUPPLEMENT	
SUPPLEMENTAL	TABLE	3-5:	RAW	PEPTIDES	(UNGROUPED)	FOR	MYC-MBIRA-OGA.	.	............................	SUPPLEMENT	
SUPPLEMENTAL	TABLE	3-6:	RAW	PROTEINS	(GROUPED)	FOR	MYC-MBIRA-OGA.	.	.................................	SUPPLEMENT	
SUPPLEMENTAL	TABLE	3-7:	RAW	INTERACTORS	OF	OGA-MBIRA-HA.	.	.....................................................	SUPPLEMENT	
SUPPLEMENTAL	TABLE	3-8:	RAW	INTERACTORS	OF	MYC-MBIRA-OGA.	.	...................................................	SUPPLEMENT	
SUPPLEMENTAL	TABLE	3-9:	RAW	CALCULATIONS	FOR	BACKGROUND	(CARBOXYLASES).	.	.......................	SUPPLEMENT	
SUPPLEMENTAL	TABLE	3-10:	INTERACTORS	OF	OGA-MBIRA-HA.	.	............................................................	SUPPLEMENT	
SUPPLEMENTAL	TABLE	3-11:	INTERACTORS	OF	MYC-MBIRA-OGA.	.	..........................................................	SUPPLEMENT	
SUPPLEMENTAL	TABLE	3-12:	THRESHOLD	CALCULATIONS	FOR	STRESS-DEPENDENT	INTERACTIONS.	.	SUPPLEMENT	
SUPPLEMENTAL	TABLE	3-13:	SUMMARY	OF	PROTEINS	IDENTIFICATIONS.	.	................................................	SUPPLEMENT	
 
	



  ix 

List of Figures 

FIGURE	1-1:	THE	HEXOSAMINE	BIOSYNTHETIC	PATHWAY	PROVIDES	THE	DONOR	SUBSTRATE	FOR	O-
GLCNACYLATION	AND	OTHER	TYPES	OF	PROTEIN	GLYCOSYLATION.	........................................................................	4	

FIGURE	1-2:	O-GLCNAC	IS	INVOLVED	IN	THE	CELLULAR	STRESS	RESPONSE.	...................................................................	15	
FIGURE	2-1:	DETECTION	OF	OGA	WITH	COMMERCIAL	AND	NON-COMMERCIAL	ANTIBODIES.	....................................	86	
FIGURE	2-2:	ENRICHMENT	OF	HUMAN	AND	MOUSE	OGA	BY	IMMUNOPRECIPITATION.	.	...............................................	90	
FIGURE	3-1:	OXIDATIVE	STRESS	INCREASES	OGT	AND	OGA	EXPRESSION,	OGA	ACTIVITY,	AND	O-GLCNAC	

LEVELS.		...............................................................................................................................................................................	106	
FIGURE	3-2:	THE	OGA-MBIRA	FUSION	PROTEINS	EXPRESS,	MAINTAIN	CATALYTIC	ACTIVITY,	AND	BIOTINYLATE	

PROTEINS	IN	VIVO.		...........................................................................................................................................................	108	
FIGURE	3-3:	THE	BIOTINYLATION	PATTERN	PRODUCED	BY	OGA-MBIRA-HA	AND	MYC-MBIRA-OGA	IS	

DIFFERENT	TO	THAT	OF	MBIRA	ALONE.		.....................................................................................................................	110	
FIGURE	3-4:	ENDOGENOUS	OGA	LOCALIZES	TO	THE	NUCLEUS,	CYTOPLASM,	AND	MITOCHONDRIA	OF	U2OS	CELLS.	

	..............................................................................................................................................................................................	112	
FIGURE	3-5:	THE	OGA-MBIRA	FUSION	PROTEINS	LOCALIZE	TO	AND	BIOTINYLATE	PROTEINS	IN	THE	NUCLEUS,	

CYTOPLASM,	AND	MITOCHONDRIA	OF	U2OS	CELLS.		...............................................................................................	114	
FIGURE	3-6:	OGA-MBIRA-HA	AND	MYC-MBIRA-OGA	BIOTINYLATE	PROXIMAL	PROTEINS	DIFFERENTIALLY	IN	

RESPONSE	TO	OXIDATIVE	STRESS.	.	..............................................................................................................................	115	
FIGURE	3-7:	SILAC-BIOID-MS/MS	STRATEGY	USED	TO	IDENTIFY	THE	BASAL	AND	OXIDATIVE	STRESS-

DEPENDENT	INTERACTOME	OF	OGA.		.........................................................................................................................	117	
FIGURE	3-8:	FLOWCHART	FOR	MASS	SPECTROMETRY	DATASET	PROCESSING	TO	GENERATE	THE	PROTEIN	LISTS	IN	

THE	SUPPLEMENTAL	TABLES	AND	TABLE	3-1.	..........................................................................................................	119	
FIGURE	3-9:	DETERMINATION	OF	THE	THRESHOLD	FOR	NON-SPECIFIC	INTERACTORS	USING	LOG2	SILAC	RATIOS	

AND	FREQUENCY	HISTOGRAMS	OF	THE	ENDOGENOUSLY	BIOTINYLATED	CARBOXYLASES.		..............................	120	
FIGURE	3-10:	SILAC-BIOID-MS/MS	REVEALS	NUMEROUS	BASAL	AND	STRESS-INDUCED	OGA-INTERACTING	

PROTEINS.		.........................................................................................................................................................................	121	
FIGURE	3-11:	OXIDATIVE	STRESS	INDUCES	THE	ASSOCIATION	OF	OGA	WITH	FAS,	FLNA,	HSC70,	AND	OGT.	

	..............................................................................................................................................................................................	129	
FIGURE	3-12:	FAS,	OGA,	AND	HSC70	INTERACT	BASALLY	IN	HUMAN	HEPATOCYTES	AND	MURINE	LIVER	TISSUE.	

	..............................................................................................................................................................................................	130	
FIGURE	3-13:	OGA	EXHIBITS	REDUCED	CATALYTIC	ACTIVITY	WHEN	BOUND	TO	FAS.		.............................................	132	
FIGURE	3-14:	FAS	OVEREXPRESSION	INCREASES	O-GLCNACYLATION	DURING	OXIDATIVE	STRESS.		....................	134	
FIGURE	3-15:	PROPOSED	MODEL	FOR	THE	REGULATION	OF	OGA	DURING	OXIDATIVE	STRESS	RESULTING	IN	

ELEVATED	LEVELS	OF	O-GLCNAC.	.	..............................................................................................................................	135	



  x 

Abbreviations 

4MU: 4-methylumbelliferyl, Ab: amyloid b, Ac-5SGlcNAc: 2-acetamido-1,3,4,6-tetra-O-

acetyl-2-deoxy-5-thio-α-D-glucopyranose, AD: Alzheimer’s disease, APP: amyloid b 

precursor protein, ATP: adenosine trisphosphate, Bcl-2: B-cell lymphoma 2, BEMAD: 

beta elimination and Michael addition, bRP: basic reversed phase, BSA: bovine serum 

albumin, BSA-X: BSA/Triton X-100, CaMK: calcium/calmodulin-dependent kinase, CD: 

catalytic domain, CKII: casein kinase II, EDTA: ethylenediaminetetraacetic acid, 

EMeg32: glucosamine-6-phosphate acetyltransferase, eNOS: endothelial nitric oxide 

synthase, ER: endoplasmic reticulum, ESI: electrospray ionization, ETD: electron transfer 

dissociation, FAS: fatty acid synthase, FDR: false discovery rate, FLNA: filamin-A, 

fOGA: full-length OGA, Foxo: forkhead box, FRET: Förster resonance energy transfer, 

G6P-I: glucose-6-phosphate isomerase, GalNAz: tetraacetylated N-

azidoacetylgalactosamine, GalT1: UDP-galactose:GlcNAc β-1,4-galactosyltransferase, 

GFAT: glutamine:fructose-6-phosphate amidotransferase, GlcNAc: β-N-

acetylglucosamine, GlcNAz: tetraacetylated N-azidoacetylglucosamine, GPX1: 

glutathione peroxidase 1, GSK3b: glycogen synthase kinase 3β, H: heavy, H2O2: hydrogen 

peroxide, HAT: histone acetyltransferase, HBP: hexosamine biosynthetic pathway, HEK: 

human embryonic kidney, HK: hexokinase, HRP: horseradish peroxidase, HSC70: heat 

shock cognate 70 kDa protein, HSF1: heat shock factor 1, HSP: heat shock protein, I/R: 

ischemia reperfusion, Ig: immunoglobulin, IKKβ: inhibitor of NFκB kinase, IL: 

interleukin, IP: immunoprecipitation, IP3: inositol (3,4,5)-trisphosphate, IRS-1: insulin 

receptor substrate 1, JHUSOM: Johns Hopkins University School of Medicine, K18: 

keratin 18, L: light, LC: liquid chromatography, LWAC: Lectin Weak Affinity 



  xi 

Chromatography, M: medium, m/z: mass/charge, MAPK: mitogen-activated protein 

kinase, MCS: multiple cloning site, MCT: multiple comparison test, MEF: mouse 

embryonic fibroblast, Mgea5: meningioma expressed antigen 5, mPTP: mitochondrial 

permeability transition pore, MS: mass spectrometry, MS/MS: tandem mass spectrometry, 

MW: molecular weight, N: biological replicate, NaCl: sodium chloride, NIH: National 

Institutes of Health, NFκB: nuclear factor kB, O-GlcNAc: O-linked β-N-

acetylglucosamine, O-GlcNAcylated: O-GlcNAc-modified, OGA: O-GlcNAcase; β-N-

acetylglucosaminidase, OGA-A: OGA-Abcam, OGA-B: OGA-Bethyl, OGT: O-GlcNAc 

transferase; UDP-β-N-acetylglucosamine:peptide N-acetylglucosaminyl-transferase, 

PAGE: polyacrylamide gel electrophoresis, PANTHER: Protein Analysis Through 

Evolutionary Relationships, PBS: phosphate-buffered saline, PD: Parkinson’s disease, 

PGC1a: peroxisome proliferator-activated receptor gamma coactivator 1a, Pgm3: N-

acetylglucosamine-phosphate mutase, PI3K: phosphoinositide 3-kinase, PSM: peptide 

spectral match, PTM: post-translational modification, PUGNAc: O-(2-acetamido-2-

deoxy-d-glucopyranosylidene)amino-N-phenylcarbamate, RM-1ANOVA: repeated 

measures one-way analysis of variance, RM-2ANOVA: repeated measures two-way 

analysis of variance, ROS: reactive oxygen species, RP: reversed phase, RPT: ratio-paired 

t-test, SDS: sodium dodecyl sulfate, SEM: standard error of the mean, SILAC: Stable 

Isotopic Labeling of Amino acids in Cell culture, SOD2: superoxide dismutase 2, sWGA: 

succinylated WGA, Tab-1: TAK-1-binding protein, TAK-1: transforming growth factor-

b-activated kinase I, TBS: Tris-buffered saline, TCL: total cell lysate, TEAB: 

triethylammonium bicarbonate, TMG: Thiamet-G; 2-ethylamino-3aR, 6S, 7R, 7aR-

tetrahydro-5R-hydroxymethyl-5H-pyrano[3, 2-d]thiazole-6, 7-diol, TNF-a: tumor 



  xii 

necrosis factor-a, TPR: tetratricopeptide repeat, Uap1: UDP-GlcNAc pyrophosphorylase, 

UDP: uridine diphosphate, V: vehicle, VDAC: voltage dependent anion channel, WB: 

Western blot, WGA: wheat germ agglutinin, WT: wild type 



  xiii 

Amino Acid Codes 

Amino Acid Three letter code One letter code 
Alanine Ala A 
Arginine Arg R 

Asparagine Asn N 
Aspartate Asp D 
Cysteine Cys C 

Glutamate Glu E 
Glutamine Gln Q 

Glycine Gly G 
Histidine His H 
Isoleucine Ile I 
Leucine Leu L 
Lysine Lys K 

Methionine Met M 
Phenylalanine Phe F 

Proline Pro P 
Serine Ser S 

Threonine Thr T 
Tryptophan Trp W 

Tyrosine Tyr Y 
Valine Val V 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 1 

Chapter 1 

 

 

 

 

Dynamic O-GlcNAcylation and its roles in the cellular stress 

response and homeostasis 

Jennifer A. Groves1, Albert Lee1, Gokben Yildirir, and Natasha E. Zachara 

1authors contributed equally 

 

 

 

 

 

 

 

 

 

Originally published in Cell Stress Chaperones. 2013 Sep;18 (5):535-58. 

Format adapted for dissertation 



 2 

Summary 

O-linked β-N-acetylglucosamine (O-GlcNAc) is a ubiquitous and dynamic post-

translational modification known to modify over 3,000 nuclear, cytoplasmic, and 

mitochondrial eukaryotic proteins. Addition of O-GlcNAc to proteins is catalyzed by the 

O-GlcNAc transferase and is removed by a neutral pH β-N-acetylglucosaminidase. O-

GlcNAc is thought to regulate proteins in a manner analogous to protein phosphorylation, 

and the cycling of this carbohydrate modification regulates many cellular functions such 

as the cellular stress response. Diverse forms of cellular stress and tissue injury result in 

enhanced O-GlcNAc-modification, or O-GlcNAcylation, of numerous intracellular 

proteins. Stress-induced O-GlcNAcylation appears to promote cell/tissue survival by 

regulating a multitude of biological processes including: the phosphoinositide 3-kinase/Akt 

pathway, heat shock protein expression, calcium homeostasis, levels of reactive oxygen 

species, endoplasmic reticulum stress, protein stability, mitochondrial dynamics, and 

inflammation. Here, we will discuss the regulation of these processes by O-GlcNAc and 

the impact of such regulation on survival in models of ischemia reperfusion injury and 

trauma hemorrhage. We will also discuss the misregulation of O-GlcNAc in diseases 

commonly associated with the stress response, namely Alzheimer’s and Parkinson’s 

diseases. Finally, we will highlight recent advancements in the tools and technologies used 

to study the O-GlcNAc-modification.   
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Introduction 

O-linked β-N-acetylglucosamine (O-GlcNAc) is a dynamic post-translational 

modification (PTM) of more than 3,000 nuclear, cytoplasmic, and mitochondrial proteins 

(Torres and Hart 1984; Wells et al. 2002b; Vosseller et al. 2006; Gurcel et al. 2008; Rexach 

et al. 2008; Carapito et al. 2009; Teo et al. 2010; Wang et al. 2010a; Wang et al. 2010b). 

While O-GlcNAc appears more common in metazoans, there is evidence for this PTM in 

simple eukaryotes such as Aspergillus niger (Machida and Jigami 1994) and in some 

prokaryotes (Shen et al. 2006). O-GlcNAc is cycled on and off serine and threonine 

residues by just two enzymes: the O-GlcNAc transferase (OGT) that catalyzes the addition 

of O-GlcNAc and the O-GlcNAcase (OGA) that removes O-GlcNAc (Figure 1-1). 

Highlighting the importance of O-GlcNAc in cellular homeostasis, deletion of OGT, OGA, 

and other key enzymes in the hexosamine biosynthetic pathway (HBP) is lethal in 

mammals (Mio et al. 1999; Boehmelt et al. 2000a; Boehmelt et al. 2000b; Shafi et al. 2000; 

Forsythe et al. 2006; Greig et al. 2007; Yang et al. 2012).  

Intracellular proteins that are O-GlcNAc-modified (O-GlcNAcylated) fall into 

diverse functional groups. Examples of O-GlcNAcylated proteins include chromatin-

associated proteins and histones, transcription factors, ribosomal proteins, proteasomal 

proteins, cytoskeletal proteins, and many different types of signaling proteins such as 

kinases and metabolic enzymes (Wells et al. 2002b; Vosseller et al. 2006; Gurcel et al. 

2008; Rexach et al. 2008; Carapito et al. 2009; Teo et al. 2010; Wang et al. 2010a; Wang 

et al. 2010b). O-GlcNAc is thought to regulate these proteins in a manner analogous to 

protein phosphorylation. O-GlcNAc has been demonstrated to alter numerous protein 

functions that include: DNA binding and transactivation (Jackson and Tjian 1989; Comer 
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and Hart 1999; Gao et al. 2003; Sayat et al. 2008; Ozcan et al. 2010), protein-protein 

interactions (Guinez et al. 2006; Guinez et al. 2007; Guinez et al. 2010; Ise et al. 2010; Lim 

and Chang 2010), protein degradation (Han and Kudlow 1997; Cheng and Hart 2001; 

Zhang et al. 2003), protein and enzyme activity (Zhang et al. 2003; Kim et al. 2006b; 

Rengifo et al. 2007; Dias et al. 2009; Bimboese et al. 2011), and protein localization 

(Dudognon et al. 2004; Sayat et al. 2008) amongst many others (Hart et al. 2011). 

 

Figure 1-1: The hexosamine biosynthetic pathway provides the donor substrate for O-GlcNAcylation 
and other types of protein glycosylation. Upon entry into the cell, a small percentage of Glucose (2-5% in 
adipocytes) is directed into the hexosamine biosynthetic pathway and converted into UDP-GlcNAc via 
glutamine:fructose-6-phosphate amidotransferase (Gfpt1; GFAT), glucosamine-6-phosphate 
acetyltransferase (EMeg32), N-acetylglucosamine-phosphate mutase (Pgm3), and UDP-GlcNAc 
pyrophosphorylase (Uap1). OGT catalyzes the addition of the glycoside to yield O-GlcNAcylated nuclear, 
cytoplasmic, and mitochondrial proteins, whereas the enzyme O-GlcNAcase (OGA) catalyzes the removal 
of O-GlcNAc from proteins. O-GlcNAc-modified proteins are involved in many cellular processes including 
the cellular stress response. Abbreviations include: HK, hexokinase; G6P-I, glucose 6-phosphate isomerase. 
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Like phosphorylation, the levels of O-GlcNAc respond to both intracellular and 

extracellular stimuli including insulin, nutrient levels, and cellular stress (Kearse and Hart 

1991; Walgren et al. 2003; Zachara et al. 2004b; Song et al. 2008; Whelan et al. 2008; 

Whelan et al. 2010; Hart et al. 2011), with the latter being the main focus of this review. 

In response to diverse forms of cellular stress, O-GlcNAc levels are elevated on numerous 

proteins (Zachara et al. 2004b). Augmenting O-GlcNAc levels promotes survival while 

suppressing O-GlcNAc levels sensitizes cells to death, suggesting that O-GlcNAc is a key 

regulator of the cellular stress response (Zachara et al. 2004b). While the exact mechanisms 

by which O-GlcNAc alters protein function leading to cell survival have not been defined, 

O-GlcNAc is known to regulate many signaling events and pathways, and this review will 

specifically focus on 1) the phosphoinositide 3-kinase (PI3K)/Akt pathway, 2) heat shock 

protein (HSP) expression, 3) calcium homeostasis, 4) reactive oxygen species (ROS) 

generation, 5) mitochondrial dynamics, 6) inflammation, and 7) the interplay with other 

PTMs. O-GlcNAc modulates these aspects of the cellular stress response to protect against 

ischemia reperfusion (I/R) injury, trauma hemorrhage, and neurodegeneration. We will 

also discuss the interplay between O-GlcNAc and other PTMs, future directions regarding 

novel technologies for detecting O-GlcNAc, and potential roles for O-GlcNAc in other 

disease mechanisms. 

 

Biosynthesis of O-GlcNAc 

Two enzymes modulate protein O-GlcNAcylation: uridine diphosphate (UDP)-β-

N-acetylglucosamine (GlcNAc):peptide N-acetylglucosaminyl-transferase N-acetyl-β-D-

glucosamine: peptide N-acetylglucosaminyl-transferase (O-GlcNAc transferase, OGT), 
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which catalyzes the addition of O-GlcNAc, and a neutral pH β-N-acetylglucosaminidase 

(O-GlcNAcase, OGA), which is responsible for the removal of O-GlcNAc (Figure 1-1). 

The levels of O-GlcNAc appear to be regulated by five main events: 1) expression and 

activity of OGT; 2) expression and activity of OGA; 3) the concentration of UDP-GlcNAc, 

the sugar nucleotide donor of OGT; 4) the availability of protein substrates; and 5) targeting 

of the enzymes to their substrates.  

The hexosamine biosynthetic pathway 

The synthesis of UDP-GlcNAc occurs via the HBP (Figure 1-1). Upon entering 

cells, glucose is rapidly converted to glucose-6-phosphate by hexokinase (HK), and 

subsequently to fructose-6-phosphate by glucose-6-phosphate isomerase (G6P-I). The first 

step of the HBP is rate limiting, and comprises of the conversion of fructose-6-phosphate 

to glucosamine-6-phosphate by glutamine:fructose-6-phosphate amidotransferase (Gfpt1; 

GFAT). Notably, glutamine is required for this step and can be used to alter cellular O-

GlcNAc levels as well as the levels of other sugar metabolites (Marshall et al. 1991). 

Several subsequent reactions result in the production of UDP-GlcNAc, the sugar nucleotide 

donor substrate used by OGT and other glycosyltransferases. The HBP accounts for ~2-

5% of glucose flux in 3T3-L1 adipocytes (Marshall et al. 1991) These and other 

observations have led some to suggest that O-GlcNAc regulates cellular function in a 

glucose-dependent manner. Although little is known about the regulation of GFAT, it 

appears to be inhibited by high concentrations of UDP-GlcNAc (Traxinger and Marshall 

1991). Interestingly, free radicals promote GFAT activity suggesting one mechanism by 

which cellular stress and high glucose can lead to upregulation of UDP-GlcNAc pools (Du 

et al. 2000). Mutations in genes encoding enzymes that significantly lower O-GlcNAc 
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levels, such as glucosamine-6-phosphate acetyltransferase (EMeg32) and N-

acetylglucosamine-phosphate mutase (Pgm3), are embryonic lethal highlighting the 

importance of O-GlcNAc and other forms of protein glycosylation that rely on UDP-

GlcNAc (Boehmelt et al. 2000a; Boehmelt et al. 2000b; Greig et al. 2007). 

O-GlcNAc transferase 

Unlike many other glycosyltransferases, OGT is a soluble protein that is 

predominantly localized to the nucleus, mitochondria and cytoplasm of all tissues studied 

thus far (Haltiwanger et al. 1992; Kreppel et al. 1997; Lubas et al. 1997; Hanover et al. 

2003; Love et al. 2003). Two functional domains characterize OGT: an N-terminal 

tetratricopeptide repeat (TPR) domain and a C-terminal catalytic domain belonging to the 

glycogen phosphorylase superfamily (Kreppel et al. 1997; Lubas et al. 1997; Wrabl and 

Grishin 2001). Recently the structure of OGT and the TPR domain have been solved (Jinek 

et al. 2004; Martinez-Fleites et al. 2008; Lazarus et al. 2011). The TPR domain forms an 

extended alpha-helix similar to importin-α (Jinek et al. 2004), and is important for 

mediating protein-protein interactions and enzyme activity (Kreppel and Hart 1999; Lubas 

and Hanover 2000). The catalytic domain contains two Rossman folds, separated by an 

intervening sequence. Notably, this linker is missing in the bacterial homologs of OGT that 

do not appear to modify protein substrates (Lazarus et al. 2011).  

The gene for OGT maps to Xq13 on the mammalian X chromosome and encodes 

three well-characterized variants: short OGT, mitochondrial OGT, and 

nuclear/cytoplasmic OGT (Kreppel et al. 1997; Lubas et al. 1997; Hanover et al. 2003; 

Love et al. 2003). Mitochondrial OGT is an alternatively-spliced isoform, which uses 

intron 4 of nuclear/cytoplasmic OGT as an exon to generate a unique N-terminus (Love et 
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al. 2003). Intron 4 encodes an abbreviated TPR domain with an N-terminal mitochondrial 

targeting sequence (Love et al. 2003). Interestingly, overexpression of mitochondrial OGT 

appears to induce apoptosis (Shin et al. 2011). OGT is essential for embryonic stem cell 

viability and somatic cell function (Shafi et al. 2000; O'Donnell et al. 2004). Deletion of 

OGT in Arabidopsis thaliana (Jacobsen et al. 1996), Drosophila melanogaster (Gambetta 

et al. 2009; Sinclair et al. 2009), and mice is lethal (Shafi et al. 2000), and leads to dauer 

phenotypes in Caenorhabditis elegans (Hanover et al. 2005), suggesting that O-GlcNAc is 

essential for cellular homeostasis.  

The mechanism of OGT substrate specificity is not fully understood; however, 

deletions in the TPR domain can affect the ability of OGT to O-GlcNAcylate protein and 

peptide substrates. It is generally thought that protein-protein interactions of OGT form a 

series of OGT complexes with different substrate specificities (Kreppel and Hart 1999). In 

support of this hypothesis, OGT has been found to associate with numerous proteins 

(Cheung et al. 2008) and is targeted to its substrates by p38 mitogen activated protein 

kinase (MAPK) under conditions of nutritional deprivation (Cheung and Hart 2008). 

Moreover, OGT can bind phosphatidylinositol (3,4,5)-trisphosphate (PIP3), which targets 

OGT to the plasma membrane during insulin signaling (Yang et al. 2008). These 

observations may also explain why there is no consensus sequence or motif for the addition 

of O-GlcNAc, although a recent paper has developed a neural network for predicting O-

GlcNAc-modification sites (Wang et al. 2011).  

The activity of OGT appears to be regulated by substrate targeting (discussed 

above), the levels of UDP and UDP-GlcNAc, and potentially by other PTMs. OGT is both 

tyrosine phosphorylated (Kreppel et al. 1997; Kreppel and Hart 1999) and O-GlcNAc-
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modified (Kreppel and Hart 1999; Lubas and Hanover 2000), although the consequence of 

these modifications has not been defined. Interestingly, OGT is phosphorylated and 

activated by active calcium/calmodulin-dependent kinase (CaMK)IV (Song et al. 2008). 

Recently, it has been demonstrated that OGT is S-nitrosylated in resting cells, and its 

denitrosylation following induction of the innate immune response results in increased 

catalytic activity (Ryu and Do 2011). While UDP-GlcNAc levels may alter OGT activity 

by providing more substrate, there is also evidence that UDP-GlcNAc alters the substrate 

specificity of OGT. Thus, OGT may glycosylate one group of proteins at low 

concentrations of UDP-GlcNAc, but at higher concentrations may target a completely 

different panel of proteins (Kreppel and Hart 1999). 

Little is known about how stress affects the activity of OGT, but stress alters 

glucose uptake and the activity of the HBP (discussed above) presumably augmenting 

UDP-GlcNAc pools. During heat stress, the activity of OGT is upregulated 3-fold by 

currently unknown mechanisms (Zachara et al. 2004b) and OGT translocates to the nucleus 

(Kazemi et al. 2010). Suggesting yet another mechanism by which stress alters O-GlcNAc 

levels, stressors such as sodium chloride (NaCl), ethanol, and arsenite appear to alter the 

expression of OGT (Zachara et al. 2004b). During glucose deprivation, the expression of 

OGT is partially dependent on adenosine monophosphate-activated protein kinase 

(AMPK), and OGT is targeted to its substrates by p38 MAPK (Cheung and Hart 2008). 

This results in a dramatic increase in O-GlcNAcylation of the neuronal protein 

neurofilament H, suggesting a possible mechanism by which defective glucose metabolism 

in the brain may directly contribute to the loss of axonal structure and stability (Cheung 

and Hart 2008).  



 10 

Several assays have been used to detect OGT activity. The most common involves 

the addition of a tritiated UDP-GlcNAc (3H-UDP-GlcNAc) to a peptide substrate 

(Haltiwanger et al. 1997). Recently, an effective fluorescence-based substrate analogue 

displacement assay was developed to assess the activity of OGT (Gross et al. 2005). The 

spatiotemporal dynamics of O-GlcNAc have also been characterized using a series of 

genetically-based O-GlcNAc Förster resonance energy transfer (FRET) sensors targeted to 

specific subcellular compartments (Carrillo et al. 2006; Carrillo et al. 2011). For example, 

a study utilizing the O-GlcNAc FRET sensor found that during serum-stimulated signal 

transduction rapid increases in O-GlcNAcylation were observed at the plasma membrane 

and in the nucleus, with a concomitant decrease in O-GlcNAcylation in the cytoplasm 

(Carrillo et al. 2011). 

O-GlcNAcase 

OGA is approximately 103 kDa in size and catalyzes the removal of O-GlcNAc 

from proteins. OGA appears to be predominantly cytoplasmic, and like OGT is 

ubiquitously expressed (Dong and Hart 1994). The gene encoding OGA was identified as 

meningioma expressed antigen 5 (Mgea5) and characterized as a hyaluronidase (Heckel et 

al. 1998). However, further analysis indicated that the product of the Mgea5 gene was 

active at neutral pH, localized to the cytoplasm, and would remove O-GlcNAc from 

peptides suggesting that it was the O-GlcNAcase biochemically characterized by Dong and 

Hart (Comtesse et al. 2001; Gao et al. 2001). OGA exists as two isoforms: the full-length 

isoform with a histone acetyltransferase (HAT)-like domain in its C-terminus and a short 

isoform lacking the C-terminal HAT domain.  
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OGA is serine phosphorylated and O-GlcNAcylated, although the functional 

significance of these modifications has yet to be elucidated (Gao et al. 2001; Wells et al. 

2002a). Like OGT, OGA from bovine brain appears to exist in complexes with other 

proteins including HSP110, heat shock cognate 70 kDa protein (HSC70), amphiphysin, 

and dihydropyriminidase-related protein-2. Finally, OGA is cleaved by caspase-3 during 

apoptosis (Wells et al. 2002a). Notably, the cleavage products appear to remain associated 

with each other and the activity of OGA is unaffected (Butkinaree et al. 2008). Thus far, 

little is known about the regulation of OGA during the cellular stress response. 

While little is known about the regulation of OGA, the activity of OGA can be 

conveniently assayed in vitro with a synthetic substrate p-nitrophenol-β-GlcNAc (Dong 

and Hart 1994). However, care must be taken to exclude the activities of lysosomal 

hexosaminidases A and B in total cell and tissue lysates. Recent studies have shown that 

fluorogenic substrates exhibit higher sensitivity and can be used to study both OGA 

isoforms. Both fluorescein di-GlcNAc (Kim et al. 2006a) and 4-methylumbelliferyl-2-N-

acetyl-2-deoxy-β-D-glucopyranoside have been used successfully (Macauley et al. 2005), 

however the latter is 10-fold less sensitive than fluorescein di-GlcNAc (Kim et al. 2006a).  

 

O-GlcNAc and the cellular stress response 

In response to injury, cells have the ability to modify their metabolic, 

transcriptional, translational, and signaling pathways to promote survival, collectively this 

is known as the “cellular stress response” (Lindquist 1986; Nollen and Morimoto 2002). 

Recent data suggests that O-GlcNAc is one component of the cellular stress response that 

is relevant to a variety of models of injury in several cell and tissue types. O-GlcNAc levels 
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become elevated in response to numerous forms of cell stress and tissue injury including: 

heat stress (Sohn et al. 2004; Zachara et al. 2004b), oxidative stress (Zachara et al. 2004b; 

Jones et al. 2008), ethanolic stress (Zachara et al. 2004b; Ngoh et al. 2009b), genotoxic 

stress (doxorubicin, belocin, ultraviolet B irradiation) (Zachara et al. 2004b; Love et al. 

2010; Zachara et al. 2011a), reductive stress (iodoacetamide) (Zachara et al. 2004b), 

endoplasmic reticulum (ER) stress (dithiothreitol, tunicamycin) (Zachara et al. 2004b; 

Ngoh et al. 2009b), hypoxia-reoxygenation (Ngoh et al. 2008; Ngoh et al. 2009a; Ngoh et 

al. 2011), osmotic stress (NaCl, sorbitol, sucrose) (Zachara et al. 2004b; Zou et al. 2007), 

adenosine triphosphate (ATP) depletion (sodium arsenite) (Zachara et al. 2004b), I/R injury 

(Pang et al. 2002; Liu et al. 2006; Nagy et al. 2006; Champattanachai et al. 2007; Fulop et 

al. 2007a; Fulop et al. 2007b; Liu et al. 2007; Champattanachai et al. 2008; Jones et al. 

2008; Ngoh et al. 2008; Ngoh et al. 2009a; Ngoh et al. 2009b; Zou et al. 2009; Hwang et 

al. 2010; Laczy et al. 2010; Ngoh et al. 2011), and trauma hemorrhage (Yang et al. 2006a; 

Not et al. 2007; Zou et al. 2007; Zou et al. 2009; Not et al. 2010). This response occurs in 

primary and transformed cells, as well as in tissues in vivo and ex vivo. Suggesting that the 

addition of O-GlcNAc to proteins is part of a pro-survival signaling program, elevating O-

GlcNAc levels prior (Zachara et al. 2004b; Chatham et al. 2008; Ngoh et al. 2008) or 

immediately following (Liu et al. 2007) cellular injury dramatically improves survival. 

Conversely, lowering O-GlcNAc levels sensitizes cells and tissues to injury (Zachara et al. 

2004b; Ngoh et al. 2008; Ngoh et al. 2009a; Ngoh et al. 2011). 

Modulating the levels of O-GlcNAc in a manner consistent with improved survival 

regulates a number of biological pathways. Some examples include: 1) increased protein 

solubility during heat stress (Lim and Chang 2006; Cheung and Hart 2008) or Alzheimer’s 
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disease (AD) (Yuzwa et al. 2012); 2) reduced calcium overload (Liu et al. 2006; Liu et al. 

2007); 3) decreased calpain activation (Liu et al. 2007); 4) altered p38 MAPK activation 

in response to I/R injury (Fulop et al. 2007b; Cheung and Hart 2008); 5) modulation of 

pro-inflammatory cytokine expression (Huang et al. 2007; Zou et al. 2009); 6) reduced 

mitochondrial permeability transition pore (mPTP) formation (Jones et al. 2008); 7) 

increased B-cell lymphoma 2 (Bcl-2) expression and translocation (Champattanachai et al. 

2008); and 8) regulation of the expression of a subset of molecular chaperones (Sohn et al. 

2004; Zachara et al. 2004b; Kazemi et al. 2010).  

Numerous reports have suggested that O-GlcNAc regulates many processes in the 

heart and vasculature (Fulop et al. 2007a; Liu et al. 2007; Champattanachai et al. 2008; 

Chatham and Marchase 2010; Ngoh et al. 2011) in models of I/R injury. For example, O-

GlcNAc appears to regulate many of the hallmarks of I/R injury such as calcium overload, 

oxidative damage, ER stress, and mitochondrial aberrations (Chatham and Marchase 

2010). Elevating O-GlcNAc levels with glucosamine, O-(2-acetamido-2-deoxy-d-

glucopyranosylidene)amino-N-phenylcarbamate (PUGNAc), or 2-ethylamino-3aR, 6S, 

7R, 7aR-tetrahydro-5R-hydroxymethyl-5H-pyrano[3, 2-d]thiazole-6, 7-diol (Thiamet-G; 

TMG) leads to improved function and reduced tissue death in both ex vivo and in vivo 

models of I/R injury in the heart (Liu et al. 2006; Fulop et al. 2007b; Liu et al. 2007; Jones 

et al. 2008). Collectively, these data suggest that the stress-induced elevation of the O-

GlcNAc-modification is a pro-survival response of cells and tissues (Champattanachai et 

al. 2007; Champattanachai et al. 2008; Hwang et al. 2010).  
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The PI3K/Akt pathway 

The role of O-GlcNAc in the PI3K/Akt pathway has been extensively studied in 

the context of nutrient sensing, insulin resistance and type II diabetes, and readers are 

directed to pertinent reviews on this topic for more extensive details (Akimoto et al. 2005; 

Buse 2006; Slawson et al. 2010; Hart et al. 2011). In contrast to these data, the interplay 

between O-GlcNAc and Akt signaling has been observed to inhibit apoptosis in a number 

of models including murine pancreatic β-cells (Kang et al. 2008), mouse embryonic 

fibroblasts (Kazemi et al. 2010), and murine liver (Ku et al. 2010), as discussed below.  

Recently, it was demonstrated that O-GlcNAcylation of keratin 18 (K18) is a 

regulator of Akt1 phosphorylation, which promotes downstream anti-apoptotic and 

cytoprotective signaling (Ku et al. 2010). Mouse mutants expressing human K18 

S30/31/49A mutations, which cannot be glycosylated (K18−Gly−), were more susceptible 

to liver and pancreatic injury induced by treatment with either streptozotocin or combined 

OGA inhibition and Fas ligand administration (Ku et al. 2010). It is thought that the pro-

survival mechanism is O-GlcNAcylation of K18, which leads to its interaction with Akt1 

and keratin 8 ultimately promoting the phosphorylation of Akt1 at Thr308. Akt is activated 

by phosphorylation at Thr308 and then phosphorylates substrates such as forkhead box 

protein (Foxo) and glycogen synthase kinase 3β (GSK3β), thereby enhancing cell survival 

(Ku et al. 2010) (Figure 1-2). It is also important to note that Akt itself is dynamically 

modified by O-GlcNAc at Ser473 (Gandy et al. 2006; Kang et al. 2008). While hyper-O-

GlcNAcylation of Akt has deleterious effects in hepatic cell and tissue models of 

euglycemia (Soesanto et al. 2008) and in pancreatic β-cells under hyperglycemic 

conditions (Kang et al. 2008), it is unclear if Akt is glycosylated in models of tissue injury. 
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Figure 1-2: O-GlcNAc is involved in the cellular stress response. Glucose and glucosamine can enter cells 
via glucose transporters and are directed towards the hexosamine biosynthetic pathway (HBP) for conversion 
to UDP-GlcNAc. O-GlcNAcylation of key proteins is essential for maintaining cellular homeostasis and 
promoting survival during stress and injury. Key survival pathways modulated by O-GlcNAc include: 1) the 
PI3K/Akt pathway, 2) heat shock protein expression, 3) calcium (Ca2+) homeostasis, 4) reactive oxygen 
species (ROS) regulation, 5) mitochondrial dynamics, 6) inflammation, and 7) PTM interplay. Note that 
proteins are shown as light blue squares, O-GlcNAc as green circles, and phosphates as orange circles. 
Arrows denote activation, whereas blunt ends denote inhibition. 
 

Heat shock protein expression 

One mechanism by which O-GlcNAc is thought to regulate cell survival is by 

modulating the expression of HSPs, the sentinels of the cellular stress response. Initial 

reports demonstrated that elevating O-GlcNAc levels augments the heat-induced 

expression of HSP72 and HSP40 (Sohn et al. 2004; Zachara et al. 2004b). Conversely, in 

cells in which O-GlcNAc levels had been lowered, by inhibition of the HBP or deletion of 
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OGT, the expression of HSPs was suppressed (Zachara et al. 2004b; Kazemi et al. 2010). 

Using a real-time polymerase chain reaction array of 84 chaperones, Kazemi and 

colleagues demonstrated that the expression of 18 molecular chaperones was inhibited 

when O-GlcNAc levels were lowered by deletion of OGT (Kazemi et al. 2010). These 

chaperones included HSP72, HSP40 J-domain containing proteins (Dnaja1, Dnaja2, 

Dnaja3, Dnaja4, Dnajb1, Dnajb7), the chaperone regulators Bag2 and Bag3, α-crystallin 

(Cryab, Hspb8), HSP25 (Hspb1), HSP110, HSP90α, and HSP60 (Kazemi et al. 2010). 

Interestingly, the expression of three proteins was upregulated (Dnajb8, Dnajc5b, 

Dnajc5g) (Kazemi et al. 2010).  

The expression of HSPs is regulated by two key transcription factors: heat shock 

factor 1 (HSF1) and Sp1. Several studies have demonstrated that O-GlcNAc regulates both 

of these transcription factors, directly and indirectly, leading to the regulation of chaperone 

expression. One example by which O-GlcNAc is thought to regulate HSP expression is by 

promoting the phosphorylation and inactivation of the kinase GSK3β at Ser9 (Kazemi et 

al. 2010). In cells with reduced O-GlcNAcylation, increased inhibitory phosphorylation of 

HSF1 at Ser303 is observed (Kazemi et al. 2010). Conversely, elevating O-GlcNAc levels 

suppresses the phosphorylation of HSF1 at Ser303, promoting both its activation and 

downstream HSP expression (Kazemi et al. 2010). Recent reports suggest that GSK3β may 

suppress HSF1 activity by phosphorylating serine and threonine residues independent of 

Ser303 (Batista-Nascimento et al. 2011). Nonetheless, consistent with a model in which 

increased GSK3β activity suppresses HSF1 activation in the OGT null, inhibition of 

GSK3β rescues HSP72 expression in these cells (Kazemi et al. 2010). Further supporting 

this model, a reduction of Ser9 inhibitory phosphorylation of nuclear GSK3β was observed 
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in cells with lower O-GlcNAc levels (Kazemi et al. 2010). Notably, unlike the study by 

Gandy and colleagues (Gandy et al. 2006), the stress-induced phosphorylation of Akt was 

unaffected in this model, demonstrating that O-GlcNAc likely regulates numerous points 

upstream of GSK3β.   

Glutamine has been demonstrated to protect cells and tissues from diverse forms of 

cellular stress and tissue injury (Wischmeyer et al. 2001). As glutamine is utilized by the 

HBP in the generation of UDP-GlcNAc (Figure 1-1), it has been postulated that glutamine 

may work in an O-GlcNAc dependent manner. In support of this hypothesis, in vivo 

treatment with glutamine has been shown to elevate O-GlcNAc levels (Singleton and 

Wischmeyer 2008; Hamiel et al. 2009). Moreover, the ability of glutamine to induce 

HSP70 is attenuated in cells in which O-GlcNAc levels have been lowered (Hamiel et al. 

2009). In heat-stressed cells and a septic mouse model, glutamine treatment appears to 

promote the nuclear accumulation of HSF1 and Sp1 in an O-GlcNAc-dependent manner 

(Singleton and Wischmeyer 2008; Hamiel et al. 2009). Although the mechanisms 

underlying the above observations remain unclear, it may be explained in part by the 

observations of Lim and Chang who demonstrated that increased levels of O-GlcNAc are 

associated with a more soluble pool of Sp1 during thermal stress (Lim and Chang 2006). 

This may represent altered localization of Sp1, or that Sp1 exhibits increased thermal 

stability when it is O-GlcNAc-modified (Lim and Chang 2006) similar to Tau (Yuzwa et 

al. 2012). Together the data discussed above suggest that O-GlcNAc can regulate the 

expression of HSPs by regulating both HSF1 and Sp1. 
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Calcium homeostasis 

Another mechanism by which O-GlcNAc may promote cell survival is by 

regulating calcium handling. Angiotensin II, an inositol (3,4,5)-trisphosphate (IP3)-

generating agonist, is a potent stimulator of cardiomyocyte hypertrophy that can elevate 

cytoplasmic calcium during vasoconstriction, increased blood pressure, and hemodynamic 

stress. A number of studies have demonstrated that angiotensin II treatment leads to an 

increase in basal calcium levels in adult and neonatal cardiomyocytes (Kem et al. 1991; 

Shao et al. 1998; Hunton et al. 2004), with sustained exposure affecting numerous cellular 

pathways (Meldrum et al. 1996; Liu et al. 2004b; Zhang et al. 2004) and eventually 

resulting in cell death (Kajstura et al. 1997; Goldenberg et al. 2001). Elevating UDP-

GlcNAc and O-GlcNAc levels through treatment with glucosamine or the OGA inhibitor 

PUGNAc attenuates angiotensin II-induced capacitative calcium entry during I/R injury 

(Nagy et al. 2006). Further suggesting that regulation of calcium homeostasis in the heart 

is modulated by HBP flux and altered O-GlcNAc levels, O-GlcNAc appears to regulate a 

number of pathways downstream of calcium in models of ischemic injury. Consistent with 

decreased calcium influx, CaMKII phosphorylation is reduced, as are downstream events 

such as calpain proteolysis of structural proteins such as α-fodrin (Liu et al. 2007). 

Moreover, augmented O-GlcNAc signaling, via inhibition of OGA or overexpression of 

OGT, has been shown to attenuate oxidative stress and calcium overload in cardiomyocytes 

(Ngoh et al. 2011). Although the mechanism by which this occurs is unknown, it is 

accompanied by a reduction in ROS release and reduced formation of the mPTP (Ngoh et 

al. 2011).  
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While the mechanism by which O-GlcNAc regulates calcium handling in the 

ischemic heart has not been parsed out, recent studies have demonstrated that several IP3 

receptors are O-GlcNAc-modified suggesting a potential molecular mechanism by which 

O-GlcNAc can modulate calcium flux. The IP3 type I receptor is the principle intracellular 

calcium release channel in many cell types including neurons, and it is regulated by 

calcium, ATP and O-GlcNAc. O-GlcNAcylation of the IP3 type I receptor decreased its 

activity, while the removal of O-GlcNAc restored its function (Rengifo et al. 2007). 

Following this study, it was demonstrated that the IP3 type III receptor is functionally 

regulated by O-GlcNAc, except that O-GlcNAcylation enhanced its activity while O-

GlcNAc removal negated its function (Bimboese et al. 2011). Thus, O-GlcNAcylation of 

IP3 type I and III receptors regulates their function(s) in controlling calcium flux and 

ultimately attenuating calcium-dependent apoptosis (Rengifo et al. 2007). 

Reactive oxygen species 

ROS participate in many intracellular signaling pathways that can ultimately lead 

to alterations in gene transcription, protein synthesis, and overall cellular function. 

Stressors such as I/R injury, which induces mitochondrial calcium overload (discussed 

previously) and ROS generation, favor the formation of the mPTP (discussed in the next 

section) and ultimately lead to cell death. Augmenting O-GlcNAc levels by adenoviral 

OGT overexpression or PUGNAc treatment has been shown to attenuate hypoxia and 

oxidative stress-induced ROS production. Conversely, suppression of O-GlcNAcylation 

by adenoviral OGA overexpression exacerbated ROS levels (Ngoh et al. 2011). One 

mechanism by which O-GlcNAc is thought to suppress ROS levels is by promoting the 

expression of antioxidant enzymes by stimulating the activity of Foxo1 and peroxisome 
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proliferator-activated receptor gamma coactivator 1α (PGC1α) (Housley et al. 2009). For 

example, it was demonstrated that induction of PGC1α in response to ROS leads to its O-

GlcNAcylation and activation by OGT. Subsequently, the OGT-PGC1α complex is 

targeted to and hyper-O-GlcNAcylates Foxo1 (Figure 1-2) to promote increased 

transcription of ROS responsive enzymes, such as glutathione peroxidase 1 (GPX1) and 

superoxide dismutase 2 (SOD2), which protect against oxidative damage (St-Pierre et al. 

2006; Housley et al. 2008; Housley et al. 2009). While the above studies were performed 

in hepatocytes, subsequent studies in a model of myocardial damage demonstrated that 

catalase mRNA levels were augmented above baseline following inhibition of OGA 

(PUGNAc), while overexpression of OGA reduced baseline catalase mRNA levels (Ngoh 

et al. 2011). Notably, in contrast to the studies discussed here, O-GlcNAc is thought to 

promote ROS generation in models of hyperglycemia and glucose toxicity (Goldberg et al. 

2011), although the molecular basis for this paradox remains to be defined (Lima et al. 

2012).  

Mitochondrial dynamics 

The mitochondrion is the powerhouse of the cell and is responsible for ATP 

production, maintenance of cellular byproducts, and overall regulation of cellular 

homeostasis. Altered mitochondrial dynamics leads to activation of the mitochondrial 

death pathway, which ultimately results in formation of the mPTP. Pore formation is 

activated by calcium surplus and ROS generation (previously discussed, Figure 1-2), and 

is responsible for non-specifically allowing small molecules (<1.5 kDa) to enter and exit 

the mitochondrial matrix (Crow et al. 2004). One postulated mechanism for the 

cytoprotective nature of O-GlcNAc is through the regulation of mitochondrial function 
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(Jones et al. 2008; Ngoh et al. 2008; Ngoh et al. 2010; Ngoh et al. 2011) by reducing 

calcium overload, dampening ROS production, and preventing mPTP formation (Jones et 

al. 2008; Ngoh et al. 2008; Ngoh et al. 2011). It has been suggested that O-GlcNAc may 

regulate the mPTP directly by modifying and modulating the voltage dependent anion 

channel (VDAC) (Jones et al. 2008; Ngoh et al. 2008) (Figure 1-2). For example, deletion 

of OGT led to reduced O-GlcNAcylation of VDAC, sensitizing cells to mitochondrial 

membrane potential collapse and mPTP formation (Jones et al. 2008; Ngoh et al. 2008). 

Notably, formation of the mPTP is also promoted by active GSK3β (Juhaszova et al. 2004; 

Miura and Miki 2009), which is inhibited in some models by stress-induced O-

GlcNAcylation (Kazemi et al. 2010; Ku et al. 2010).  

In addition to modulating VDAC, O-GlcNAc has been demonstrated to modulate 

Bcl-2 and the electron transport chain. Mitochondrial localization of Bcl-2 has been 

postulated to inhibit mPTP opening (Tsujimoto 2003; Tsujimoto et al. 2006), protect 

against a loss in mitochondrial membrane potential (Tsujimoto 2003; Murphy et al. 2005; 

Tsujimoto et al. 2006), prevent cytochrome c release (Tsujimoto 2003; Murphy et al. 2005; 

Tsujimoto et al. 2006), and attenuate mitochondria-mediated apoptosis (Tsujimoto 2003; 

Murphy et al. 2005; Tsujimoto et al. 2006). One study demonstrated that elevation of O-

GlcNAc levels in hydrogen peroxide treated cells, an ex vivo model of I/R injury, led to 

increased mitochondrial Bcl-2 translocation (Champattanachai et al. 2008). There is some 

debate surrounding this finding, as PUGNAc did not appear to alter I/R-induced increases 

in mitochondrial Bcl-2 levels (Champattanachai et al. 2008). Finally, elevating levels of 

glucose in neonatal cardiomyocytes resulted in augmented O-GlcNAc levels and 

subsequently reduced function of mitochondrial electron transport complexes I, III, and IV 
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(Hu et al. 2005), however, its role in stress has not been studied yet. Interestingly, 

overexpressing OGA to reduce O-GlcNAc levels can reverse the effects of reduced 

mitochondrial function when glucose levels are elevated (Hu et al. 2005).  

Inflammation 

Trauma hemorrhage injury, like infection, induces an acute inflammatory response 

necessary for tissue repair. However, a hyper-inflammatory response can compromise 

healthy tissue, leading to cell and tissue death (Jarrar et al. 1999; Nathan 2002). The 

inflammatory response is driven by secreted tissue-derived cytokines, such as tumor 

necrosis factor-α (TNF-α) and interleukin (IL)-6, that are responsible for inflammation in 

the damaged area. Recent studies have shown that augmenting O-GlcNAc levels prior to 

and following trauma hemorrhage injury improves survival, and this protective phenotype 

is associated with reduced expression of TNF-α and IL-6 and improved recovery of 

multiple tissues and blood pressure (Yang et al. 2006a; Not et al. 2007; Chatham et al. 

2008; Not et al. 2010).  

O-GlcNAc has also been demonstrated to suppress acute inflammation in other 

models of injury presumably promoting cell survival (Not et al. 2007; Xing et al. 2008; 

Pathak et al. 2012). For example, in a rat model of arterial injury elevating O-GlcNAc 

levels by administration of glucosamine or PUGNAc attenuated inflammatory mediator 

expression, leukocyte infiltration, and neointima formation (Xing et al. 2008). Reduced 

inflammation was attributed to decreased TNF-α-induced phosphorylation of the nuclear 

factor κB (NFκB) p65 subunit and subsequent inhibition of NFκB transcriptional activation 

and signaling (Xing et al. 2008). Additionally, augmenting O-GlcNAc levels reduced the 

expression of a number of chemokines (cytokine-induced neutrophil chemoattractant-2β 
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and monocyte chemotactic protein-1) and adhesion molecules (vascular cell adhesion 

molecule-1 and P-selectin) (Xing et al. 2008).  

Pro-inflammatory cytokines, such as TNF-α and IL-1, activate downstream signals 

in a manner mediated by transforming growth factor-β-activated kinase I (TAK-1), also 

known as mitogen-activated protein kinase kinase kinase 7 (Sakurai et al. 2000; Wang et 

al. 2001). A recent study showed that O-GlcNAcylation of TAK-1-binding protein (Tab-

1) modulates TAK-1-mediated cytokine release when induced by IL-1 and osmotic stress 

(Pathak et al. 2012). Utilizing wild type (WT) and O-GlcNAc-deficient mutant Tab-1 

(S395A) in Tab-1-/- mouse embryonic fibroblasts, this study demonstrated that the O-

GlcNAc-modification of Tab-1 at Ser395 is essential for full TAK-1 autophosphorylation 

at Thr187 and activation upon stress, as well as the subsequent downstream activation of 

NFκB and production of IL-6 and TNF-α (Pathak et al. 2012). 

 

Interplay between O-GlcNAc and other PTMs 

One mechanism by which O-GlcNAc is thought to regulate proteins is by directly 

or indirectly regulating other post-translational modifications including phosphorylation, 

nitrosylation, and ubiquitination. 

Phosphorylation 

Phosphate (PO4
3-) and GlcNAc (C8H15NO6) moieties are both covalently and 

reversibly added in an O-linkage to serine and threonine residues in a manner known as 

phosphorylation and O-GlcNAcylation respectively. There is extensive crosstalk between 

these two modifications, and this dynamic interplay is implicated in regulating numerous 

signaling networks (Wang et al. 2007; Wang et al. 2008; Wang et al. 2010b; Hart et al. 
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2011). For a subset of proteins (Kelly et al. 1993; Cheng and Hart 2001; Comer and Hart 

2001; Du et al. 2001), O-GlcNAc and phosphorylation appear to compete for the same 

serine or threonine residue, such as on the proto-oncogene c-Myc (Chou et al. 1995). 

Alternatively, for numerous proteins O-GlcNAc can sterically hinder nearby 

phosphorylation sites (Yang et al. 2006b; Housley et al. 2008; Dias et al. 2009; Wang et 

al. 2010b; Tarrant et al. 2012), for example in the CK2 protein where O-GlcNAcylation of 

Ser347 prevents its phosphorylation at nearby amino acid Thr344 (Tarrant et al. 2012). The 

idea that these modifications are reciprocal comes from data demonstrating that 

phosphorylation of subsets of proteins is suppressed when global O-GlcNAc levels are 

elevated (Griffith and Schmitz 1999; Lefebvre et al. 2001; Wang et al. 2008). One elegant 

study demonstrated that in vitro O-GlcNAcylation of the C-terminal domain of RNA 

polymerase II blocked its phosphorylation and vice versa (Comer and Hart 2001). 

Suggesting that this interplay also alters protein function in vivo, additional studies have 

demonstrated that tau is hyper-phosphorylated in a brain OGT knockout (O'Donnell et al. 

2004). However, readers should be cautioned as the reciprocal relationship between O-

GlcNAc and phosphorylation exists only for a subset of proteins, while for others there is 

no direct association and proteins can be both phosphorylated and O-GlcNAcylated 

simultaneously, such as insulin receptor substrate-1 (IRS-1) (Ball et al. 2006).  

In addition to cross talk associated with site-occupancy, there is cross talk between 

the enzymes responsible for O-GlcNAcylation and phosphorylation. OGT and OGA are 

known to associate with and modify kinase and phosphatase enzymes (Khidekel et al. 

2004; Wells et al. 2004; Cheung et al. 2008; Slawson et al. 2008; Dias et al. 2009; Wang 

et al. 2010b; Dias et al. 2012). For example, CaMKIV is inhibited by O-GlcNAc-
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modification within its ATP-binding region, and de-O-GlcNAcylation and subsequent 

phosphorylation is required for CaMKIV activation (Dias et al. 2009). Several proteomic 

analyses have been performed to further delineate the interplay between O-GlcNAc and 

phosphorylation in cell cycle progression. One of these studies demonstrated that the kinase 

Aurora B, which regulates mitotic progression, forms a transient complex with OGT and 

OGA in the mitotic phase of the cell cycle and colocalizes with OGT to midbodies during 

telophase and cytokinesis (Slawson et al. 2008). Inhibition of Aurora B leads to diminished 

midbody localization of OGT and an increase in global O-GlcNAc levels (Slawson et al. 

2008). This study also demonstrated that vimentin, a substrate for Aurora B and OGT 

during mitosis, exhibited alterations in its O-GlcNAcylation and phosphorylation patterns 

upon modulation of OGT or OGA activity (Slawson et al. 2008). A second study identified 

141 previously unreported O-GlcNAc sites on proteins that are involved in spindle 

assembly and cytokinesis, many of which are the same site as or are in close proximity to 

sites of phosphorylation (Wang et al. 2010b). Finally, modulation of O-GlcNAc levels was 

found to alter the phosphorylation status of proteins localized to the mitotic spindle and 

midbody, for example upon OGT overexpression, cyclin dependent kinase 1 becomes 

hyper-phosphorylated thereby reducing its activity and subsequently decreasing the 

phosphorylation status of its target proteins (Wang et al. 2010b). 

Endothelial nitric oxide synthase (eNOS) generates nitric oxide and stimulates 

vasodilation by inhibiting smooth muscle contraction and platelet aggregation, with these 

functions reported to be impaired in diabetes-associated erectile dysfunction. One study 

demonstrated that in rats treated with alloxan to induce diabetes, eNOS was hyper-O-

GlcNAcylated and hypo-phosphorylated at Ser1177 (Musicki et al. 2005). Phosphorylation 
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of eNOS at this site is mediated by Akt phosphorylation, and this study demonstrated that 

the phosphorylation of both Akt and eNOS was decreased in the diabetic model, 

implicating that O-GlcNAcylation at Ser1177 is one potential mechanism for eNOS 

inactivation and thereby diminished vasodilation (Musicki et al. 2005).   

Other PTM roles 

There is emerging evidence for the interplay of O-GlcNAc with other post-

translational modifications such as protein ubiquitination and nitrosylation, although it is 

important to note that the exact mechanisms by which these modifications interact are still 

being elucidated.  

A growing body of evidence suggests that O-GlcNAc may be a regulator of protein 

degradation. This evidence includes data demonstrating that enhanced O-GlcNAcylation 

is associated with an extended half-life of proteins, such as with Sp1 (Han and Kudlow 

1997) and the murine β-estrogen receptor (Jiang and Hart 1997; Cheng and Hart 2001). At 

least three mechanisms have been postulated to underlie these observations. Firstly, O-

GlcNAc can block the phosphorylation of PEST (Pro-Glu-Ser-Thr) domains in the murine 

β-estrogen receptor thereby preventing its degradation (Cheng et al. 2000; Cheng and Hart 

2001). Secondly, as discussed below, data suggests that O-GlcNAc may regulate 

ubiquitination. Thirdly, O-GlcNAc is implicated in regulating the proteasome directly, as 

highlighted by studies showing that numerous proteins in the proteasome are O-GlcNAc-

modified and that enhanced O-GlcNAcylation may inhibit proteasome function (Sumegi 

et al. 2003; Zhang et al. 2003). One study demonstrated that both ubiquitination and O-

GlcNAcylation increase upon heat-shock treatment and that these PTMs can occur on some 

proteins concomitantly (Guinez et al. 2008). O-GlcNAc-modified proteins were not 
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observed to be stabilized following proteasome inhibition, and ubiquitination could be 

enhanced or reduced by increasing or decreasing O-GlcNAc levels respectively (Guinez et 

al. 2008). It was speculated that an E1 ubiquitin-activating enzyme interacts with HSP70 

only in its O-GlcNAcylated form (Guinez et al. 2008). An agonistic relationship between 

these two modifications is suggested such that O-GlcNAc may alter the activity of E1 

enzymes to modulate stress-induced ubiquitination (Shimura et al. 2001; Shrikhande et al. 

2010; Fujiki et al. 2011). It has also been shown that O-GlcNAcylation of a protein may 

facilitate its subsequent ubiquitination. For example, O-GlcNAcylation of histone H2B at 

Ser112 facilitates monoubiquitination at Lys120 to regulate transcription (Fujiki et al. 

2011). 

S-nitrosylation is a cysteine modification that is found and maintained on OGT in 

resting cells, and S-nitrosylated OGT has greatly reduced catalytic activity compared to the 

native form of the protein (Ryu and Do 2011). OGT becomes denitrosylated in 

macrophages treated with lipopolysacharides to trigger an innate immune response, which 

leads to increased catalytic activity and hyper-O-GlcNAcylation of proteins (Haberhausen 

et al. 1995). While other PTMs such as acetylation, methylation, sumoylation, and many 

others have pivotal roles in regulating protein function and signal transduction, the 

interplay of these modifications with O-GlcNAcylation has yet to be defined. 

 

Molecular mechanisms of disease 

There are many facets of the cellular stress response whose misregulation can 

contribute to neurodegenerative disease pathophysiology, and O-GlcNAc is implicated in 

the etiology of some of these diseases. Notably, the OGT gene is on the X chromosome at 
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position Xq13.1, the same locus associated with dystonia-parkinsonism syndrome 

(Haberhausen et al. 1995), and OGA maps to chromosome 10 near the locus associated 

with late-onset AD (10q24.1-q24.3) (Bertram et al. 2000). 

Alzheimer’s disease 

AD is a form of dementia that is characterized by reduced brain function and 

cognitive deficits, where both genetic and environmental factors play a role in pathogenesis 

(Hardy and Allsop 1991). AD phenotypes are often the result of unfolded or aggregated 

proteins, aberrant signaling, and oxidative stress. While there are many mechanisms by 

which these events are regulated, the most well studied proteins involved in AD are 

amyloid β precursor protein (APP), amyloid β (Aβ), and tau (Hardy and Allsop 1991). 

Dysregulation of APP, Aβ plaque formation, tau phosphorylation, and tangle formation 

dominate the cascade of events leading to AD and ultimately to neuronal death (Dong et 

al. 2004). 

AD transgenic mouse models are characterized by Aβ plaque formation and this 

leads to decreased cell proliferation and defective contextual memory (Kang et al. 2007). 

APP, the precursor protein to Aβ, is O-GlcNAc-modified although the importance of this 

modification remained elusive for many years (Jacobsen and Iverfeldt 2011). It was later 

demonstrated that inhibiting OGA with PUGNAc or reducing the expression of OGA 

(small interfering RNA) increased the amount of APP O-GlcNAcylation and non-

amyloidogenic α-secretase processing (Jacobsen and Iverfeldt 2011). This has further 

downstream effects such as increasing levels of the neuroprotective soluble APPα cleavage 

fragment, which reduces Aβ secretion and suggests a protective role for O-GlcNAc (Kim 

et al. 2012). Finally, treatment with the OGA inhibitor 1,2-dideoxy-2′-propyl-α-d-
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glucopyranoso-[2,1-d]-Δ2′-thiazoline (NButGT) in a mouse model of AD resulted in 

reduced γ-secretase activity and subsequent attenuation of Aβ plaque production and 

inflammation in vivo, further highlighting the important protective role of O-GlcNAc under 

conditions of stress and neurodegeneration (Rissman et al. 2007; Rissman et al. 2012).  

Tau was demonstrated to be directly O-GlcNAc-modified (Arnold et al. 1996; Liu 

et al. 2004a) and it was later shown that O-GlcNAcylation negatively regulates site-specific 

phosphorylation of tau in the human brain (Liu et al. 2004a). Notably, increased 

phosphorylation of Tau has been implicated in the formation of the toxic tangles associated 

with neurodegeneration. Recent data have demonstrated that inhibition of OGA, which 

leads to an increase in O-GlcNAc levels, in a murine model of AD led to increased O-

GlcNAcylation of tau, decreased tau aggregation, and diminished neuronal cell death. 

Together, these data highlight the protective role of O-GlcNAc and suggest that OGA could 

be a therapeutic target for slowing AD progression (Yuzwa et al. 2012). Interestingly, low 

glucose uptake and metabolism during aging has been postulated to lead to decreased O-

GlcNAcylation of key proteins such as Tau, potentially exacerbating the AD phenotype 

during aging (Yuzwa et al. 2012). 

Parkinson’s disease 

Parkinson’s disease (PD) is a brain disorder characterized by the degeneration of 

midbrain dopaminergic neurons, which is often accompanied by the formation of Lewy 

bodies (abnormal protein aggregates) (Henchcliffe and Beal 2008). Together this leads to 

improper signaling and loss of muscle function. Genetic alterations in the nucleus have 

been linked to disrupted mitochondrial morphology and function that can then modulate 
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protein activity, trigger apoptosis, or lead to accumulation of misfolded or damaged 

proteins in PD pathogenesis (Henchcliffe and Beal 2008).  

Aggregation of the α-synuclein protein or mutations in the α-synuclein gene (A53T) 

which lead to an impairment of mitochondrial dynamics, morphology, and movement have 

been linked to rare inherited forms of PD (Polymeropoulos et al. 1997; Spillantini et al. 

1997; Xie and Chung 2012). One study identified a 22 kDa O-glycosylated form of α-

synuclein in a protein complex with parkin (an E3 ubiquitin ligase) and UbcH7 (an E2 

ubiquitin-conjugating enzyme). These studies suggested that the glycosylated form of α-

synuclein was bound and ubiquitinated by parkin (Shimura et al. 2001). On the contrary, a 

subsequent study postulated that α-synuclein is modified by O-GlcNAc and that its 

nonglycosylated form interacts with parkin in embryonic hippocampal cells, although the 

specific type of glycosylation was never confirmed (Kim et al. 2003). Recently, the O-

GlcNAc-modification status of α-synuclein was mapped to Thr72 (Wang et al. 2010a), 

which has been demonstrated to prevent its aggregation (Marotta et al. 2012). Further data 

(discussed previously) highlights the interplay between O-GlcNAcylation and 

ubiquitination to regulate protein stability and degradation, although a direct link between 

these phenomena and PD has yet to be elucidated.  

 

Methods to study O-GlcNAcomics 

In this section, we will discuss the current methodologies used to modulate O-

GlcNAc levels, enrich O-GlcNAc-modified proteins, and identify sites of O-

GlcNAcylation.  
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In vitro and in vivo modulation of O-GlcNAc levels 

O-GlcNAc levels can be directly or indirectly altered in vitro and in vivo by 

modulating the activity or expression of OGT (Gross et al. 2005; Dorfmueller et al. 2011; 

Gloster et al. 2011), OGA (Beer et al. 1990; Dong and Hart 1994; Haltiwanger et al. 1998; 

Konrad et al. 2002; Liu et al. 2002; Dorfmueller et al. 2006; Knapp et al. 2007; Whitworth 

et al. 2007; Macauley et al. 2008; Yuzwa et al. 2008; Laczy et al. 2010), or other key 

enzymes in the HBP (Marshall et al. 1991; Traxinger and Marshall 1991; Patti et al. 1999; 

Ross et al. 2000; Buse et al. 2002; McClain 2002). Techniques such as overexpression of 

OGT (Zachara et al. 2004b), OGA (Slawson et al. 2005), and GFAT (Chen et al. 1997; 

James et al. 2000; Marshall et al. 2004) by both transient transfection and viral transduction 

have been successful, as has reducing the expression of these enzymes using RNA 

interference (Zachara et al. 2004b; Ngoh et al. 2009a; Hsieh et al. 2012). OGT has also 

been overexpressed using a tetracycline-inducible OGT stably expressed in HeLa human 

cervical cancer cells, although for effective overexpression a histone deacetylase inhibitor 

was included with the tetracycline for appropriate regulation of OGT (Marshall et al. 2003). 

Murine models and the OGTF/Y,mER-Cre-2A-GFP cell line  

Several mouse models and cell lines exist in which the levels of O-GlcNAc can be 

modulated. Notably, in murine models, deletion of Ogt (Shafi et al. 2000; O'Donnell et al. 

2004), EMeg32 (Boehmelt et al. 2000b), or Pgm3 (Greig et al. 2007) leads to embryonic 

lethality, whereas deletion of Mgea5 (OGA) leads to perinatal lethality (Yang et al. 2012). 

A number of hypomorphic alleles of Pgm3 have been characterized, leading to cells and 

mice with different concentrations of UDP-GlcNAc (Greig et al. 2007). Unlike deletion of 

EMeg32, deletion of Ogt is lethal in isolated embryonic fibroblasts (O'Donnell et al. 2004). 
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To overcome this challenge, researchers have immortalized cells in which the first two 

exons of Ogt are flanked by loxP recombination sites (O'Donnell et al. 2004; Kazemi et al. 

2010). These cells (OGTF/Y) have been stably transfected with a Cre recombinase estrogen 

receptor chimera (Cre-ERT2-GFP) that is induced by 4-hydroxytamoxifen (OGTF/Y,mER-

Cre-2A-GFP) (Kazemi et al. 2010). Addition of 4-hydroxytamoxifen activates Cre 

recombinase, resulting in recombination of the LoxP sites and deletion of OGT. 

Modulating O-GlcNAc levels using inhibitors of OGT, OGA, and the HBP 

A large number of inhibitors have been developed for blocking the activity of OGA 

in both cell culture and animal models (Beer et al. 1990; Dong and Hart 1994; Haltiwanger 

et al. 1998; Konrad et al. 2002; Liu et al. 2002; Dorfmueller et al. 2006; Knapp et al. 2007; 

Whitworth et al. 2007; Macauley et al. 2008; Yuzwa et al. 2008), and here we will focus 

on those that are commercially available. PUGNAc was the first OGA inhibitor isolated 

and inhibits OGA at a Ki of 52 nM in vitro (Dong and Hart 1994; Haltiwanger et al. 1998). 

PUGNAc is suitable for use in cells (10-100 µM, 4-18 h) and in animals (50 mg/kg, 4-12 

h) (Jones et al. 2008), however prolonged use (>36 h) can lead to cell cycle defects 

(Slawson et al. 2005). While widely used, recent evidence demonstrates that PUGNAc can 

also inhibit other lysosomal glycosidases including hexosaminidases A and B (Macauley 

et al. 2005; Ficko-Blean et al. 2008), suggesting that PUGNAc may have effects on other 

cellular pathways aside from O-GlcNAcylation. Streptozotocin has also been widely used, 

but only inhibits OGA at very high concentrations (Roos et al. 1998; Gao et al. 2000; 

Okuyama and Yachi 2001; Liu et al. 2002; Toleman et al. 2006). It is important to note that 

streptozotocin is also a DNA-alkylating agent and can release nitric oxide, making it 

difficult to determine whether the observed effects are due to OGA inhibition or 
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streptozotocin toxicity (Kwon et al. 1994). Alloxan has been suggested to inhibit OGA 

(Lee et al. 2006), but has been reported to also inhibit OGT and as such should be used 

with extreme caution (Konrad et al. 2002; Macauley et al. 2005). More recently, TMG has 

been introduced, and unlike PUGNAc, TMG is effective in crossing the blood brain barrier 

and does not appear to inhibit hexosaminidase A or B (Yuzwa et al. 2008). 

Several OGT inhibitors have also been isolated that work well in vitro (Gross et al. 

2005), and thus far these have been useful in isolated neonatal cardiomyocytes (5 µM) 

(Ngoh et al. 2008) and breast cancer cells (200 µM) (Caldwell et al. 2010). A more recent 

study has focused on synthesizing novel OGT inhibitors with structural analogues to UDP-

GlcNAc/UDP (Dorfmueller et al. 2011). While the synthesized compounds inhibit OGT in 

the micromolar range, it should be noted that they are inactive when used on living cells 

(Dorfmueller et al. 2011). Another recent study developed a synthetic carbohydrate 

precursor, 2-acetamido-1,3,4,6-tetra-O-acetyl-2-deoxy-5-thio-α-d-glucopyranose (Ac-

5SGlcNAc), which can be successfully converted by the cell to produce UDP-5SGlcNAc 

in cell culture and in vitro models (Gloster et al. 2011). UDP-5SGlcNAc is not an efficient 

substrate for OGT, but excludes binding of UDP-GlcNAc therefore inhibiting OGT 

function (Gloster et al. 2011). It is important to note that these inhibitors are not yet 

commercially available.  

There are numerous commercially available chemicals for suppressing flux through 

the HBP (Marshall et al. 1991; Traxinger and Marshall 1991; Patti et al. 1999; Ross et al. 

2000; Buse et al. 2002; McClain 2002; Ngoh et al. 2010), which reduced UDP-GlcNAc 

levels and thus the O-GlcNAc-modification. Treatment with exogenous glucose, 

glutamine, or glucosamine leads to increased O-GlcNAc levels by increasing flux through 
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the HBP (Traxinger and Marshall 1991), although it is important to note that these 

compounds enter numerous pathways in the cell and observed effects may not be due to 

changes in O-GlcNAcylation. Azaserine and 6-diazo-5-oxo-L-norleucine (DON) are 

GFAT inhibitors, and treatment with these compounds decreases flux through the HBP 

thereby reducing O-GlcNAc levels (Marshall et al. 1991). Despite their common usage, 

both of these GFAT inhibitors do not act specifically on the HBP and may have effects on 

other enzymes and cellular pathways, especially those involved in glutamine metabolism.    

Isolation, purification, and detection of O-GlcNAc and O-GlcNAc-modified 

proteins 

Our understanding of the role of O-GlcNAc has been hampered due to the lack of 

specific and sensitive tools. Many challenges arise as the most commonly used analytical 

protein techniques, including gel electrophoresis, liquid chromatography (LC), and mass 

spectrometry (MS), often fail to detect O-GlcNAc. This is due to a number of factors such 

as 1) the addition of a monosaccharide of O-GlcNAc does not generally affect the 

migration of the glycoprotein during 1- or 2-dimensional gel electrophoresis; 2) the O-

GlcNAc-modification is rapidly hydrolyzed by hexosaminidases during protein isolation 

unless appropriate inhibitors are included; 3) the β-O-glycosidic linkage is chemically 

labile and is rapidly released under conditions of mild acid or base; 4) due to its lability, 

O-GlcNAc is usually lost at the ion source of electrospray ionization (ESI) or during 

ionization by matrix-assisted laser desorption ionization mass spectrometry; and 5) 

ionization of peptides modified by O-GlcNAc is suppressed during mass spectrometry and 

as such need to be enriched. Here, we will review the most robust techniques for the 
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detection and purification of O-GlcNAc-modified proteins, as well as techniques for 

defining sites of O-GlcNAcylation. 

Detecting O-GlcNAc-modified proteins by 3H-galactose labeling 

The gold standard for the detection of O-GlcNAc-modified proteins has been UDP-

galactose:GlcNAc β-1,4-galactosyltransferase (GalT1) labeling, which transfers 3H-

galactose from UDP-3H-galactose to any terminal GlcNAc residue (Torres and Hart 1984; 

Roquemore et al. 1994). One advantage of this technique is the generation of a radiolabeled 

sugar (3H-galactose-R) that can be followed in subsequent analyses. As GalT1 will transfer 

galactose to any terminal GlcNAc reside, it is important to treat samples with peptide N-

glycosidase F to enzymatically remove N-glycans prior to 3H-galactose labeling. Recently 

this technique has also been adapted to incorporate an unnatural tetraacetylated N-

azidoacetylgalactosamine (GalNAz) onto proteins (see section Click-iT). 

Immunopurification with antibodies and lectins 

In contrast to protein phosphorylation where a range of pan- and site-specific 

phospho-antibodies are commercially available, only a few such tools exist for the O-

GlcNAc-modification. These antibodies fall into two classes: those that can be considered 

pan-specific and others that are site-specific (Zachara et al. 2011c). The two most 

commonly used pan-specific antibodies for detecting O-GlcNAc-modified proteins are 

CTD110.6 (Comer and Hart 2001), a mouse immunoglobulin (Ig)M antibody raised 

against the C-terminus of RNA polymerase II, and RL2 (Snow et al. 1987), a mouse IgG 

antibody raised against O-GlcNAc-modified components of the nuclear pore complex. 

Recently, a number of monoclonal IgG antibodies have been introduced for detecting O-

GlcNAc-modified proteins including 1F5.D6(14), 18B10.C7(3) and 9D1.E3(10) (Teo et 
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al. 2010). These antibodies were raised against a three-component immunogen-containing 

epitope regions from the casein kinase II (CKII) α-subunit 15, a mouse major 

histocompatibility complex class II restricted helper T-cell epitope, and a Toll-like receptor 

2 agonist (Teo et al. 2010). Like RL2, these antibodies are mouse IgGs and appear to only 

recognize O-GlcNAc in certain 3-dimensional environments. In addition to the antibodies 

discussed previously, anti-streptococcal monoclonal mouse IgG antibodies have been 

commonly used for detecting proteins containing GlcNAc residues. These antibodies were 

raised against streptococcal group A carbohydrates, which is composed of a polyrhamnose 

backbone with GlcNAc side chains (Turner et al. 1990).  

There has only been a small cohort of studies that have incorporated a top-down 

shotgun proteomics approach for identifying O-GlcNAc-modified proteins using the 

antibodies previously discussed. These studies have been hampered because none of the 

discussed antibodies appear to bind O-GlcNAc-modified peptides. As such, proteins that 

interact with O-GlcNAc-modified proteins are also identified, and in most cases O-

GlcNAc-modified peptides are suppressed in the MS making O-GlcNAc-modification sites 

difficult to map. Nonetheless, a number of studies have been performed highlighting 

proteins that are potentially O-GlcNAc-modified in response to cellular stress and tissue 

injury (Jones et al. 2008; Teo et al. 2010; Zachara et al. 2011c), and the O-GlcNAcylation 

status of a number of proteins has been confirmed by independent techniques (Table 1-1). 

One recent study used 1F5.D6(14), 18B10.C7(3) and 9D1.E3(10) to immunoprecipitate O-

GlcNAc-modified proteins followed by large-scale shotgun proteomics to identify more 

than 200 differentially expressed glycoproteins from human embryonic kidney (HEK)293 

cells and rat livers responding to trauma hemorrhage and resuscitation (Teo et al. 2010). 
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Another recent study relied on Stable Isotopic Labeling of Amino acids in Cell culture 

(SILAC) (Ong et al. 2002; Ong et al. 2003) in combination with CTD110.6 

immunoprecipitation (Zachara et al. 2011a). Here, Cos-7 African green monkey kidney 

cells were isotopically labeled in SILAC media (13C6 L-arginine and 13C6
15N4 L-arginine) 

and treated with heat shock or an inhibitor of OGA, PUGNAc. Labeled proteins were 

combined in equal ratios, and O-GlcNAc-modified proteins were immunoprecipitated 

using CTD110.6 immobilized to agarose and subsequently identified by LC in conjunction 

with tandem mass spectrometry (MS/MS) (Zachara et al. 2011a). Numerous proteins with 

diverse functions were identified, including nuclear factor 90, RuvB-like 1 (Tip49α), 

RuvB-like 2 (Tip49β), and several COPII vesicle transport proteins. Many of these proteins 

bind double-stranded DNA-dependent protein kinase or double-stranded DNA breaks, 

suggesting a role for O-GlcNAc in regulating DNA damage signaling or repair (Zachara et 

al. 2011a).  

Lectin affinity chromatography 

Wheat germ agglutinin (WGA) is a commonly used plant lectin for enriching and 

detecting O-GlcNAc-modified proteins (Zachara et al. 2004a; Vosseller et al. 2006; 

Zachara et al. 2011b). WGA has weak affinity for single GlcNAc residues, but its affinity 

is dramatically increased for GlcNAc-residues that are clustered (Finlay et al. 1987; Lee 

and Lee 2000; Lundquist and Toone 2002). The drawback of WGA as a tool for O-GlcNAc 

enrichment and detection is its additional recognition of sialic acid (NeuAcα(2-3)) residues 

(Monsigny et al. 1980). Treating samples initially with peptide N-glycosidase F to remove 

N-glycans, and by performing nuclear and cytoplasmic protein extractions (Zachara et al. 

2011b) can resolve these shortcomings. Succinylation of WGA (sWGA) increases its 
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specificity for GlcNAc as it ablates its reactivity to sialic acid (Monsigny et al. 1980). 

However, succinylation reduces the affinity of sWGA for O-GlcNAc and thereby decreases 

its utility for immunoprecipitation. 

Lectin Weak Affinity Chromatography (LWAC) utilizes the affinity of WGA in an 

extended column format (>3 meters in length) with a small diameter (~1 cm) to enrich O-

GlcNAc-modified peptides (Vosseller et al. 2006). This chromatography technique 

employs low flow rates and an isocratic elution buffer containing low concentrations of 

GlcNAc (Vosseller et al. 2006). LWAC has been adapted successfully for shotgun 

characterization of O-GlcNAc-modified proteomes from postsynaptic density preparations 

(Vosseller et al. 2006), A. thaliana (Xu et al. 2012), and mouse embryonic stem cells 

(Myers et al. 2011). 



Table 1-1: A summary of O-GlcNAc-modified proteins, their biological significance, and the methods by which they were detected. This table highlights 
the wide range of techniques and tools for the enrichment and detection of O-GlcNAc-modified proteins, including but not limited to O-GlcNAc antibodies, click-
iT methods, immunoprecipitation, and proteomics tools. Abbreviations include: BEMAD, beta elimination and Michael addition; ETD, electron transfer 
dissociation; GalT1, β-1,4-galactosyltransferase; LC, liquid chromatography; MS, mass spectrometry; MS/MS, tandem mass spectrometry. 

O-GlcNAc-modified 
protein 

Biological Function, Implication, 
Significance 

Cell Type/ 
Model Detection Secondary 

Confirmation Reference 

Casein kinase II 
(CKII) 
α subunit 

O-GlcNAc antagonizes Thr344 
phosphorylation, promotes proteasomal 

degradation, and alters substrate 
specificity 

HEK293T cells 
Western blotting 

(CTD110.6, 1F5.D6(14), 
18B10.C7(3), 9D1.E3(10)) 

Ion trap ETD MS/MS, 
GalT1, LC-MS/MS 

(Tarrant et al. 
2012) 

Protein Arginine 
Methyltransferase 4 

(PRMT4/Carm1) 

O-GlcNAcylated Carm1 does not exhibit 
mitotic phosphorylation or proper mitotic 

cellular localization 
Neuro2a cells Western blotting 

(CTD110.6) 
Immunoprecipitation, 

Yeast-2-hybrid 

(Cheung and 
Hart 2008; 

Sakabe et al. 
2010),

Forkhead Box O1 
(Foxo1) 

O-GlcNAc regulates activation in 
response to glucose, resulting in 

increased expression of gluconeogenic 
genes and genes encoding enzymes that 

detoxify ROS 

Fao rat 
hepatoma cells 

Western blotting 
(CTD110.6) 

OGT assay, 
Immunoprecipitation,
Ion trap ETD MS/MS 

(Housley et al. 
2008; Kuo et al. 
2008; Housley et 

al. 2009) 

Inhibitor of NFκB 
kinase (IKKβ) 

Catalytic activity of IKKβ is enhanced 
through O-GlcNAcylation and loss of p53 

p53−/−, p65−/−, and 
p53−/−p65−/− MEFs 

Western blotting 
(CTD110.6) Immunoprecipitation (Kawauchi et al. 

2009) 

NFκB 

Increased O-GlcNAc levels is associated 
with reduced activation of NFκB and 

reduced expression of proinflammatory 
cytokines 

HeLa cells Azide-tag, nano-
HPLC/tandem MS

Immunoprecipitation, 
Western blotting

(Nandi et al. 
2006; Golks et 

al. 2007) 

p53 
Modification of p53 with O-GlcNAc 
regulates p53 stability by blocking 

ubiquitin-dependent proteolysis 

MCF-7 and
H1299 cells 

Western blotting
(CTD110.6) 

2-dimesional gel 
electrophoresis, 

BEMAD, 
quadrupole time-of-

flight MS 

(Yang et al. 
2006b) 
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O-GlcNAc-modified 
protein 

Biological Function, Implication, 
Significance 

Cell Type/ 
Model Detection Secondary 

Confirmation Reference 

IP3 Receptor 
Type I 

Regulation (up or down/ in or out) of 
Ca2+ flux through the ER and Ca2+ 

signaling 

SH-SY5Y and 
DT40 B cells, 
Mouse and Rat 

Cerebella 

Western blotting  
(CTD110.6 & RL2) Immunoprecipitation (Rengifo et al. 

2007) 

IP3 Receptor 
Type III 

Regulation (up or down/ in or out) of 
calcium flux through the ER and Ca2+ 

signaling 
AR4−2J cells Western blotting (RL2) Immunoprecipitation (Bimboese et al. 

2011) 

Tab-1 

O-GlcNAcylation of Tab-1 is required for 
full TAK-1 activation upon stimulation 
by IL-1/osmotic stress, and downstream 

activation of NFκB, and production of IL-
6 and TNF-α 

Tab-1−/− MEFs 
Western blotting 

(CTD110.6), 
LC-ETD-MS/MS

Immunoprecipitation 
(O-GlcNAc specific 

Tab-1 Ser395 
antibody), 

In vitro O-GlcNAc 
assay, GalT1 labeling 

(Pathak et al. 
2012) 

Insulin receptor 
substrate 1 (IRS-1) 

O-GlcNAc contributes to insulin 
resistance by inhibiting phosphorylation 
at the PI3K p85 binding motif in IRS-1 

HEK293T cells BEMAD, 
Ion trap MS/MS/MS 

Western blotting  
(CTD110.6) 

(Ball et al. 2006; 
Whelan et al. 

2010), 

HSP70 & HSP90 No function currently associated with 
glycosylation of these proteins HeLa cells Azide-tag, nano-

HPLC/tandem MS 
Immunoprecipitation, 

Western blotting 

(Wells et al. 
2002b; Walgren 

et al. 2003; 
Nandi et al. 

2006) 

K18 

Glycosylation of K18 increases upon heat 
stress. In models of liver damage, O-

GlcNAcylated K18 promotes the 
phosphorylation and activation of Akt 

Transgenic 
K18−Gly− mice, 

BHK21 cells 

Western blotting  
(CTD110.6) 

Immunostaining, 
Immunofluorescence, 
GalT1 activity assays 

(Ku et al. 2010) 

HSF1 
O-GlcNAcylation of HSF1 promotes its 

nuclear translocation and activation 
leading to HSP expression 

C57Bl/6 mice Western blotting  
(CTD110.6) Immunoprecipitation 

(Singleton and 
Wischmeyer 

2008) 
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O-GlcNAc-modified 
protein 

Biological Function, Implication, 
Significance 

Cell Type/ 
Model Detection Secondary 

Confirmation Reference 

Calcium/Calmodulin-
dependent Kinase IV 

(CaMKIV) 

O-GlcNAcylation of the CaMKIV active 
site blocks its phosphorylation at Thr200 

and ATP binding, inhibiting its kinase 
activity 

HEK293A cells Western blotting  
(CTD110.6) 

Immunoprecipitation, 
GalT1 labeling, 

BEMAD, 
Ion trap MS/MS 

(Dias et al. 
2009) 

Peroxisome 
proliferator-activated 

receptor gamma 
coactivator 1α

(PGC1α) 

Co-localizes with OGT and targets the 
enzyme to FoxOs, leading to increased 
transcriptional of metabolic enzymes

HEK293T cells Ion trap ETD-MS/MS 

Western blotting  
(CTD110.6), sWGA, 

GalT1 labeling, 
Immunoprecipitation, 
OGT activity assay 

(Housley et al. 
2009) 

Voltage Dependent 
Anion Channel 

(VDAC) 

O-GlcNAc–modified VDAC is associated 
with reduced calcium-induced swelling of 

the mitochondria 

Mouse hearts, 
isolated cardiac 

myocytes 

Immunoprecipitation 
(CTD110.6)  

(Jones et al. 
2008; Ngoh et 

al. 2008) 
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Click-iT and other chemically based strategies to detect O-GlcNAc-modified 

proteins 

Click chemistry is a chemoenzymatic strategy for quickly and reliably synthesizing 

compounds of interest. By this method, target substrates are labeled with a probe of interest 

that can be derivatized to detect or enrich proteins and peptides. This technique has been 

adapted for the detection and enrichment of O-GlcNAc-modified proteins and peptides. 

Sugars containing either ketones or azido groups are incorporated into O-GlcNAc-

modified proteins using one of two techniques: 1) a mutant GalT1 (Y289L) with an 

enlarged active site is used to add UDP-GalNAz to terminal GlcNAc residues similar to 

the GalT1 labeling discussed above (Khidekel et al. 2003); and 2) in cells by metabolic 

labeling with a peracetylated azido-GlcNAc substrate (Vocadlo et al. 2003; Sprung et al. 

2005), as many of the enzymes in the HBP will tolerate unnatural sugars. However, the 

kinetics of O-linked tetraacetylated N-azidoacetylglucosamine (GlcNAz) removal from 

proteins by OGA is significantly reduced. These unnatural sugars can be derivatized further 

to incorporate a biotin tag, which facilitates the detection and enrichment of O-GlcNAc-

modified proteins and peptides (Wang et al. 2010a). Alternatively, this method has been 

used to incorporate polyethylene glycol moieties (Rexach et al. 2010), which results in a 

molecular weight shift (~2 kDa) for each GlcNAc residue found on a protein and thus 

makes it possible to estimate the stoichiometry of modification. Additionally, this method 

has been used to incorporate fluorescent tags, allowing researchers to quantitatively 

measure and image intracellular O-GlcNAc-modified proteins in vivo (Clark et al. 2008). 

Although these established methods provided great advancements for the detection of O-

GlcNAc-modified proteins, the weak nature of metabolic labeling with peracetylated 
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GlcNAz has led to the development of better technologies. Subsequent studies have shown 

that GalNAz can be converted to UDP-GalNAz and epimerized to UDP-GlcNAz by 

mammalian biosynthetic enzymes, which can be used as a substrate by OGT (Boyce et al. 

2011). Proof-of-principle experiments highlighting this metabolic labeling demonstrated 

that numerous proteins are O-GlcNAc-modified, laying a solid framework for future 

studies to visualize and characterize dynamic O-GlcNAc-mediated signaling events 

(Boyce et al. 2011).  

Mass spectrometry 

MS-based methods have become widely and successfully employed for studying 

proteins and proteomes as well as PTMs such as phosphorylation and methylation using 

collision-induced dissociation in MS/MS. However, detection and site mapping of O-

GlcNAc-modified peptides by mass spectrometric techniques is challenging. This is 

largely due to the labile nature of the β-linkage in the gas phase, which is lost prior to 

fragmentation of the peptide backbone and often prevents correct peptide identification, 

localization of the O-GlcNAc site, and consequently relative quantification. More 

importantly, distinguishing O-GlcNAc peptides from a complex mixture is problematic 

because ion intensities of O-GlcNAc peptides are often suppressed when compared to 

unmodified peptides. Despite these pitfalls, the generation of diagnostic fragment ions of 

O-GlcNAc-modified peptides, for example [M+H]1+ of m/z 204.1 for GlcNAc oxonium 

ions (Carr et al. 1993; Huddleston et al. 1993), can be used to distinguish O-GlcNAc-

modified peptides from complex mixtures. By optimizing fragmentation energy to release 

O-GlcNAc (m/z 204.1), O-GlcNAc-modified peptides can be detected by ESI-MS, which 
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has been employed in mapping O-GlcNAcylation sites in human cytomegalovirus 

tegument basic phosphoprotein to Ser921 and Ser952 (Greis et al. 1994).  

In contrast to collision-induced dissociation, electron capture dissociation and 

electron transfer dissociation (ETD) are alternative fragmentation methods used to preserve 

more labile modifications such as phosphorylation, methylation, acetylation, glycosylation, 

nitrosylation, and sulfation, and allow for direct mapping of peptide/protein modifications 

(Syka et al. 2004; Mikesh et al. 2006; Udeshi et al. 2007; Wu et al. 2007; Udeshi et al. 

2008; Sobott et al. 2009; Wang et al. 2010a). ETD fragmentation cleaves along the peptide 

backbone between the Cα-N producing c and z ions while still maintaining peptide side 

chains and modifications (Syka et al. 2004; Sobott et al. 2009). ETD-MS has been utilized 

to identify dynamically O-GlcNAcylated proteins and their modification sites in excitatory 

neurons in the brain (Khidekel et al. 2007), the cell adhesion protein paxillin (Kwak et al. 

2010), transcription activation of Foxo1 in response to glucose (Housley et al. 2008), 

examination of the extensive crosstalk between phosphorylation and O-GlcNAcylation 

during cytokinesis (Wang et al. 2010b), and many other processes (Chou et al. 1995). 

Although the emergence of ETD-MS has proven to be a successful technique, again 

enrichment of O-GlcNAcylated peptides is ideal for effective sequencing and identification 

of these peptides by MS. 

 

Future directions 

Phosphorylation and other PTMs have historically been the exclusive focus of 

studies on cellular signal transduction events. As discussed in this review, O-GlcNAc is 

emerging as a PTM that should also be considered as an equally important contributor and 
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regulator of signaling pathways, especially those involved in regulating the cells response 

to stress and injury. Previously, it has proven difficult to detect O-GlcNAc and O-GlcNAc-

modified proteins. The work of numerous groups has resulted in the development of 

alternative approaches that solve many of the caveats associated with studying this labile 

protein modification. The application of these techniques will answer many of the 

remaining questions: Which proteins are O-GlcNAc-modified in response to stress?; Are 

the proteins modified in a stress- and/or tissue-specific manner?; How does the O-GlcNAc-

modification alter the function of these proteins at a molecular level?; How are OGT and 

OGA regulated during stress and injury?; and importantly, how is the O-GlcNAc-mediated 

stress response misregulated in disease?  
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Summary 

O-linked β-N-acetylglucosamine (O-GlcNAc) is an essential regulatory post-

translational modification of thousands of nuclear, cytoplasmic, and mitochondrial 

proteins. O-GlcNAc is dynamically added and removed from proteins by the O-GlcNAc 

transferase and the O-GlcNAcase (OGA), respectively. Dysregulation of O-GlcNAc-

cycling is implicated in the etiology of numerous diseases including tumorigenesis, 

metabolic dysfunction, and neurodegeneration. To facilitate studies focused on the role of 

O-GlcNAc and OGA in disease, we sought to identify commercially available antibodies 

that enable the enrichment of full-length OGA from lysates of mouse and human origin. 

Here, we report that antibodies from Abcam and Bethyl Laboratories can be used to 

immunoprecipitate OGA to near-saturation from human and mouse cell lysates. However, 

Western blotting analysis indicates that both antibodies, as well as three non-commercially 

available antibodies (OGA-345, OGA-346, OGA-352), detect full-length OGA and 

numerous cross-reacting proteins. These non-specific signals migrate similarly to full-

length OGA and are detected robustly, suggesting that the use of appropriate controls is 

essential to avoid the misidentification of OGA. 
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Introduction 

O-linked b-N-acetylglucosamine (O-GlcNAc) is a regulatory post-translational 

modification (PTM) of nuclear, cytoplasmic, and mitochondrial proteins that plays key 

roles in cellular physiology and disease progression such as metabolic dysfunction, 

tumorigenesis, and neurodegeneration (Hart et al. 2011; Groves et al. 2013; Bond and 

Hanover 2015; Martinez et al. 2017). Underpinning these observations are thousands of O-

GlcNAc-modified proteins that regulate a broad range of cellular processes including 

epigenetics, transcription, translation, the cell cycle, and survival signaling (Hart et al. 

2011; Groves et al. 2013; Bond and Hanover 2015; Martinez et al. 2017). The dynamic 

cycling of O-GlcNAc on proteins is regulated by the concerted actions of enzymes encoded 

by just two genes: the O-GlcNAc transferase (OGT) (Haltiwanger et al. 1992; Kreppel et 

al. 1997; Lubas et al. 1997) and the O-GlcNAcase (OGA) (Dong and Hart 1994; Gao et al. 

2001; Wells et al. 2002), which add and remove O-GlcNAc, respectively. Highlighting 

their importance, OGT and OGA are essential for the viability of mice (Shafi et al. 2000; 

O'Donnell et al. 2004; Yang et al. 2012; Keembiyehetty et al. 2015).  

OGA is a neutral pH N-acetylglucosaminidase (Comtesse et al. 2001; Gao et al. 

2001; Wells et al. 2002) encoded by the meningioma expressed antigen 5 (Mgea5) gene. 

To date, five splice variants of OGA have been reported (Heckel et al. 1998; Comtesse et 

al. 2001; Gao et al. 2001; Schultz and Pils 2002; Wells et al. 2002; Toleman et al. 2004; Li 

et al. 2010; Keembiyehetty et al. 2011). Full-length OGA (fOGA; 916 amino acids; Figure 

2-1A), the most abundant isoform, contains an N-terminal 350 amino acid catalytic domain 

and a C-terminal histone acetyltransferase (HAT)-like domain that are separated by a linker 

region (Comtesse et al. 2001; Schultz and Pils 2002; Rao et al. 2013). The 677 amino acid 
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variant of OGA contains the same N-terminus as fOGA, but lacks the HAT-like domain 

and has an alternative C-terminal sequence (Comtesse et al. 2001; Schultz and Pils 2002; 

Kim et al. 2006; Li et al. 2010; Keembiyehetty et al. 2011). Additional isoforms include 

short OGA (Li et al. 2010), which contains only the catalytic domain, and two splice 

variants of rat origin that lack amino acids 250-345/398 (Toleman et al. 2004). 

Since the discovery of O-GlcNAc in 1984, the development of tools to probe O-

GlcNAc-signaling has been critical for understanding its role in regulating cellular 

physiology. While a cohort of antibodies has been developed for detecting and enriching 

O-GlcNAc and OGT, specific antibodies for probing OGA in a broad range of sample 

types/sources have lagged behind. The majority of OGA antibodies generated to date were 

raised against sequences from human OGA. Despite ~97% sequence identity between the 

human and mouse homologs of OGA, existing antibodies preferentially recognize human 

OGA and do not efficiently enrich mouse OGA. Thus, the goal of this study was to identify 

commercially available antibodies that enrich OGA to saturation from both human and 

mouse sources. These studies focused on antibodies from Abcam and Bethyl Laboratories, 

herein referred to as OGA-A and OGA-B, respectively. OGA-A was raised against a 

synthetic N-terminal peptide derived from human OGA (proprietary; Figure 2-1A), and is 

reported to react with both human and mouse OGA for Western blotting and 

immunoprecipitation applications. OGA-B, which was raised against amino acids 500-550 

(Figure 2-1A), is reported to react with only human OGA and is recommended for 

immunoprecipitation and Western blot detection of enriched OGA. This study also utilized 

non-commercially available antibodies (OGA-345, OGA-346, OGA-352) (Butkinaree et 

al. 2008), and the antigens used to generate these antibodies are outlined in Figure 2-1A. 
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Our studies demonstrate that all of the antibodies tested recognize fOGA by Western blot 

and that both commercially available antibodies enrich fOGA from human and mouse 

lysates. However, the presence of cross-reacting bands with a similar migration pattern to 

fOGA, especially in mouse cell lysates, suggests that careful antibody selection and data 

analysis are essential.  

 
 
 

Figure 2-1: Detection of OGA with commercial and non-commercial antibodies. (A) Antigens in human 
OGA used to generate the antibodies used in this study. The N-terminal catalytic domain and C-terminal 
histone acetyltransferase (HAT)-like domain of full-length OGA are indicated. The yellow circle defines the 
Caspase-3 cleavage site (Asp413). The asterisk (*) denotes that the antibody from Abcam (OGA-A) was 
raised against a proprietary peptide within the first 50 amino acids of the N-terminus of OGA. OGA-B 
represents the antibody purchased from Bethyl Laboratories. (B) Equal amounts of protein (15 µg) from OGT 
wild type (WT) and null (D) mouse embryonic fibroblasts (MEFs), OGA WT and null MEFs, mouse liver 
tissue, U2OS human osteosarcoma cells, and HEPG2 human hepatocellular carcinoma cells were separated 
by SDS-PAGE. Western blots (WB) were performed for OGA (OGA-A, OGA-B, OGA-352, OGA-345, 
OGA-346), O-GlcNAc, and OGT (positive control). OGA-345 was used at high (0.33 µg/mL) and low (0.033 
µg/mL) concentrations. Protein load was assessed by Western blotting for HSC70 and by Sypro Ruby total 
protein staining. The blue star indicates full-length OGA (fOGA).   
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Results and discussion 

Detection of OGA by Western blotting 

To verify the specificity of OGA antibodies for Western blotting, we utilized lysates 

(15 µg) of human and mouse origin that included: U2OS human osteosarcoma cells, 

HEPG2 human hepatocellular carcinoma cells, mouse liver tissue, OGA wild type (WT) 

and null mouse embryonic fibroblasts (MEFs) (Keembiyehetty et al. 2015; Olivier-Van 

Stichelen et al. 2017), and OGT WT and null MEFs (Kazemi et al. 2010). Notably, OGA 

expression is tightly regulated by O-GlcNAc levels (Slawson et al. 2005; Kazemi et al. 

2010; Ghosh et al. 2014; Zhang et al. 2014), and we have previously demonstrated that 

OGA protein levels are significantly reduced in OGT null cells (Kazemi et al. 2010). As 

such, lysates from OGT null MEFs are a negative control for the detection of both OGT 

and OGA. OGA was detected by Western blot using the following antibodies: OGA-A, 

OGA-B, OGA-352, OGA-345, and OGA-346 (Figure 2-1B). Western blots were also 

performed using antibodies raised against O-GlcNAc, OGT, and heat shock cognate 70 

kDa protein (HSC70; loading control), and membranes were stained with Sypro Ruby as 

an additional loading control (Figure 2-1B).  

As expected, we observe a band at ~130 kDa using each OGA antibody that is not 

present in the OGT and OGA null MEFs (Figure 2-1B, blue star), suggesting that this band 

represents fOGA. OGA-A also detects strong signals at ~150 kDa and ~75 kDa in WT 

MEF lysates that are not reduced in the OGT and OGA nulls (Figure 2-1B). These data 

suggest that the only signal specific to OGA is that at ~130 kDa. OGA-B recognizes 

numerous bands, only one of which is significantly decreased by deletion of OGA and 

which migrates at ~130 kDa (fOGA). In U2OS cells, but not HEPG2 cells, OGA-B also 
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detects a doublet at ~130 kDa (Figure 2-1B). The presence of these additional bands likely 

underpins the application note from Bethyl Laboratories stating that this antibody does not 

perform satisfactorily for Western blots in crude lysates. Each of the non-commercial OGA 

antibodies (352, 345, 346) recognizes fOGA in the human and mouse samples tested, 

although cross-reactivity is observed (Figure 2-1B). OGA-352 and OGA-346 detect a 

strong signal at ~115 kDa, particularly in the MEFs (Figure 2-1B), and the identity of this 

protein is unknown. OGA-346 also reacts with a strong cross-reacting band just above 150 

kDa similar to OGA-A and OGA-B (Figure 2-1B). OGA-345 demonstrates the least cross-

reactivity (Figure 2-1B). Overall, all of the antibodies tested recognize fOGA in human 

and mouse cells, although cross-reacting bands warrant appropriate controls, such as 

deletion of OGA, to confirm specificity. 

Enrichment of OGA by immunoprecipitation 

We next assessed the utility of OGA-A and OGA-B for enriching fOGA from 

human and mouse lysates (Figure 2-2). These studies did not use the non-commercially 

available antibodies, as we have previously demonstrated that OGA-345 does not enrich 

fOGA to saturation and that there is significant background in the chicken immunoglobulin 

(Ig)Y isotype control immunoprecipitate (data not shown). Enriched OGA was detected by 

Western blot using OGA-A, OGA-B, and OGA-345. Western blotting using OGA-345 

reveals a band at ~130 kDa in the inputs and immunoprecipitates (Figure 2-2, left panel) 

representing fOGA (blue star), which is nearly absent in the unbound fractions (Figure 2-2, 

right panel) of the OGA but not IgG immunoprecipitates. These data suggest that OGA-A 

(0.5 µg per 100 µg lysate) and OGA-B (0.75 µg per 100 µg lysate) enrich endogenous 

fOGA to near-saturation from MEFs and U2OS cells. Western blotting using OGA-A and 
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OGA-B demonstrated that these antibodies detect a cross-reacting band at ~150 kDa in the 

MEFs (Figure 2-2). Importantly, OGA-A does not enrich this band (Figure 2-2), suggesting 

that this antibody is suitable for immunoprecipitating fOGA from both human and mouse 

sources. However, the ~150 kDa protein is enriched to saturation by OGA-B in the mouse 

cell lysates (Figure 2-2). Finally, following immunoprecipitation, OGA-A detects a greater 

amount of overall non-specific staining compared to OGA-B.  

Cross-reacting species detected by OGA-A, OGA-B, and OGA-346 near 150 kDa 

(Figure 2-1B) led us to initially consider the possibility of uncharacterized OGA isoforms. 

However, the presence of these signals in both the OGT and OGA null lysates does not 

support this hypothesis. Moreover, if the majority of the antibodies utilized in this study 

were detecting the same “uncharacterized isoform”, we would expect OGA-A to also 

recognize the ~150 kDa protein in the OGA-B MEF immunoprecipitates. As shown in 

Figure 2-2, this is not the case and supports the notion that the additional signals are simply 

cross-reacting proteins. 
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Figure 2-2: Enrichment of human and mouse OGA by immunoprecipitation. Anti-OGA antibodies from 
Abcam (OGA-A) and Bethyl Laboratories (OGA-B), or a rabbit isotype control IgG, were used to enrich 
endogenous OGA from U2OS, MEF OGT WT, and MEF OGT null (D) lysates (400 µg). Incubation of 
antibody in buffer was used as a control. The inputs (2.5%), immunoprecipitates (IP; 25%; left panel), and 
unbound fractions (UB; 2.5%; right panel) were analyzed by SDS-PAGE. Western blots (WB) were 
performed for OGA (OGA-345, OGA-A, OGA-B), OGT (positive control), and HSC70 (loading control). 
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Concluding remarks 

The goal of this study was to identify commercial antibodies recognizing OGA that 

are useful for Western blotting and immunoprecipitation. Our studies highlight two 

commercially available antibodies (OGA-A, OGA-B) and three non-commercial 

antibodies (OGA-345, OGA-346, OGA-352) that recognize fOGA in both human and 

mouse lysates (Figure 2-1B). However, each antibody recognizes additional bands in the 

OGT and OGA null MEFs, indicating reactivity with proteins containing similar epitopes. 

Notably, these cross-reacting proteins often give a stronger signal than fOGA and are close 

in molecular weight to fOGA (Figure 2-1B, Figure 2-2). As such, use of ≤10% gels that 

provide adequate separation in this molecular weight range are ideal, as are controls in 

which OGA expression has been suppressed. Both OGA-A and OGA-B immunoprecipitate 

fOGA from human and mouse lysates to near-saturation, however, enrichment of a ~150 

kDa protein by OGA-B limits the utility of this antibody in lysates of mouse origin. While 

not addressed in this study, cross-reacting proteins will likely impede the use of OGA 

antibodies for immunofluorescence unless antibody specificity is robustly demonstrated. 

Collectively, our data characterize useful antibodies for immunoprecipitation and Western 

blotting of OGA from mouse and human sources, and highlight technical challenges that 

can be overcome with appropriate controls. 
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Materials and methods 

Antibodies 

The following antibodies were purchased: anti-OGA-A (ab124807; Abcam); anti-

OGA-B (A304-345A), anti-chicken IgY-horseradish peroxidase (HRP; A30-206P), rabbit 

isotype control IgG (P120-101; Bethyl Laboratories); anti-OGT (O6264), anti-mouse IgM-

HRP (A8786; Sigma-Aldrich); anti-HSC70 (sc-7298; Santa Cruz Biotechnology); and 

anti-rabbit IgG-HRP (NA934V) and anti-mouse IgG-HRP (NA931V; GE Healthcare). The 

following previously characterized antigen-purified antibodies were gifts: anti-OGA-345, 

anti-OGA-346, anti-OGA-352, and anti-O-GlcNAc (CTD110.6) (Comer and Hart 2000; 

Butkinaree et al. 2008). 

Cell and tissue preparation and extraction 

Cells were cultured in DMEM (Corning) containing 4.5 g/L (U2OS, HEPG2; 

American Type Culture Collection) or 1 g/L (OGT WT/null MEFs) glucose, 10% (v/v) 

heat inactivated fetal bovine serum (Thermo Fisher Scientific), and 1% (v/v) 

penicillin/streptomycin (Corning) as previously described (Kazemi et al. 2010; Groves et 

al. 2017). Deletion of OGT was induced with 4-hydroxytamoxifen 4-OHT or vehicle 

control (100% ethanol) for 40-44 h as previously reported (Kazemi et al. 2010). OGA WT 

and null MEF pellets (Keembiyehetty et al. 2015; Olivier-Van Stichelen et al. 2017) were 

a kind gift from the laboratory of John Hanover, Ph.D (National Institutes of Health (NIH)).  

Mouse care, procedures, and liver collections were performed as described (Groves 

et al. 2017). Cells and livers were lysed in NETN buffer and the protein concentrations 

were determined as reported (Groves et al. 2017). 
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Immunoprecipitation 

Endogenous OGA was enriched by incubating cell lysates or buffer with OGA-A, 

OGA-B, or rabbit isotype control IgG (16-20 h, 4°C, with rotation). Antibody-protein 

complexes were captured using protein G or A/G magnetic beads pre-blocked with bovine 

serum albumin, washed with NETN buffer, and eluted in Laemmli sample buffer 

containing dithiothreitol as described (Groves et al. 2017).   

Electrophoresis and Western blotting 

These procedures have been reported (Groves et al. 2017). Briefly, sodium dodecyl 

sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) was performed using 7.5% or 

10% Tris-Glycine eXtended polyacrylamide gels (Bio-Rad), and then proteins were 

electroblotted to nitrocellulose. Equal protein loading was assessed prior to blocking using 

the Sypro Ruby total protein membrane stain according to the manufacturer’s instructions. 

Membranes were blocked in 3% (w/v) non-fat milk in Tris-buffered saline with 0.05% 

(v/v) TWEEN-20 (1 h, 25°C), and then incubated with primary (16-20 h, 4°C) and HRP-

conjugated secondary (1 h, 25°C) antibodies. Western blots were developed using 

Immobilon Western Chemiluminescent Substrate (EMD Millipore) and captured on 

autoradiography film or the Amersham Imager 600 RGB (GE Healthcare). Membranes 

were stripped and re-probed as described (Groves et al. 2017).  

Reproducibility 

Four biological replicates were independently analyzed for Figure 2-1B, with the 

exception of OGA WT and null cells in which one biological replicate was used due to 

limited sample availability. For Figure 2-2, three biological replicates were independently 

analyzed.  
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Summary 

The dynamic post-translational modification O-linked-β-N-acetylglucosamine (O-

GlcNAc) regulates thousands of nuclear, cytoplasmic, and mitochondrial proteins. Cellular 

stress, including oxidative stress, results in increased O-GlcNAcylation of numerous 

proteins and this increase is thought to promote cell survival. The mechanisms by which 

the O-GlcNAc transferase (OGT) and the O-GlcNAcase (OGA), the enzymes that add and 

remove O-GlcNAc respectively, are regulated during oxidative stress to alter O-

GlcNAcylation are not fully characterized. Here, we demonstrate that oxidative stress leads 

to elevated O-GlcNAc levels in U2OS cells, but has little impact on the activity of OGT. 

In contrast, the expression and activity of OGA are enhanced. We hypothesized that this 

seeming paradox could be explained by proteins that bind to and control the local activity 

or substrate targeting of OGA, thereby resulting in the observed stress-induced elevations 

of O-GlcNAc. To identify potential protein partners, we utilized BioID proximity 

biotinylation in combination with Stable Isotopic Labeling of Amino acids in Cell culture 

(SILAC). This analysis revealed 90 OGA-interacting partners, many of which exhibited 

increased binding to OGA upon stress. The associations of OGA with fatty acid synthase 

(FAS), filamin-A, heat shock cognate 70 kDa protein, and OGT were confirmed by co-

immunoprecipitation. The pool of OGA bound to FAS demonstrated a substantial (~85%) 

reduction in specific activity, suggesting that FAS inhibits OGA. Consistent with this 

observation, FAS overexpression augmented stress-induced O-GlcNAcylation. While the 

mechanism by which FAS sequesters OGA remains unknown, these data suggest that FAS 

fine-tunes the cell’s response to stress and injury by remodeling cellular O-GlcNAcylation. 
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Introduction 

The modification of intracellular proteins by monosaccharides of O-linked β-N-

acetylglucosamine (O-GlcNAc) has emerged as an essential and dynamic post-

translational modification (PTM) of metazoans (Hart et al. 2011; Groves et al. 2013; Bond 

and Hanover 2015). O-GlcNAcylation is regulated by two enzymes, the O-GlcNAc 

transferase (OGT) (Kreppel et al. 1997; Lubas et al. 1997) and the O-GlcNAcase (OGA) 

(Gao et al. 2001; Wells et al. 2002), which catalyze the addition and removal of O-GlcNAc, 

respectively. OGT utilizes the nucleotide sugar uridine diphosphate (UDP)-GlcNAc 

(Haltiwanger et al. 1992; Bond and Hanover 2015), which is synthesized by the 

hexosamine biosynthetic pathway (HBP) (Hart et al. 2011; Groves et al. 2013; Bond and 

Hanover 2015). Highlighting the importance of O-GlcNAcylation in the maintenance of 

cellular homeostasis, Ogt, Mgea5 (OGA), and Pgm3, a key enzyme in the HBP, are 

essential for the viability of cells, tissues, and organisms (Shafi et al. 2000; O'Donnell et 

al. 2004; Greig et al. 2007; Yang et al. 2012). 

O-GlcNAcylation of cellular proteins is implicated in the regulation of diverse 

cellular pathways and processes such as development, aging, inflammation, cell cycle 

regulation, metabolic sensing, and the cellular stress response, the focus of this study 

(Zachara et al. 2004; Hart et al. 2011; Groves et al. 2013; Bond and Hanover 2015). O-

GlcNAc levels are dynamically elevated in response to many forms of cellular stress 

(Zachara et al. 2004; Jones et al. 2008), including oxidative stress (Zachara et al. 2004; 

Jones et al. 2008) and ischemia reperfusion (I/R) injury (Liu et al. 2006; Fülöp et al. 2007; 

Champattanachai et al. 2008; Jones et al. 2008; Ngoh et al. 2011; Vibjerg Jensen et al. 

2013). Elevating O-GlcNAc levels prior to (Zachara et al. 2004; Liu et al. 2006; Nagy et 
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al. 2006; Champattanachai et al. 2007; Fülöp et al. 2007; Champattanachai et al. 2008; 

Jones et al. 2008; Ngoh et al. 2008; 2009a; 2009b; Hwang et al. 2010; Laczy et al. 2010; 

Ngoh et al. 2011) or immediately after (Yang et al. 2006; Liu et al. 2007; Nöt et al. 2007; 

Zou et al. 2007; Nöt et al. 2010) injury significantly improves survival. In contrast, 

decreasing O-GlcNAc levels sensitizes cells and tissues to apoptosis and necrosis (Zachara 

et al. 2004; Ngoh et al. 2008; 2009a; 2009b; 2011). Together, these studies suggest that 

stress-induced changes in protein O-GlcNAcylation promote survival signaling.  

Alterations in the expression, activity, localization, and targeting of OGT and OGA, 

as well as increased flux through the HBP, have been correlated with stress-induced 

changes in O-GlcNAcylation. For example, various cell culture models of stress result in 

enhanced O-GlcNAcylation that has been correlated with increases in the expression 

(Zachara et al. 2004; Cheung and Hart 2008), activity (Zachara et al. 2004; Ryu and Do 

2011), and targeting (Cheung and Hart 2008) of OGT. In both ex vivo (Fülöp et al. 2007) 

and in vivo (Wang et al. 2014) rodent models of cardiac I/R injury, O-GlcNAc levels are 

elevated concomitant with UDP-GlcNAc levels. Furthermore, increased O-GlcNAc levels 

have been correlated with elevated OGT expression (Vibjerg Jensen et al. 2013) and 

activity (Jensen et al. 2013; Vibjerg Jensen et al. 2013), as well as decreased OGA activity 

(Jensen et al. 2013), in models of ischemic preconditioning. The mechanisms controlling 

the activity and substrate specificity of OGT and OGA in models of cellular injury remain 

unknown. However, it is generally accepted that these enzymes, like RNA polymerase II 

(Seither et al. 1998), exist as holoenzymes; that is, the proteins they interact with regulate 

their specificity and activity (Wells et al. 2003; Hart et al. 2011).  
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To identify protein candidates that regulate O-GlcNAc during oxidative stress, we 

have focused on the regulation of the full-length and predominant isoform of OGA 

(Comtesse et al. 2001; Gao et al. 2001; Wells et al. 2002; Hart et al. 2011; Groves et al. 

2013; Bond and Hanover 2015). We have identified the basal and oxidative stress-

dependent protein-protein interactions of OGA using proximity biotinylation (Roux et al. 

2012) coupled with Stable Isotopic Labeling of Amino acids in Cell culture (SILAC)-based 

proteomics (Ong et al. 2002; Amanchy et al. 2005; Zachara et al. 2011). A total of 90 

interaction partners of OGA were identified, many of which exhibit increased association 

with oxidative stress, including fatty acid synthase (FAS), filamin-A (FLNA), heat shock 

cognate 70 kDa protein (HSC70), and OGT. The pool of OGA bound to FAS exhibited a 

significant reduction (~85%) in catalytic activity. Consistent with the stress-induced 

inhibition of OGA by FAS, we observed elevated O-GlcNAcylation on a subset of proteins 

during oxidative stress in FAS-overexpressing cells. These results suggest a novel 

mechanism by which the components of two metabolic-sensing pathways, O-GlcNAc 

cycling and fatty acid biogenesis, are coordinated to respond to cellular injury and improve 

survival.  
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Results 

Oxidative stress increases OGT and OGA expression, OGA activity, and O-

GlcNAc levels 

To characterize the mechanisms that cells use to modulate O-GlcNAc levels in 

response to oxidative stress, we first assessed the activity and expression of OGT and OGA 

in U2OS human osteosarcoma cells exposed to the oxidant hydrogen peroxide (H2O2; 2.5 

mM, 1-3 h). Normalization was performed against the housekeeping protein actin, whose 

expression is not affected by H2O2 treatment (Figure 3-1A, B). Consistent with our 

previous data (Zachara et al. 2004; Jones et al. 2008), there is a time-dependent increase in 

O-GlcNAc levels upon the induction of oxidative stress that is significant at 3 h (Figure 

3-1A, C; repeated measures one-way analysis of variance (RM-1ANOVA)/Dunnett’s 

multiple comparison test (MCT), p≤0.01). The increase in O-GlcNAc levels is 

accompanied by an elevation in the expression of OGT at 3 h (Figure 3-1A, D; RM-

1ANOVA/Dunnett’s MCT, p≤0.0001). While we did not observe a statistically significant 

increase in OGT activity (Figure 3-1E), the fold change increase in OGT expression at 2 h 

and 3 h parallels that of OGT activity. Interestingly, we detected a modest but significant 

augmentation of OGA expression (Figure 3-1A, F; RM-1ANOVA/ Dunnett’s MCT, 

p≤0.01) and activity (Figure 3-1G; RM-1ANOVA/Dunnett’s MCT, p≤0.05 (2 h), p≤0.0001 

(3 h)) after 2 h and 3 h of oxidative stress. These data suggest that increased O-

GlcNAcylation during oxidative stress cannot be attributed solely to global changes in the 

expression and activity of OGT or OGA. Together, these findings suggest that the substrate 

specificity of OGA may be modulated during oxidative stress, likely resulting from 

changes in its targeting or local activity. As protein-protein interactions are integral to the 
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targeting of many enzymes including OGT (Cheung and Hart 2008; Cheung et al. 2008; 

Hart et al. 2011; Groves et al. 2013; Bond and Hanover 2015), we hypothesized that OGA 

may be regulated in a similar manner. 

 

Figure 3-1: Oxidative stress increases OGT and OGA expression, OGA activity, and O-GlcNAc levels. 
U2OS cells were treated with vehicle (V) or H2O2 (2.5 mM, 1-3 h). N=10, unless otherwise indicated. (A) 
The expression of OGT, OGA, and actin, as well as O-GlcNAc levels, was assessed in NETN lysates (5 µg) 
by Western blot (WB). Protein load was assessed by total protein stain (colloidal Coomassie G-250) and by 
Western blot (actin). Molecular weight (MW) markers are indicated. (B) Quantitation of actin normalized to 
total protein (G-250). (C) Quantitation of O-GlcNAc levels normalized to actin. (D) Quantitation of OGT 
expression normalized to actin. (E) NETN lysates (5 µg) were assayed for OGT activity using 3H-UDP-
GlcNAc (0.5 µCi) and CKII acceptor peptide (1 mM). N=4, 3 technical replicates per assay. (F) Quantitation 
of OGA expression normalized to actin. (G) NETN lysates (5 µg) were assayed for OGA activity using 4MU-
GlcNAc (1 mM). N=6, 2 technical replicates per assay. (B-G) Data are presented as the mean ± SEM. 
Significance was determined by RM-1ANOVA followed by Dunnett’s multiple comparison test and 
differences were considered statistically significant at p≤0.05 (*), p≤0.01 (**), and p≤0.0001 (****). 
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The OGA-mBirA fusion proteins express, maintain catalytic activity, and 

biotinylate proteins in vivo 

In order to identify the proteins that bind to and regulate OGA, we utilized the 

BioID proximity biotinylation methodology (Roux et al. 2012; 2013; Varnaitė and 

MacNeill 2016). This technique relies on the Escherichia coli biotin ligase BirA, which 

contains a single point mutation (R118G; herein referred to as mBirA) enabling it to release 

activated biotin and this results in the biotinylation of proteins within a ~10 nm radius 

(Kwon and Beckett 2000; Choi-Rhee et al. 2004; Cronan 2005; Kim et al. 2014; Varnaitė 

and MacNeill 2016). OGA is a large protein (916 amino acids) containing two domains, 

an N-terminal catalytic domain (β-N-acetylglucosaminidase; CD; amino acids 1-350) and 

a C-terminal histone acetyltransferase (HAT)-like domain (amino acids 583-916), which 

are separated by a linker (Figure 3-2A) (Gao et al. 2001; Schultz and Pils 2002; Wells et 

al. 2002). As such, full-length OGA was cloned in-frame on the N-terminus of mBirA-HA 

(OGA-mBirA-HA) or the C-terminus of Myc-mBirA (Myc-mBirA-OGA) to provide 

greater coverage of the OGA interactome (Figure 3-2A). The fusion constructs and a 

control vector (pcDNA3.1) were transiently transfected into U2OS cells and treated with 

or without biotin. Western blot analysis demonstrates that OGA-mBirA-HA and Myc-

mBirA-OGA are overexpressed (Figure 3-2B). Of note, Myc-mBirA-OGA appears to be 

modestly stabilized by the addition of exogenous biotin, which is consistent with previous 

observations (Figure 3-2B; (Roux et al. 2012; Coyaud et al. 2015)). To determine if the 

fusion proteins maintain β-N-acetylglucosaminidase activity, desalted total cell lysates 

(TCL) were incubated with the small fluorescent small molecule substrate 4-

methylumbelliferyl (4MU)-GlcNAc. Both fusion proteins maintain catalytic activity, 
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which is enhanced by the addition of exogenous biotin (Figure 3-2C). Interestingly, 

endogenous OGA activity is significantly elevated in pcDNA3.1-transfected cells treated 

with biotin (ratio-paired t-test (RPT), p≤0.05, N=3). 

 
Figure 3-2: The OGA-mBirA fusion proteins express, maintain catalytic activity, and biotinylate 
proteins in vivo. (A) Schematic of the OGA-mBirA fusion proteins. CD and HATL represent the catalytic 
(β-N-acetylglucosaminidase) domain and histone acetyltransferase-like domain of OGA, respectively. (B-D) 
U2OS cells were transfected with pcDNA3.1, OGA-mBirA-HA, or Myc-mBirA-OGA, and treated with or 
without biotin (25 µM, 16 h) or TMG (100 nM, 20 h) as indicated. Proteins were extracted in TCL buffer. 
(B) Equal amounts of protein (10 µg) were separated by SDS-PAGE and the following were detected by 
Western blot (WB): OGA, HA, Myc, and actin. N=3. (C) Desalted lysates were assayed for OGA activity 
using 4MU-GlcNAc (1 mM). N=3, representative data from one experiment is shown. Error bars indicate the 
intra-assay standard deviation from two technical replicates. (D) Equal amounts of protein (4.5 µg) were 
separated by SDS-PAGE and the following were detected by Western blot: biotin, O-GlcNAc, OGA, HA, 
Myc, and actin. N=2. Migration of endogenous OGA (e), mBirA-tagged OGA (b), and the molecular weight 
(MW) markers are indicated. 
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To determine if the fusion proteins biotinylate proximal proteins in vivo, cell lysate 

was separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis 

(PAGE) and biotinylated proteins were detected with NeutrAvidin-horseradish peroxidase 

(HRP). Of note, two signals were observed in the pcDNA3.1 transfected cells at ~130 kDa 

and ~80 kDa (Figure 3-2D). These molecular weights are consistent with the endogenously 

biotinylated mammalian carboxylases (acetyl-CoA carboxylase, pyruvate carboxylase, 3-

methylcrotonyl-CoA carboxylase, propionyl-CoA carboxylase) (Moss and Lane 1971; 

Tong 2013) and have been previously reported (Roux et al. 2012; 2013). Overexpression 

of OGA-mBirA-HA and Myc-mBirA-OGA in the presence of exogenous biotin leads to 

the appearance of numerous biotinylated proteins (Figure 3-2D). The biotinylation patterns 

of OGA-mBirA-HA and Myc-mBirA-OGA are different, suggesting that our dual-tagging 

strategy provides greater coverage of the OGA interactome (Figure 3-2D). One potential 

control for our studies is overexpression of mBirA alone. However, mBirA-HA and Myc-

mBirA biotinylate proteins in a promiscuous manner when compared to their OGA-mBirA 

counterparts (Figure 3-3). As such, mBirA was not used as a control for subsequent 

experiments and this is in accordance with previous BioID studies (Roux et al. 2012; 2013; 

Varnaitė and MacNeill 2016).  

To determine whether interacting partners of OGA are predominantly substrates, 

cells were treated with the OGA inhibitor 2-ethylamino-3aR, 6S, 7R, 7aR-tetrahydro-5R-

hydroxymethyl-5H-pyrano[3, 2-d]thiazole-6, 7-diol (Thiamet-G; TMG) (Yuzwa et al. 

2008). Interestingly, there is not a dramatic change in the biotinylation pattern for either 

fusion protein with the addition of TMG. These data suggest that the biotinylated proteins 

are not predominantly substrates of OGA (Figure 3-2D).  
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Figure 3-3: The biotinylation pattern produced by OGA-mBirA-HA and Myc-mBirA-OGA is different 
to that of mBirA alone. Cells were transfected with mBirA-HA, OGA-mBirA-HA, Myc-mBirA, or Myc-
mBirA-OGA, and treated with or without H2O2 (2.5 mM, 2 h). Non-transfected wild type (WT) U2OS cells 
were treated with vehicle. All cells were treated with biotin (25 µM, 16 h). Equal amounts of protein (5 µg; 
TCL lysates) were separated by SDS-PAGE and the following were detected by Western blot (WB): biotin, 
OGA, HA, Myc, and actin. The migration of endogenous OGA (e), mBirA-tagged OGA (b), and the 
molecular weight markers (MW) are indicated. 
 
 
  



111 

The localization and in vivo biotinylation of the OGA-mBirA fusion proteins was 

confirmed by indirect immunofluorescence. As a control, we first determined the 

localization of endogenous OGA in U2OS cells. Our data demonstrate that OGA staining 

is detected in the nucleus and cytoplasm of U2OS cells under basal conditions (Figure 3-4), 

which is consistent with previous reports describing the subcellular localization of 

endogenous full-length OGA (Comtesse et al. 2001; Gao et al. 2001). OGA has recently 

been demonstrated to exist in mitochondria of neonatal rat cardiomyocytes (Banerjee et al. 

2015), and the orange signal in the merged images (Figure 3-4; white triangles) may 

represent co-localization of OGA (green) and MitoTracker (red). Upon oxidative stress, 

we observe an increase in OGA staining that is consistent with the Western blot analysis 

(Figure 3-1A, F), but the overall pattern of localization remains unchanged.  
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Figure 3-4: Endogenous OGA localizes to the nucleus, cytoplasm, and mitochondria of U2OS cells. 
U2OS cells were fixed, permeabilized, and stained for OGA. Nuclei and mitochondria were stained with 
Hoechst 33342 and MitoTracker Orange CMTMRos, respectively. White triangles indicate co-localization 
(orange) of MitoTracker and OGA. Images were acquired at 63x magnification on a Zeiss Axio Examiner 
710NLO-Meta multiphoton microscope. N=3. The scale bar represents 15 µm. (A) Cells were treated with 
vehicle. (B) Cells were treated with H2O2 (2.5 mM, 2 h). 

 

Like endogenous OGA, OGA-mBirA-HA (Figure 3-5B, C) and Myc-mBirA-OGA 

(Figure 3-5E, F) are present in the nucleus and cytoplasm. However, the overexpressed 

protein appears to have a more cytosolic distribution than the endogenous protein (Figure 

3-4). Similar to the staining pattern of endogenous OGA, the orange signal in the merged 

images (Figure 3-5B, E; white triangles) may represent co-localization of the OGA-mBirA 

fusion proteins with MitoTracker. Biotinylation, which is stimulated by the addition of 

exogenous biotin, is observed in cells overexpressing OGA-mBirA-HA (Figure 3-5C) and 

Myc-mBirA-OGA (Figure 3-5F). Faint staining for biotin in control cells (pcDNA3.1; 
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Figure 3-5A) can be attributed to the endogenously biotinylated mammalian carboxylases 

described above. Finally, the localization and biotinylation of OGA-mBirA-HA (Figure 

3-5D) and Myc-mBirA-OGA (Figure 3-5G) are not altered by oxidative stress. 

OGA-mBirA-HA and Myc-mBirA-OGA biotinylate proximal proteins 

differentially in response to oxidative stress 

To determine if oxidative stress alters the interactome of OGA, cells were 

transfected with the OGA-mBirA constructs and treated with biotin and H2O2 (2 h). 

Western blotting for biotin demonstrates that OGA-mBirA-HA and Myc-mBirA-OGA 

each exhibit a markedly altered biotinylation pattern in response to oxidative stress (Figure 

3-6A). These data suggest that oxidative stress induces a change in the proteins associating 

with OGA, wherein some interactions appear to be augmented while others are decreased 

(Figure 3-6A). Similar to the results described above, OGA-mBirA-HA and Myc-mBirA-

OGA have distinct biotinylation patterns. These results are further illustrated in the 

densitometric total lane profiling of the biotin signal (Figure 3-6B). Importantly, 

endogenous biotinylation and biotinylation by mBirA-HA and Myc-mBirA are not altered 

by oxidative stress (Figure 3-3). These data suggest that changes in the biotinylation pattern 

are not a result of changes in mBirA activity, but rather are due to specific changes in 

oxidative stress-dependent biotinylation by OGA-mBirA-HA and Myc-mBirA-OGA. 
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Figure 3-5: The OGA-mBirA fusion proteins localize to and biotinylate proteins in the nucleus, 
cytoplasm, and mitochondria of U2OS cells. U2OS cells were transfected with pcDNA3.1 (A), OGA-
mBirA-HA (B-D), or Myc-mBirA-OGA (E-G), treated with (A, C, D, F, G) or without (B, E) biotin (25 µM, 
16 h), and treated with (D, G) or without (A, B, C, E, F) H2O2 (2.5 mM, 2 h). Cells were fixed, permeabilized, 
and stained for BirA and biotin. Nuclei and mitochondria were stained with Hoechst 33342 and MitoTracker 
Orange CMTMRos, respectively. White triangles indicate co-localization (orange) of MitoTracker and OGA 
(B, E). Images were acquired at 63x magnification on a Zeiss Axio Examiner 710NLO-Meta multiphoton 
microscope. N=3. The scale bar represents 15 µm. 
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Figure 3-6: OGA-mBirA-HA and Myc-mBirA-OGA biotinylate proximal proteins differentially in 
response to oxidative stress. U2OS cells were transfected with pcDNA3.1, OGA-mBirA-HA, or Myc-
mBirA-OGA and treated with biotin (25 µM, 16 h) in the presence or absence of H2O2 (2.5 mM, 2 h). (A) 
Equal amounts of protein (5 µg; denaturing TCL lysis) were separated by SDS-PAGE and the following were 
detected by Western blot (WB): biotin, O-GlcNAc, OGA, HA, Myc, and actin. N=4. (B) Densitometric total 
lane profiles for each lane from the biotin signal in (A). Asterisks are used to highlight a subset of the 
biotinylated signals that are altered by oxidative stress. Migration of endogenous OGA (e), mBirA-tagged 
OGA (b), and the molecular weight (MW) markers are indicated. 
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SILAC-BioID-MS/MS reveals numerous basal and stress-induced OGA-

interacting proteins 

To identify the proteins bound by OGA in basal and oxidatively stressed cells, we 

performed two SILAC-based proteomic experiments (Figure 3-7). In all cases, the heavy 

(H) SILAC-labeled cells were transfected with pcDNA3.1, and the light (L) and medium 

(M) labeled cells were transfected with OGA-mBirA-HA (Experiment 1) or Myc-mBirA-

OGA (Experiment 2) (Figure 3-7A). Following transient transfection, biotinylation was 

stimulated and the cells were treated with vehicle (V; medium SILAC label) or 2 h H2O2 

(light SILAC label) prior to harvesting (Figure 3-7A). SILAC-labeled proteins were 

extracted in denaturing TCL buffer and combined in equal amounts (Figure 3-7A, B). 

Biotinylated proteins in the 1:1:1 extract mixture were enriched using NeutrAvidin-

agarose, eluted with SDS (95°C), and precipitated twice with acetone to remove free SDS. 

Peptides were generated by digestion with trypsin and LysC, and the resulting peptides 

were subjected to offline basic reversed phase (bRP) fractionation followed by reversed 

phase (RP) liquid chromatography (LC)-electrospray ionization (ESI)-tandem mass 

spectrometry (MS/MS) (Figure 3-7A). The mass spectrometry (MS) proteomics data have 

been deposited to the ProteomeXchange Consortium (http://proteomecentral. 

proteomexchange.org) via the PRIDE partner repository (Martens et al. 2005; Côté et al. 

2012; Vizcaíno et al. 2014; Perez-Riverol et al. 2016; Vizcaíno et al. 2016) with the dataset 

identifier PXD005039.  
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Figure 3-7: SILAC-BioID-MS/MS strategy used to identify the basal and oxidative stress-dependent 
interactome of OGA. (A) U2OS cells were labeled with light, medium, or heavy isotopes of arginine and 
lysine for 6 generations. In experiment 1, cells were transfected with pcDNA3.1 (heavy) or OGA-mBirA-
HA (light, medium), treated with biotin (25 µM, 16 h), and treated with vehicle (medium, heavy) or H2O2 
(light; 2.5 mM, 2 h, N=1). In experiment 2, Myc-mBirA-OGA was transfected in replacement of OGA-
mBirA-HA. For each experiment, proteins were extracted in denaturing TCL buffer and combined in equal 
amounts. The biotinylated proteins were isolated on NeutrAvidin-agarose in denaturing conditions, eluted in 
2% (w/v) SDS (95oC), and precipitated with acetone. Peptides were generated by trypsin and LysC digestion, 
separated by basic reversed phase (bRP) fractionation, and identified by liquid chromatography-tandem mass 
spectrometry (LC-ESI-MS/MS). Subsequently, protein-protein interactions were validated by co-
immunoprecipitation (IP) and Western blot (WB). (B) For the SILAC experiments (N=1, each), equal 
amounts of protein (10 µg; denaturing TCL lysis) were separated by SDS-PAGE and the following were 
detected by Western blot: biotin, OGA, HA, Myc, and actin. Protein load was assessed by total protein stain 
(Sypro Ruby) and by Western blot (actin). Migration of endogenous OGA (e), mBirA-tagged OGA (b), and 
the molecular weight (MW) markers are indicated. 
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Raw MS protein and peptide identifications are reported in Supplemental Tables 3-

1 through 3-6, and processing of the raw MS data, as described below, is outlined in Figure 

3-8. LC-MS/MS identified 126 proteins in the OGA-mBirA-HA pulldown (Supplemental 

Table 3-7) and 157 proteins in the Myc-mBirA-OGA pulldown (Supplemental Table 3-8) 

after application of the following inclusion criteria in Proteome Discover 1.4: a peptide 

rank of 1 (filter 1), a 5% false discovery rate (FDR; filter 1), as well as >1 unique peptide, 

>2 total peptides, and >3 peptide spectral matches (PSMs) per identification (filter 2). Next, 

the variability in the endogenously biotinylated carboxylases was used to set a threshold 

for excluding non-specific interactors (Figure 3-8 (exclusion criteria 2), Figure 3-9; 

Supplemental Table 3-9), yielding 44 proteins and 41 proteins enriched above background 

for the HA (Figure 3-10A; Supplemental Table 3-10) and Myc (Figure 3-10B; 

Supplemental Table 3-11) screens, respectively. To determine the interactors that are 

induced upon oxidative stress, we set a threshold of a 25% increase in protein abundance 

in stressed cells compared to control cells (Supplemental Table 3-12). For the OGA-

mBirA-HA pulldown, 48 proteins were identified as stress-induced interactors, of which 

19 were present above background in only the stressed sample (Figure 3-10A; 

Supplemental Table 3-10). For the Myc-mBirA-OGA fusion protein, 28 proteins were 

identified as stress-induced interactors. Of these proteins, 12 were identified above 

background in only the stressed sample (Figure 3-10B; Supplemental Table 3-11). 

Highlighting the utility of our dual-tagging strategy for maximizing coverage of the OGA 

interactome, there were only 21 basal interactors (Figure 3-10C) and 15 stress-induced 

interactors (Figure 3-10D) that were present in both the HA and Myc datasets. MS protein 

identifications are summarized in Supplemental Table 3-13. In total, 90 proteins were 
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identified as potential OGA-interactors using SILAC-BioID-MS/MS (Table 3-1). Of these 

interactors, we identified 21 proteins above background in the basal and stressed samples 

(regardless of fold change upon stress) from both datasets (Figure 3-10E), and consider 

these proteins to be high-confidence binding partners of OGA (bold, Table 3-1). Finally, 

gene list analysis using the Protein Analysis Through Evolutionary Relationships 

(PANTHER) (Thomas et al. 2003; Mi et al. 2005) classification system revealed that the 

identified proteins have diverse functions, belonging to classes of chaperones, cytoskeletal 

proteins, nucleic acid binding proteins, and others (Figure 3-10F).  

 

 
 
Figure 3-8: Flowchart for mass spectrometry dataset processing to generate the protein lists in the 
supplemental tables and table 3-1. 
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Figure 3-9: Determination of the threshold for non-specific interactors using Log2 SILAC ratios and 
frequency histograms of the endogenously biotinylated carboxylases. Frequency histograms were 
generated from: (A) Log2(M/H) SILAC ratios for the carboxylases (HA dataset; Supplemental Table 3-9); 
(B) Log2(M/H) SILAC ratios for raw interactors (HA dataset; Supplemental Table 3-7); (C) Log2(L/H) 
SILAC ratios for the carboxylases (HA dataset; Supplemental Table 3-9); (D) Log2(L/H) SILAC ratios for 
raw interactors (HA dataset; Supplemental Table 3-7); (E) Log2(M/H) SILAC ratios for the carboxylases 
(Myc dataset; Supplemental Table 3-9); (F) Log2(M/H) SILAC ratios for raw interactors (Myc dataset; 
Supplemental Table 3-8); (G) Log2(L/H) SILAC ratios for the carboxylases (Myc dataset; Supplemental 
Table 3-9); and (H) Log2(L/H) SILAC ratios for raw interactors (Myc dataset; Supplemental Table 3-8). (A-
H) Red dotted line represents the Log2 threshold with a one-sided 95% confidence interval. 
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Figure 3-10: SILAC-BioID-MS/MS reveals numerous basal and stress-induced OGA-interacting 
proteins. Venn diagrams illustrate: (A) basal and stress-induced interactors identified in the OGA-mBirA-
HA screen; (B) basal and stress-induced interactors identified in the Myc-mBirA-OGA screen; (C) basal 
interactors identified in the HA and Myc datasets; (D) stress-induced interactors identified in the HA and 
Myc datasets; and (E) interactors identified above background in the basal and stressed samples (regardless 
of fold change upon stress) in the HA and Myc datasets. (F) PANTHER gene list analysis indicating the 
protein classes represented in the OGA interactome. 



Table 3-1: Interacting partners of OGA. Bold proteins are high confidence interactors that were identified in the basal and stressed samples in the HA and Myc 
datasets. 
   HA Dataset Myc Dataset 

Number Accession Protein Description Interacts 
Basally 

Change 
with 

Stress 

H2O2/ 
Vehicle 

Interacts 
Basally 

Change 
with Stress 

H2O2/ 
Vehicle 

1 25777602 26S proteasome non-ATPase regulatory subunit 2 isoform 1    ü á 2.410 

2 16507237 78 kDa glucose-regulated protein precursor ü á 1.627 ü á 1.709 

3 546231404 actin-binding protein anillin isoform 3 ü á 1.719    

4 156071459 ADP/ATP translocase 2 ü  1.042    

5 194097352 alpha-actinin-1 isoform c  á 4.834  á 6.123 

6 224809474 ankycorbin isoform b ü  1.310    

7 50845386 annexin A2 isoform 2  á 2.000  á 1.719 

8 21264575 AT-rich interactive domain-containing protein 1A isoform b ü  1.012    

9 528281421 band 4.1-like protein 3 isoform 3 ü  1.222 ü  1.389 

10 62241042 bifunctional glutamate/proline--tRNA ligase ü á 1.621 ü  1.328 

11 11024698 bifunctional protein NCOAT isoform a ü  1.057 ü  1.308 

12 58218968 calmodulin     á 2.772 

13 24432106 cell cycle and apoptosis regulator protein 2 ü á 1.756    

14 5031635 cofilin-1     á 2.083 

15 65787364 coronin-1B ü  0.934 ü â 0.791 

16 451172106 coronin-1C isoform b    ü â 0.777 

17 126032350 DNA-dependent protein kinase catalytic subunit isoform 2  á 1.715    

18 4503471 elongation factor 1-alpha 1  á 2.418    
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   HA Dataset Myc Dataset 

Number Accession Protein Description Interacts 
Basally 

Change 
with 

Stress 

H2O2/ 
Vehicle 

Interacts 
Basally 

Change 
with Stress 

H2O2/ 
Vehicle 

19 4503483 elongation factor 2     á 3.899 

20 4758256 eukaryotic translation initiation factor 2 subunit 1 ü á 2.141    

21 302699239 eukaryotic translation initiation factor 4 gamma 1 isoform 4 ü 1.598

22 41872631 fatty acid synthase ü á 1.357 ü  1.353 

23 388490223 FERM domain-containing protein 6 isoform 3 ü  0.933    

24 116063573 filamin-A isoform 1 ü á 1.325 ü  1.335 

25 256222415 filamin-B isoform 4 ü á 2.155 ü á 1.901 

26 4504981 galectin-1 á 1.714

27 356461016 gem-associated protein 5 isoform 2    ü  1.572 

28 66932975 gephyrin isoform 2 ü á 1.863    

29 194248072 heat shock 70 kDa protein 1A/1B ü á 1.516    

30 34419635 heat shock 70 kDa protein 6    ü á 1.877 

31 24234686 heat shock cognate 71 kDa protein isoform 2 ü á 1.689 ü á 2.019

32 4504517 heat shock protein beta-1  á 12.816 ü á 7.830 

33 154146191 heat shock protein HSP 90-alpha isoform 2 ü á 1.835    

34 431822406 heat shock protein HSP 90-beta isoform b ü á 2.061    

35 431822408 heat shock protein HSP 90-beta isoform c     á 2.152 

36 10645195 histone H2A type 1-B/E á 3.832

37 10800140 histone H2B type 1-B  á 3.598    
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   HA Dataset Myc Dataset 

Number Accession Protein Description Interacts 
Basally 

Change 
with 

Stress 

H2O2/ 
Vehicle 

Interacts 
Basally 

Change 
with Stress 

H2O2/ 
Vehicle 

38 4504301 histone H4  á 3.731    

39 5032027 histone-binding protein RBBP4 isoform a    ü  1.616 

40 98986457 host cell factor 1 ü 1.453

41 4557888 keratin, type I cytoskeletal 18 ü  1.240 ü  1.208 

42 372466577 keratin, type II cytoskeletal 8 isoform 2 ü  1.204 ü  1.251 

43 12383062 kinesin light chain 2 isoform 1 ü á 1.633 ü á 2.418 

44 216548085 leucine zipper protein 1 ü á 2.504 ü á 2.497 

45 41350320 melanoma-associated antigen D2 ü á 2.096 á 2.407

46 262073007 monocarboxylate transporter 1  á 1.325    

47 38176300 nestin ü  0.880    

48 140972063 neurabin-2    ü á 1.638 

49 114155142 nucleoprotein TPR    ü  1.162 

50 170932516 paxillin isoform 1 ü á 3.692

51 196162711 PDZ and LIM domain protein 4 isoform 2    ü  1.397 

52 33356174 pinin ü  1.273    

53 41322910 plectin isoform 1d  á 1.408  á 1.657 

54 601984520 polyubiquitin-C ü á 3.919 ü á 2.781 

55 530394628 PREDICTED: BAG family molecular chaperone regulator 3 
isoform X1 ü á 2.677    
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   HA Dataset Myc Dataset 

Number Accession Protein Description Interacts 
Basally 

Change 
with 

Stress 

H2O2/ 
Vehicle 

Interacts 
Basally 

Change 
with Stress 

H2O2/ 
Vehicle 

56 578812465 PREDICTED: band 4.1-like protein 2 isoform X12 ü á 1.881    

57 578812459 PREDICTED: band 4.1-like protein 2 isoform X9    ü  1.046 

58 578822562 PREDICTED: chromodomain-helicase-DNA-binding protein 4 
isoform X6 ü á 1.447    

59 578815876 PREDICTED: elongation factor 1-delta isoform X14    ü  1.353 

60 530388831 PREDICTED: elongation factor 1-delta isoform X7    ü  1.411 

61 578814066 PREDICTED: filamin-C isoform X1 ü á 3.169 ü á 2.390 

62 530381927 PREDICTED: heat shock 70 kDa protein 1-like isoform X4 ü á 1.585 ü á 1.935 

63 578824891 PREDICTED: LIM domain only protein 7 isoform X39     á 2.027 

64 530379305 PREDICTED: microtubule-associated protein 1B isoform X1 ü á 1.399 ü  1.359 

65 530397279 PREDICTED: neuroblast differentiation-associated protein 
AHNAK isoform X1 ü  1.125 ü  1.288 

66 578821456 PREDICTED: nuclear mitotic apparatus protein 1 isoform X9    ü â 0.799 

67 530381066 PREDICTED: nucleophosmin isoform X2  á 2.499    

68 578811124 PREDICTED: nucleophosmin isoform X3     á 2.141 

69 530403029 PREDICTED: protein AHNAK2 isoform X1 ü á 1.556 ü á 1.640 

70 578805886 PREDICTED: raftlin isoform X7 ü â 0.772    

71 530407875 PREDICTED: RNA-binding protein FUS isoform X3 ü  0.857    

72 530411381 PREDICTED: septin-9 isoform X3    ü  1.278 

73 530390127 PREDICTED: tropomyosin beta chain isoform X7  á 2.926    
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   HA Dataset Myc Dataset 

Number Accession Protein Description Interacts 
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with 

Stress 

H2O2/ 
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Interacts 
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Change 
with Stress 

H2O2/ 
Vehicle 

74 530383156 PREDICTED: unconventional myosin-VI isoform X8  á 2.696    

75 578818565 PREDICTED: vimentin isoform X1 ü  1.162 ü  1.288 

76 530365709 PREDICTED: zinc finger CCCH domain-containing protein 11A 
isoform X5 ü á 1.818    

77 5454064 RNA-binding protein 14 isoform 1     á 2.047 

78 55741709 RNA-binding protein 25 ü á 1.649    

79 148352331 septin-7 isoform 1    ü  1.392 

80 112382252 spectrin beta chain, non-erythrocytic 1 isoform 2  á 1.365    

81 24234688 stress-70 protein, mitochondrial precursor ü á 1.578    

82 150417971 supervillin isoform 1  á 2.454    

83 325651836 SWI/SNF-related matrix-associated actin-dependent regulator of 
chromatin subfamily A member 5  á 1.553    

84 544711041 T-complex protein 1 subunit theta isoform 2    ü  1.329 

85 116875765 tight junction protein ZO-1 isoform b ü á 1.750    

86 98986464 transmembrane emp24 domain-containing protein 10 precursor     á 2.674 

87 393715095 tubulin alpha-1A chain isoform 2  á 1.918    

88 29788785 tubulin beta chain isoform b  á 3.379    

89 557129022 ubiquitin carboxyl-terminal hydrolase 7 isoform 3    ü á 2.354 

90 296010977 zinc finger protein 185 isoform 7 ü á 2.983 ü á 2.027 

126 



127 

Oxidative stress induces the association of OGA with FAS, FLNA, HSC70, 

and OGT 

To validate a subset of the identified protein-protein interactions, endogenous OGA 

was enriched using the anti-OGA-Bethyl antibody from NETN U2OS cell lysates treated 

with H2O2 (1-3 h), and Western blots were performed for interacting partners-of-interest 

(Figure 3-11A). In addition to a subset of proteins identified in the screen, we also probed 

for OGT, a known binding partner of OGA (Whisenhunt et al. 2006). The interaction of 

OGA with FAS, FLNA, HSC70, and OGT is clearly induced in response to oxidative stress 

(Figure 3-11A). Actin is shown as both a loading and negative control. 

Further validation of these protein-protein interactions was performed by 

immunoprecipitation (IP) of endogenous FAS and V5-tagged FAS using an anti-FAS 

antibody and an anti-V5 antibody, respectively. Endogenous FAS or transiently 

overexpressed pCMV-SPORT6 V5-FAS was enriched from NETN U2OS cell lysates 

treated with H2O2 (1-3 h), and Western blots were performed for interacting partners-of-

interest (Figure 3-11B, C). Consistent with previous results (Figure 3-11A), the interaction 

between OGA and endogenous FAS is induced in response to oxidative stress (Figure 

3-11B, C). Interestingly, we also observe that OGT and HSC70 exhibit increased binding 

to endogenous FAS and V5-FAS upon oxidative stress (Figure 3-11B, C).  

To determine if these protein-protein interactions are conserved in other cell types 

in addition to U2OS cells, we enriched endogenous OGA and endogenous FAS from 

HEPG2 human hepatocellular carcinoma cells (Figure 3-12). We chose HEPG2 cells as a 

recent publication has indicated an interaction between OGT and FAS in the liver (Baldini 

et al. 2016). Western blots for the proteins-of-interest reveal that FAS and HSC70 co-IP 
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with OGA in HEPG2 cells under basal conditions (Figure 3-12A). We also observe that 

OGA and HSC70 co-IP with FAS basally in HEPG2 cells (Figure 3-12B). Unlike U2OS 

cells, the interactions in HEPG2 cells are not induced in response to oxidative stress (data 

not shown). Furthermore, we assessed these interactions in murine liver tissue by enriching 

endogenous OGA and endogenous FAS. We have demonstrated that HSC70 co-IPs with 

OGA (Figure 3-12C), and that OGA and HSC70 co-IP with FAS in normal liver tissue 

(Figure 3-12D). Overall, these data suggest that the aforementioned protein-protein 

interactions are not specific to only U2OS cells, but that the interactions also occur in 

normal tissue and that the pathways regulating OGT and OGA may be cell/tissue-type 

specific.   

An immunoprecipitation with a rabbit isotype control immunoglobulin (Ig)G was 

used as an indicator of non-specific binding for the endogenous OGA and endogenous FAS 

IPs (Figure 3-11A, B; Figure 3-12), and pcDNA3.1-overexpressing cells were used to 

control for non-specific binding in the V5-FAS IPs (Figure 3-11C). Of note, a band at the 

apparent molecular weight of actin is observed in the control IgG IP (Figure 3-11B). 

Analysis of control IgG alone in buffer indicates that this signal arises from the anti-actin 

primary antibody (data not shown). 
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Figure 3-11: Oxidative stress induces the association of OGA with FAS, FLNA, HSC70, and OGT. 
U2OS cells were treated with vehicle (V) or H2O2 (2.5 mM, 1-3 h). N=3. (A) An anti-OGA antibody (IP: 
OGA; top panel) or a rabbit isotype control immunoglobulin (IP: IgG; middle panel) were used to enrich 
endogenous OGA from NETN cell lysates (500 µg), of which 1.5-2% (input) and 30-40% 
(immunoprecipitate) were analyzed by SDS-PAGE. OGA, FAS, FLNA, HSC70, OGT (positive control), and 
actin (loading/negative control) were detected by Western blot (WB). (B) An anti-FAS antibody (IP: FAS; 
top panel) or a rabbit isotype control immunoglobulin (IP: IgG; middle panel) were used to enrich 
endogenous FAS from NETN cell lysates (250 µg), of which 3% (input) and 60% (immunoprecipitate) were 
analyzed by SDS-PAGE. FAS, OGA, HSC70, OGT, and actin (loading/negative control) were detected by 
Western blot. (C) U2OS cells were transfected with pcDNA3.1 (control) or pCMV-SPORT6 V5-FAS (test). 
An anti-V5 antibody was used to enrich V5-FAS from control and test NETN cell lysates (300 µg), of which 
1.7% (input) and 33.3% (immunoprecipitate) were analyzed by SDS-PAGE. V5, OGA, HSC70, OGT, and 
actin (loading/negative control) were detected by Western blot. (A-C) FAS (CST) and FAS (NB) represent 
anti-FAS antibody from Cell Signaling Technology and Novus Biologicals, respectively. To ensure that 
images were in the linear range, Western blot exposures from the input and immunoprecipitated fractions are 
often different. The exposure lengths for the test and control isotype antibody immunoprecipitates are always 
identical. The migration of molecular weight (MW) markers is indicated. 
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Figure 3-12: FAS, OGA, and HSC70 interact basally in human hepatocytes and murine liver tissue. 
Cells and tissue were lysed in NETN buffer and pre-cleared. Immunoprecipitations were performed with the 
anti-OGA-Bethyl antibody (IP: OGA; A, C), an anti-FAS antibody (IP: FAS; B, D), or a rabbit isotype control 
immunoglobulin (IP: IgG; A-D). (A) Endogenous OGA was enriched from HEPG2 cell lysate (500 µg), of 
which 2% (input) and 50% (immunoprecipitate) were analyzed by SDS-PAGE. OGA, FAS, and HSC70 were 
detected by Western blot (WB). N=4, except for WB: FAS (N=2). (B) Endogenous FAS was enriched from 
HEPG2 cell lysate (250-600 µg), of which 1.7-4% (input) and 33-80% (immunoprecipitate) were analyzed 
by SDS-PAGE. FAS, OGA, and HSC70 were detected by Western blot. N=4. (C) Endogenous OGA was 
enriched from normal murine liver tissue lysate (400 µg), of which 3.8% (input) and 63% 
(immunoprecipitate) were analyzed by SDS-PAGE. OGA and HSC70 were detected by Western blot. N=3. 
(D) Endogenous FAS was enriched from normal murine liver tissue lysate (400 µg), of which 3.8% (input) 
and 63% (immunoprecipitate) were analyzed by SDS-PAGE. FAS, OGA, and HSC70 were detected by 
Western blot. N=3. (A-D) FAS (CST) and FAS (NB) represent anti-FAS antibody from Cell Signaling 
Technology and Novus Biologicals, respectively. To ensure that images were in the linear range, Western 
blot exposures from the input and immunoprecipitated fractions are often different. The exposure lengths for 
the test and control isotype antibody immunoprecipitates are always identical. The migration of molecular 
weight (MW) markers is indicated. 
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OGA exhibits reduced catalytic activity when bound to FAS 

Next, we sought to determine if FAS alters the catalytic activity of OGA. As the 

mechanism controlling the stress-induced association of OGA and FAS is currently 

unknown, we assessed the activity of OGA in cells stably overexpressing pcDNA3.1 or 

V5-FAS and treated with or without 2 h H2O2 (Figure 3-13). The immunoprecipitation 

technique utilized in Figure 3-11C was coupled with a downstream OGA activity assay. 

This allowed us to measure the activity of OGA in total cell lysates (Figure 3-13A, C) and 

the pool of OGA bound to FAS (Figure 3-13B, D). In total cell lysates (Figure 3-13A), 

overexpression of V5-FAS did not alter OGA activity (Figure 3-13C), and we attribute this 

observation to the small percentage of OGA that associates with FAS (<5%). To overcome 

the stoichiometry of this interaction, we enriched V5-FAS using an anti-V5 antibody and 

assessed the activity of OGA on the protein A/G magnetic beads (Figure 3-13B, D).  

Consistent with previous results (Figure 3-11C), the interaction of V5-FAS with 

OGA was induced in response to oxidative stress (Figure 3-13B). To assess the specific 

activity of OGA bound to FAS (on-bead) and compare it to the specific activity of OGA in 

the unbound and input lysates, we determined the amount of OGA on the beads using 

Western blot quantitation of the bound fractions and a dilution series of the inputs. The 

fraction of OGA bound to V5-FAS during oxidative stress exhibited an ~85% reduction in 

specific activity (Figure 3-13D; RM-1ANOVA/Tukey’s MCT, p≤0.0001) when compared 

to its activity in the unbound fraction. Importantly, we did not detect on-bead OGA activity 

above the baseline in the pcDNA3.1 controls or the vehicle-treated V5-FAS sample. 
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Figure 3-13: OGA exhibits reduced catalytic activity when bound to FAS. U2OS cells stably 
overexpressing pcDNA3.1 (control) or pcDNA3.1 V5-FAS (test) were treated with vehicle (V) or H2O2 (2.5 
mM, 2 h). An anti-V5 antibody was used to enrich V5-FAS from control and test NETN cell lysates (1.6 
mg). N=3. (A, B) V5, OGA, and actin (loading/negative control) were detected by Western blot (WB). 
Western blots for each antibody were exposed for equal lengths of time. (A) Analysis of the inputs and 
unbound fractions. (B) Analysis of the bound fractions (31.25%). (C) OGA activity was measured in the 
inputs and unbound fractions using 4MU-GlcNAc (1 mM). N=3, 2 technical replicates per assay. 
Fluorescence values were converted to pmoles/min and then normalized to the pcDNA3.1 vehicle-treated 
sample. (D) OGA activity was assessed in the input, bound (on-bead, 31.25%), and unbound fractions using 
4MU-GlcNAc (1 mM). N=3, 2 technical replicates per assay. Fluorescence values were converted to 
pmoles/min/µg using densitometric analysis of OGA in the input serial dilutions and the bound fractions, and 
then normalized to the pcDNA3.1 vehicle-treated sample. Only the data from FAS-overexpressing cells 
treated with H2O2 are shown, as OGA protein and activity was absent in the bound fraction of the other 
samples. Data are presented as the mean ± SEM. Significance was determined by RM-1ANOVA followed 
by Tukey’s multiple comparison test, and differences were considered statistically significant at p≤0.0001 
(****). The migration of molecular weight (MW) markers is indicated. 
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FAS overexpression increases O-GlcNAcylation during oxidative stress 

As the pool of OGA bound to FAS is inhibited, we hypothesized that 

overexpression of FAS would result in a stress-dependent increase in O-GlcNAcylation on 

a subset of proteins. To test this hypothesis, cells stably overexpressing pcDNA3.1 or V5-

FAS were treated with vehicle or H2O2 (1-3 h). Proteins from NETN lysates were separated 

by SDS-PAGE and Western blots for OGT, OGA, and O-GlcNAc were performed. O-

GlcNAc levels are significantly higher in FAS-overexpressing cells compared to control 

cells at 3 h H2O2 (Figure 3-14A, B; repeated measures two-way analysis of variance (RM-

2ANOVA)/Sidak’s MCT, p≤0.01). Of note, we observe variable changes in the expression 

of OGT and OGA basally upon V5-FAS overexpression that only reach statistical 

significance for OGT (Figure 3-14A, C, D; RM-2ANOVA/Sidak’s MCT, p≤0.001). 

However, the expression of OGA and OGT remain unchanged in FAS-overexpressing cells 

during the hydrogen peroxide time course. Overall, these data suggest that FAS binds to 

and sequesters OGA preventing it from de-glycosylating a subset of proteins during 

oxidative stress, thereby augmenting cellular O-GlcNAcylation (Figure 3-15). 
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Figure 3-14: FAS overexpression increases O-GlcNAcylation during oxidative stress. U2OS cells stably 
overexpressing pcDNA3.1 or pcDNA3.1 V5-FAS were treated with vehicle (V) or H2O2 (2.5 mM, 1-3 h). 
N=5. (A) NETN lysates (~7.5 µg) were analyzed by SDS-PAGE. O-GlcNAc, OGA, OGT, V5, and actin 
were detected by Western blot (WB). Total protein stain (colloidal coomassie G-250) was used to assess 
protein load. The migration of molecular weight (MW) markers is indicated. (B) Quantitation of O-GlcNAc 
levels normalized to G-250. (C) Quantitation of OGA expression normalized to G-250. (D) Quantitation of 
OGT expression normalized to G-250. (B-D) Data are presented as the mean ± SEM. Significance was 
determined by RM-2ANOVA followed by Sidak’s multiple comparison test, and differences were considered 
statistically significant at p≤0.05 (*), p≤0.01 (**), and p≤0.001 (***). 
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Figure 3-15: Proposed model for the regulation of OGA during oxidative stress resulting in elevated 
levels of O-GlcNAc. O-GlcNAc levels become elevated during oxidative stress, and this is associated with 
cytoprotection. Counterintuitively, in U2OS cells exposed to oxidative stress, OGT activity remains constant 
while OGA activity and expression are elevated. Our data supports a model in which OGA forms complexes 
with other proteins (?), such as FAS, that regulate its activity leading to a stress-induced elevation of O-
GlcNAc. 
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Discussion 

Dynamic O-GlcNAcylation is a critical regulator of many cellular processes 

including the cellular stress response and survival signaling (Zachara et al. 2004; Hart et 

al. 2011; Groves et al. 2013; Bond and Hanover 2015). The molecular mechanisms by 

which cells communicate with OGT and OGA to glycosylate and de-glycosylate the correct 

substrates in response to stimuli, including cell stress and injury, are not well understood. 

The goal of this study was to determine which mechanisms the cell utilizes to regulate O-

GlcNAc levels during oxidative stress, and to provide insight into the proteins that interact 

with and regulate OGA. We have demonstrated that both OGA and OGT appear to be 

targeted during oxidative stress, resulting in an increase in the expression of both enzymes 

and elevated OGA activity (Figure 3-1). An increase in the expression and activity of OGA 

cannot be reconciled with the observed increase in O-GlcNAc (Figure 3-1), suggesting that 

OGA is targeted to substrates or that specific pools of OGA are inhibited. Several lines of 

evidence support this rationale. First, in glucose deprived Neuro2A cells, O-GlcNAc levels 

are robustly elevated. However, only modest changes in OGT expression, but not specific 

activity, are observed. Contrary to expectations, there is a decrease in UDP-GlcNAc levels 

and an increase in OGA activity (Cheung and Hart 2008). Second, OGT interacts with p38 

mitogen-activated protein kinase during glucose starvation, resulting in the targeting of 

OGT to glycosylate substrates such as neurofilament H (Cheung and Hart 2008). Third, we 

have recently reported that a subset of proteins exhibit decreased O-GlcNAcylation during 

oxidative stress, even when global O-GlcNAc levels are elevated (Lee et al. 2016). To 

define the regulation of OGA during oxidative stress, we have identified a subset of its 

interaction partners and determined how these interactions change with oxidative stress. 
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Collectively, we have identified 90 binding partners and validated the interaction of OGA 

with FAS, FLNA, HSC70, and OGT. Notably, FAS was demonstrated to inhibit OGA 

activity, and consistent with this observation cellular O-GlcNAcylation was augmented in 

FAS-overexpressing cells upon oxidative stress.  

In this study, we utilized BioID (Roux et al. 2012) to identify the interaction 

partners of OGA. BioID offers many advantages when compared to other methodologies 

(Roux et al. 2012; Mehta and Trinkle-Mulcahy 2016; Varnaitė and MacNeill 2016), such 

as identifying low affinity and transient interactors, as well as obviating the need for an 

antibody-based enrichment. One disadvantage of this technique, when combined with 

SILAC quantification, is that the fold change reported for signal-induced interactions can 

be diluted out by the long biotin-labeling step (16 h). This dilution effect is highlighted by 

our data, in which proteins such as FAS and FLNA demonstrate clear stress-induced 

associations with OGA by co-immunoprecipitation, but are only enriched ~25% over OGA 

in the BioID screen. We speculate that the interactions of OGA with FAS and FLNA exist 

with a low affinity basally, but are stabilized and enhanced during oxidative stress. In 

addition, BioID may be capturing stress-induced interactions between these proteins that 

occur as a result of natural fluctuations in reactive oxygen species levels that occur in 

growing cells. The recent development of spatially and temporally restricted enzymatic 

biotinylation has resolved this issue (Martell et al. 2012; Rhee et al. 2013). However, this 

second-generation approach relies on biotinylation that is activated by hydrogen peroxide 

(Martell et al. 2012; Rhee et al. 2013), a technique which is not compatible with our 

oxidative stress model. One additional caveat of the BioID approach is that the long biotin-

labeling step reduces the chance of identifying interactions that dissociate upon stress. This 
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is further exacerbated by our analysis approach, which excluded proteins if mass 

spectrometric quantification was present in only one channel.     

Our study, using SILAC-BioID-MS/MS, has discovered candidate regulatory 

proteins of OGA during injury through the global identification of OGA’s binding partners. 

Collectively, our screen identified 90 interacting proteins of OGA, which fall into diverse 

groups but were enriched in chaperones, cytoskeletal proteins, and nucleic acid binding 

proteins (Figure 3-10F). Of these proteins, 21 were present in the basal and stressed 

samples from both datasets (bold, Table 3-1) suggesting that these proteins are robust, high 

confidence interactors of OGA. Of note, 6 proteins were identified to co-purify with OGA 

during its initial cloning and characterization (Gao et al. 2001), and one of these proteins 

(HSC70) was confirmed in our BioID screen. Recently, OGA was also identified to bind 

chromodomain helicase DNA-binding protein 4 (Mi2β), erythroid transcription factor 

(GATA-1), and Friend of GATA-1 at the Aγ-globin promoter using co-

immunoprecipitation (Zhang et al. 2016), although none of these nuclear interactors were 

identified in our study. Interestingly, our BioID screen revealed mitochondrial OGA-

interacting proteins such as adenosine disphosphate (ADP)/adenosine triphosphate (ATP) 

translocase 2, of which isoform 1 of this protein has previously been reported to be O-

GlcNAcylated in cardiac mitochondria (Ma et al. 2015). While these results require further 

validation, our data are consistent with the co-localization of OGA(-mBirA) and 

MitoTracker in U2OS cells, as well as recent work demonstrating the mitochondrial 

localization of OGA (Banerjee et al. 2015). 

As our goal is to understand the regulation of OGA during cellular injury, we 

focused our validation efforts on proteins whose association with OGA was augmented 
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during oxidative stress (61 total proteins; Figure 3-10D). A number of proteins were of 

particular interest including FAS, FLNA, and HSC70, as they are known to be involved in 

the cellular stress response. Furthermore, confirmation of FAS and FLNA allowed us to 

test the arbitrary threshold of 25% set for stress-induced interactions. FAS is most 

commonly known as the enzyme that performs de novo lipogenesis, synthesizing 16-

carbon chain fatty acids (palmitate) from acetyl-CoA and malony-CoA (Semenkovich 

1997). Recently, FAS has been implicated as a metabolic oncogene and a biomarker for 

cancer detection and prognosis (Kuhajda et al. 1994; Pizer et al. 1996; Hamada et al. 2014; 

Ito et al. 2014; Wakamiya et al. 2014; Mullen and Yet 2015). Suggesting that FAS is a pro-

survival signaling molecule, its inhibition has been demonstrated to induce tumor cell 

apoptosis through various mechanisms including cell cycle arrest (Zhou et al. 2003), 

reduced cellular growth and proliferation (Kuhajda et al. 1994; Carvalho et al. 2008; Lee 

et al. 2009; Veigel et al. 2015; Ventura et al. 2015), decreased phospholipid biosynthesis 

(Ventura et al. 2015), disruption of lipid raft architecture (Ventura et al. 2015), and 

blockage of the β-catenin and phosphoinositide 3-kinase (PI3K)/Akt/mammalian target of 

rapamycin (mTOR) signal transduction pathways (Ventura et al. 2015). Importantly for 

our studies, FAS is also implicated in protecting the heart and has been demonstrated to be 

upregulated in cardiomyocytes during heart failure (van der Vusse et al. 1992; Abdalla et 

al. 2011; Razani et al. 2011). Interestingly, heart-specific FAS knockout mice exhibit 

upregulated calcium/calmodulin-dependent protein kinase (CaMK)II signaling upon an 

acute transaortic constriction mechanical stress, leading to rapid cardiac dysfunction and 

arrhythmias (Razani et al. 2011). Supporting this model, CaMKII is O-GlcNAc-modified 

at Ser279 during acute hyperglycemia, resulting in its activation and cardiac dysfunction 
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(Erickson et al. 2013). These data suggest that FAS induction in the stressed heart may be 

a protective compensatory response to pathological calcium flux (Razani et al. 2011), and 

may at least in part be under the control of O-GlcNAc cycling. In accordance with this 

hypothesis, we have demonstrated that FAS interacts with OGA in a stress-induced manner 

in U2OS cells (Figure 3-11), and that this results in the inhibition of OGA (Figure 3-13) 

and increased cellular O-GlcNAcylation (Figure 3-14). Collectively, these data lead to a 

novel and attractive model in which FAS binds to and inhibits OGA upon oxidative stress 

to promote cell survival (Figure 3-15).  

In addition to FAS, we identified and validated the interactions of OGA with 

FLNA, HSC70, and OGT in U2OS cells (Figure 3-11A). While OGT and OGA have 

previously been reported to interact (Whisenhunt et al. 2006), the physiological 

significance of the stress-dependent association remains uncertain and suggests reciprocal 

regulation between the two enzymes. Interestingly, HSC70 and OGT were also 

demonstrated to interact with FAS in response to oxidative stress (Figure 3-11B, C), raising 

the possibility of a large stress-induced multi-protein complex containing FAS, OGT, 

OGA, and HSC70. These interactions are maintained basally in HEPG2 liver cancer cells 

and normal murine liver tissue (Figure 3-12), suggesting that the interactions are not 

specific to U2OS cells. These data are in concordance with a recent study by Baldini and 

colleagues demonstrating that FAS binds OGT in the liver of ob/ob mice (Baldini et al. 

2016). Collectively, our data suggest that the cell/tissue type may regulate the interactions 

and thus the regulation of OGT and OGA. 

Our study, utilizing proximity biotinylation and SILAC-based MS, has revealed a 

host of novel basal and oxidative stress-dependent binding partners of OGA (Figure 3-10; 
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Table 3-1). Our data provides evidence for a model in which the interactors of OGA, such 

as FAS, regulate its local activity in a manner consistent with cell survival (Figure 3-15). 

Such results will provide a framework for understanding the regulation of OGA during 

injury and in other models in which O-GlcNAc is misregulated, such as cancer, 

neurodegenerative disease, and metabolic syndrome. 
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Experimental procedures 

Reagents 

All chemicals and reagents were of the highest grade and supplied by Sigma-

Aldrich (St. Louis, MO) or Thermo Fisher Scientific (Waltham, MA), unless otherwise 

indicated. TMG (Yuzwa et al. 2008) was synthesized by SD ChemMolecules LLC (Owings 

Mills, MD) to a purity of 99.1%, as determined by high-performance liquid 

chromatography. The chemical structure of TMG was verified by 1H nuclear magnetic 

resonance and ESI-MS. 

Antibodies 

The following antibodies were used for Western blot analysis: anti-OGA (345), 

anti-O-GlcNAc (CTD110.6) (gift, The Johns Hopkins University School of Medicine 

(JHUSOM) Core C4); anti-FLNA (A301-135A; Bethyl Laboratories); anti-HA (H6908), 

anti-Actin (A5060), anti-OGT (DM17, O6264), anti-mouse IgM-HRP (A8786; Sigma-

Aldrich); NeutrAvidin-HRP (31030), anti-V5 (461157; Thermo Fisher Scientific); anti-

Myc (9E10, CRL-1729; American Type Culture Collection, Manassas, VA); anti-FAS 

(3180; Cell Signaling Technology, Danvers, MA); anti-FAS (H00002194-M01; Novus 

Biologicals, Littleton, CO); anti-HSC70 (sc-7298), anti-chicken IgY-HRP (sc-2428; Santa 

Cruz Biotechnology, Dallas, TX); anti-rabbit IgG-HRP (NA934V), anti-mouse IgG-HRP 

(NA931V; GE Healthcare, Pittsburgh, PA). The following antibodies were used for 

indirect immunofluorescence: anti-BirA (NB600-1098; Novus Biologicals); NeutrAvidin-

DyLight 633 (22844; Thermo Fisher Scientific); anti-OGA (345), anti-chicken IgY-Alexa 

Fluor 488 (703-545-155; Jackson ImmunoResearch Laboratories, West Grove, PA). The 
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following antibodies were used for immunoprecipitation: rabbit isotype control IgG (P120-

101), anti-OGA (A304-345A), anti-FAS (A301-324A; Bethyl Laboratories); anti-V5 

(461157; Thermo Fisher Scientific). 

Cloning 

The following DNA constructs were gifts (Kyle Roux, Sanford Research; (Roux et 

al. 2012)): pcDNA3.1 Myc-mBirA-multiple cloning site (MCS; Plasmid #35700; 

Addgene, Cambridge, MA), pcDNA3.1 MCS-mBirA-HA (Plasmid #36047; Addgene). 

Myc-mBirA-OGA was generated by sub-cloning full-length human OGA (from 

pcDNA3.1 His6-OGA; gift, JHUSOM Core C4; (Gao et al. 2001)) into the MCS of 

pcDNA3.1 Myc-mBirA-MCS using NotI and PmeI. OGA-mBirA-HA was generated as 

follows: 1) PCR insertion of a start codon upstream of mBirA in pcDNA3.1 MCS-mBirA-

HA (Primers: BirAMetF, BirAMetR); 2) PCR deletion of 23 base pairs (bp) between the 

AgeI and BamHI restriction sites in pcDNA3.1 MCS-mBirA-HA (Primers: Del23bpF, 

Del23bpR); 3) PCR insertion of a NotI restriction site upstream of AgeI in pcDNA3.1 

MCS-mBirA-HA (Primers: BirAHAinsNotIF, BirAHAinsNotIR); 4) PCR insertion of an 

AgeI restriction site 3’ of full-length human OGA (from pcDNA3.1 His6-OGA; gift, 

JHUSOM Core C4; Primers: OGAinsAgeIF, OGAinsAgeIR (Gao et al. 2001)); and 5) 

subcloning full-length OGA (from pcDNA3.1 His6-OGA) into the MCS of pcDNA3.1 

MCS-mBirA-HA using NotI and AgeI. All of the mutagenesis PCR reactions described 

above were performed with KOD polymerase (EMD Millipore, Billerica, MA). Full-length 

untagged human FAS in pCMV-SPORT6 was a gift (Michael Wolfgang, JHUSOM). 

pCMV-SPORT6 His6-V5-TEV-FAS was generated by in-fusion using the SalI restriction 

site and 5’ and 3’ overhangs for recombination (5’-ATTCCCGGGATATCGTCGACG 
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CCACCATGGGCCATCACCATCACCATCACGGCGGCGGTAAGCCTATCCCTAA

CCCTCTCCTCGGTCTCGATTCTACGGAAAACCTGTATTTTCAGGGCGGTCGAC

CCACGCGTCCG-3’). His6-V5-TEV-FAS was sub-cloned into pcDNA3.1 using EcoRI 

and NotI. His6-V5-TEV-FAS will be referred to as V5-FAS. All primer sequences for site-

directed mutagenesis are listed in Appendix A. DNA constructs were verified by Sanger 

sequencing using an Applied Biosystems 3730xl DNA analyzer (Thermo Fisher Scientific; 

JHUSOM Synthesis and Sequencing Facility). 

Cell culture 

U2OS human osteosarcoma cells and HEPG2 human hepatocellular carcinoma 

cells (American Type Culture Collection) were cultured in high glucose (4.5 g/L) DMEM 

(Corning, Manassas, VA) supplemented with 10% (v/v) heat inactivated fetal bovine serum 

(Thermo Fisher Scientific) and 1% (v/v) penicillin/streptomycin (Corning) in a humidified 

water-jacketed CO2 (5%) incubator at 37°C. All experiments were performed in U2OS 

cells unless otherwise indicated (Figure 3-12 only). 

All plasmid DNA transfections were performed in Opti-MEM (Thermo Fisher 

Scientific) using FuGENE 6 (Promega, Madison, WI). Cells were harvested 45-50 h post-

transfection and 18-20 h post-feeding. Cell treatments included biotin (25 µM, 16 h; Sigma-

Aldrich), H2O2 (2.5 mM, 1-3 h as indicated; Sigma-Aldrich), and TMG (100 nM, 20 h). 

Vehicle control was complete media (biotin, H2O2) or HEPES pH 7.8 (TMG). 

For the SILAC experiment, U2OS cells were cultured in light (unlabeled arginine 

and lysine; Sigma-Aldrich), medium (13C6-arginine, lysine-D4; Cambridge Isotopes, 

Tewksbury, MA), or heavy (13C6
15N4-arginine, 13C6

15N2-lysine; Cambridge Isotopes) 

media (Ong et al. 2002; Amanchy et al. 2005). In all cases, low glucose (1 g/L) DMEM 
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(Athena Environmental Sciences, Baltimore, MD) was supplemented with unlabeled 

leucine (104.8 mg/L, Sigma-Aldrich) and methionine (30 mg/L, Sigma-Aldrich), 1 mM 

sodium pyruvate (Corning), 3.5 g/L glucose (Sigma-Aldrich), 10% (v/v) fetal bovine 

serum, and 1% (v/v) penicillin/streptomycin. Cells were passaged for 6 generations in 

SILAC media prior to transfection to ensure complete incorporation of the label (44, 45). 

Labeled cells were transfected with plasmid DNA encoding pcDNA3.1 (control vector), 

OGA-mBirA-HA, or Myc-mBirA-OGA, treated as indicated, and harvested 49 h post-

transfection. 

Generation of stable cell lines 

Stable constitutive overexpression of V5-FAS in U2OS cells was carried out as 

follows. A pcDNA3.1 plasmid encoding V5-FAS (or empty vector as a control) was 

linearized with ScaI. The digested DNA was precipitated with ethanol prior to transfection 

with FuGENE 6. Stable cell selection was initiated ~48 hours post-transfection, and 

continued for 14 days in 750 µg/mL G418 (Sigma-Aldrich). Cells were maintained in 375 

µg/mL G418.   

Murine tissue 

Male C57BL/6 mice (12-14 weeks of age) were obtained from Jackson 

Laboratories (Bar Harbor, ME). Animals were euthanized after anesthesia, and livers were 

rapidly removed, washed in ice cold phosphate-buffered saline (PBS), and snap frozen on 

liquid nitrogen. All animal procedures were performed in accordance with the National 

Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals and approved 

by the Institutional Laboratory Animal Care and Use Committee. 
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Preparation of cell and tissue lysates 

The following lysis buffers were used in this study: TCL buffer (1% (v/v) Nonidet 

P-40, 2 mM ethylenediaminetetraacetic acid (EDTA) pH 8, 50 mM Tris pH 7.5, 150 mM 

sodium chloride (NaCl)); denaturing TCL buffer (1% (v/v) Nonidet P-40, 0.5 M urea, 2 

mM EDTA pH 8, 50 mM Tris pH 7.5, 150 mM NaCl); and NETN buffer (0.5% (v/v) 

Nonidet P-40, 5 mM EDTA pH 8, 50 mM Tris pH 8, 250 mM NaCl). Unless indicated 

otherwise, lysis buffers were supplemented with the following inhibitors immediately prior 

to use: protease inhibitor cocktail sets II and III (EMD Millipore), 10 µM β-hexosaminidase 

inhibitor (376820; EMD Millipore); 0.5 µM TMG; 0.1 mM phenylmethylsulfonyl fluoride 

(PMSF), 10 mM sodium fluoride, 10 mM β-glycerophosphate, 3 µM trichostatin A1 

(Sigma-Aldrich). Cells were extracted in the indicated lysis buffer for 30 min on ice with 

vortexing followed by sonication. Cell debris were pelleted at 17,111 x g (30 min, 4°C). 

Livers were extracted in NETN buffer for 10 min on ice followed by homogenization, 

sonication, and centrifugation (17,200 x g, 30 min, 4°C). Protein concentration was 

assessed using the 660 nm protein assay (Thermo Fisher Scientific). 

Immunoprecipitation 

For the SILAC study, cells were lysed in denaturing TCL buffer and equal amounts 

of protein from each sample (2.32 mg) were combined (6.96 mg total protein). Biotinylated 

proteins were isolated on high capacity NeutrAvidin-agarose (1.31 mL slurry, Thermo 

Fisher Scientific) with end-over-end rotation (2 h, 4°C). The beads were washed in TCL 

buffer supplemented with 2 M urea (3x) and subsequently in Tris-buffered saline (TBS) 

pH 7.5 (3x). Biotinylated proteins were eluted with 2% (w/v) SDS (1.5 mL, 5 min, 95°C, 

10x). The elution fractions containing biotinylated protein (fractions 1-8, as identified by 
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electrophoresis) were combined and precipitated with acetone (65 h, -20°C). Protein was 

recovered by centrifugation (5,000 x g, 30 min, 4°C). Each pellet was re-suspended in 2% 

(w/v) SDS and combined, and then the proteins were re-precipitated with acetone (18 h, -

20°C). The sample was centrifuged (25,000 x g, 30 min, 4°C), and the pellet was dried 

briefly under vacuum. 

For co-immunoprecipitation studies, NETN lysate was incubated with antibody 

overnight (16-20 h, 4°C, with rotation). Endogenous OGA and FAS were enriched with an 

anti-OGA antibody and an anti-FAS antibody (Bethyl Laboratories), respectively. Samples 

were also incubated with rabbit isotype control IgG to indicate non-specific binding. V5-

FAS was enriched with an anti-V5 antibody, and pcDNA3.1-overexpressing cells were 

used to control for non-specific binding. Antibody-protein complexes were captured using 

protein A/G magnetic beads (2 h, 4°C, with rotation; Thermo Fisher Scientific) pre-blocked 

with 1 mg/mL bovine serum albumin (BSA), washed extensively with NETN buffer, and 

then eluted and denatured in Laemmli sample buffer containing 25 mM dithiothreitol. For 

experiments in Figure 3-12, NETN lysate was pre-cleared with rabbit isotype control IgG 

and protein A/G magnetic beads (2-4 h, 4°C, with rotation) to reduce non-specific binding. 

Electrophoresis and Western blotting 

SDS-PAGE was performed using Tris-Glycine (TGX, Bio-Rad; Novex, Life 

Technologies) and Tris-Acetate (XT, Bio-Rad; Novex, Life Technologies) polyacrylamide 

gels. Equal sample volumes at equal concentration were loaded onto the gel, with the 

exception of immunoprecipitate fractions where the volume typically exceeded that of the 

input fractions. Proteins were electroblotted to nitrocellulose (0.45 µm; Bio-Rad). 

Membranes were blocked in 3% (w/v) non-fat milk in TBS with 0.05% (v/v) TWEEN-20 
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(1 h, 25°C), incubated with primary antibodies (16-20 h, 4°C), and then incubated with 

HRP-conjugated secondary antibodies (1 h, 25°C). Western blots were developed using 

Immobilon Western Chemiluminescent Substrate (EMD Millipore) and captured on 

autoradiography film or the Amersham Imager 600 RGB (GE Healthcare). Western blots 

were incubated with 0.1% (w/v) sodium azide in PBS (10 min, 25°C), stripped in 200 mM 

glycine pH 2.5 (1 h, 25°C), and then re-probed as described above. Stripped blots were re-

probed for proteins that migrate at a different molecular weight than the original signal. 

Protein load was assessed by Western blotting for a housekeeping protein (actin), 

total protein gel staining (colloidal Coomassie G-250), or total protein membrane staining 

(Sypro Ruby; Bio-Rad). Quantitation of Western blots and total protein stains was 

performed using ImageJ software (version 1.46; NIH, Bethesda, MD). Quantitation was 

performed on individual protein bands, except for O-GlcNAc Western blots and total 

protein stains where quantitation was performed on the entire lane signal.  

Indirect immunofluorescence 

U2OS cells were grown and transfected on glass cover slips. Mitochondria were 

stained in vivo with MitoTracker Orange CMTMRos (200 nM, 45 min, 37°C; Thermo 

Fisher Scientific). Cells were fixed in 4% (v/v) paraformaldehyde in PBS (15 min, on ice) 

and permeabilized with 0.5% (v/v) Triton X-100 in PBS (15 min, on ice). Slides were 

blocked in 3% (w/v) BSA in PBS (1-2 h, 25°C), incubated with primary antibodies in 3% 

(w/v) BSA-X (0.05% (v/v) Triton X-100; 16-20 h, 4°C), and then incubated with 

fluorophore-conjugated secondary antibodies in 3% (w/v) BSA-X (1 h, 25°C). Nuclei were 

stained with Hoechst 33342 (8 min, 25°C). Cover slips were mounted in VECTASHIELD 

Antifade Mounting Medium (Vector Laboratories, Burlingame, CA), sealed, and stored at 
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4°C. Images were captured at 25°C using an upright Zeiss (Carl Zeiss, Inc., Oberkochen, 

Germany) Axio Examiner 710NLO-Meta multiphoton and confocal laser-scanning 

microscope (C-Apochromat 63x/1.20 W Korr M27 water immersion objective) with 

spectral detection. Images were obtained on ZEN 2010 software (Carl Zeiss Inc.) and 

processed using Imaris software (version 7.6.5; Bitplane, Zurich, Switzerland). Image 

acquisition and processing was performed at the JHUSOM Microscope Facility.  

OGA activity assays 

Lysates for OGA assays were prepared as follows. For Figure 3-2C, lysates in TCL 

buffer at equal concentration (1 mg/mL) were desalted into desalting buffer (20 mM Tris 

pH 7.8, 20% (v/v) glycerol) using Zeba spin desalting columns (7,000 molecular weight 

cut off; Thermo Fisher Scientific), and then the protein concentration was re-assessed. For 

Figure 3-1G, 8C, and 8D, cells were lysed in NETN buffer without TMG. Lysates at equal 

concentration (1 mg/mL) were diluted 4-fold with ultrapure water (0.25x NETN), and 

assayed in a final concentration of 0.05x NETN.  

The activity of OGA was assessed in duplicate with 1 mM 4MU-GlcNAc or 4MU-

GalNAc (Sigma-Aldrich) fluorescent substrate, 100 mM GalNAc (Sigma-Aldrich), and 

OGA assay buffer (100 mM sodium cacodylate pH 6.4 (50 mM in Figure 3-2C), 0.3% 

(w/v) BSA) in a black flat/clear-bottomed 96-well plate as previously reported (Reeves et 

al. 2014). β-N-acetylhexosaminidasef (New England Biolabs, Ipswich, MA) diluted in 

desalting buffer or 0.25x NETN buffer was used as a positive control (5 units/well). Assays 

were quenched with glycine pH 10.75 (final concentration: 120 mM in 100 µL assays and 

150 mM in 50 µL assays), and the fluorescence intensity was measured using the Synergy 

HT microplate reader (BioTek Instruments, Inc., Winooski, VT; excitation 360 nm, 
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emission 460 nm). OGA activity in cell lysates was normalized by subtracting the 

fluorescence signal resulting from lysosomal hexosaminidase contamination, which was 

assessed using 4MU-GalNAc (Reeves et al. 2014). Activity was converted to 

pmoles/min/mg using a standard curve of free 4MU.  

To assay OGA on beads (Figure 3-13), U2OS cells stably overexpressing 

pcDNA3.1 or pcDNA3.1 V5-FAS were treated with vehicle or H2O2 (2.5 mM, 2 h). Cells 

were lysed in NETN buffer without TMG, and lysates were diluted to equal concentration 

(1 mg/mL). V5-FAS was enriched using an anti-V5 antibody (30 min, 4°C, with rotation) 

and captured using protein A/G magnetic beads (2 h, 4°C, with rotation) pre-blocked with 

BSA. Antibody-protein complexes were washed with 1x NETN buffer (5x) and 

subsequently with 0.25x NETN buffer (3x). OGA activity assays were performed on-bead 

(3 h, 37°C, with rotation) in duplicate (described above). The reaction product was 

transferred to a black flat/clear-bottomed 96-well plate for fluorescence measurements. 

Serial dilutions of lysates from the inputs and unbound fractions were prepared and 

processed in diluted NETN (described above). To assess the specific activity of OGA on-

bead (bound to FAS) and compare it to the specific activity of OGA in the unbound and 

input lysates, the amount of OGA on the beads was determined by Western blot 

quantitation of the bound fractions and serial dilutions of the inputs. To ensure accurate 

quantitation of OGA, the bound fractions from the V5-FAS cells were electroblotted to the 

same membrane as the corresponding V5-FAS input serial dilutions. Western blots for each 

antibody were exposed for equal lengths of time. Fluorescence values were converted to 

pmoles/min (Figure 3-13C) or pmoles/min/µg (Figure 3-13D) using a standard curve of 

free 4MU and the densitometric analysis described above. Finally, the data were 
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normalized to the pcDNA3.1 vehicle-treated input sample to control for variable baseline 

OGA activity between biological replicates (reported as fold change).  

OGT activity assays 

Cells were lysed in NETN buffer without sodium fluoride and β-glycerophosphate 

(phosphatase inhibitors). Lysates at equal concentration (2 mg/mL) were diluted 8-fold 

with ultrapure water (0.125x NETN), and assayed in a final concentration of 0.05x NETN. 

In a clear round-bottomed 96-well plate, 5 µg cell lysate was incubated (1 h, 25°C) in 

triplicate with 0.5 µCi 3H-UDP-GlcNAc (ART 0128; American Radiolabeled Chemicals, 

Saint Louis, MO; specific activity: 60 Ci/mmol), 1 mM casein kinase II (CKII) acceptor 

peptide (PGGSTPVSSANMM; JHUSOM Synthesis and Sequencing Facility), 2.5 units 

calf intestinal alkaline phosphatase (New England Biolabs), 0.25 mM 5’ adenosine 

monophosphate (AMP; Sigma-Aldrich), and OGT assay buffer (100 mM sodium 

cacodylate pH 6.4, 0.3% (w/v) BSA). Recombinant His6-OGT was purified in-house on 

Ni-NTA agarose (Qiagen, Venlo, The Netherlands), diluted in 0.125x NETN buffer, and 

used as a positive control (0.5 µg/well). Assays were quenched with 37.5 mM formate/750 

mM NaCl (final concentration). Samples were loaded onto a Strata C18 96-well plate (25 

mg/well; 8E-S001-CGB; Phenomenex) activated with 100% methanol and equilibrated 50 

mM formate/1 M NaCl (3x2 mL each). The C18 plate was subsequently washed with 50 

mM formate/1 M NaCl, water, and 50 mM formate (2x2 mL each). The reaction product 

was eluted from the column with 100% methanol (2 mL), and the incorporation of 

radiolabeled GlcNAc was assessed by liquid scintillation counting (Beckman Coulter Inc., 

Indianapolis, IN). Activity was normalized by subtracting the counts arising from the 

average of triplicate samples incubated without CKII acceptor peptide. Counts per minute 
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were converted to disintegrations per minute using a standard curve of 3H-UDP-GlcNAc, 

and then to fmoles/min/mg.  

Mass spectrometry sample preparation and analysis 

MS sample preparation and data acquisition was performed by the JHUSOM Mass 

Spectrometry and Proteomics Facility. Acetone protein pellets (described above) were 

resuspended in 100 µL of 100 mM ammonium bicarbonate (NH4HCO3) pH 7.8 and 1 µL 

of 1% Protease Max (Promega) and sonicated for 15 min. The sample was then reduced 

and alkylated with 10 mM dithiothreitol and 55 mM iodoacetamide, respectively, and 

digested with a Trypsin/LysC mixture (V5071; Promega). The resulting peptides were 

dried by vacuum centrifugation, and resuspended in 50 µL of 100 mM triethylammonium 

bicarbonate (TEAB). Subsequently, bRP micro-scale fractionation was performed using an 

Agilent 1200 capLC system with a multi-wavelength detector. Fractionation was 

performed at 5 µL/min on a 300 µm inner diameter fused silica column self-packed with 

Waters XBridge BEH130 C18 RP resin (3.5 µm, 130 Å; Milford, MA), and fractions were 

collected at 2 min intervals with a Probot (LC Packings) fraction collector (Dionex, 

Amsterdam, The Netherlands). After loading for 12 min onto the column, a gradient from 

0-30% (v/v) mobile phase A (10 mM TEAB) to B (90% (v/v) acetonitrile, 10 mM TEAB) 

was performed over a 50 min time interval before ramping to 100% (v/v) B over 10 min, 

and then holding for an additional 10 min. Fractions were concatenated into 12 fractions 

for subsequent LC-MS/MS analysis. Peptide fractions from bRP chromatography were 

injected onto a 2 cm desalting trap column packed with YMC C18 material (75 µm inner 

diameter, 5–15 µm, 120 Å; Allentown, PA) at 5 µL/min for 6 min before being eluted onto 

an analytical column packed with Michrom Magic C18 (75 µm × 15 cm, 5 µm, 120 Å; 



153 

Bruker Daltonics, Billerica, MA) using a nanoAquity nanoLC system (Waters, MA) with 

a nanoflow solvent delivery of 300 nL/min. Each sample was separated on a 90 min 

gradient (5%–90% (v/v) acetonitrile, 0.1% (v/v) formate) with a flow rate of 300 nL/min. 

The peptides were eluted and ionized via emitter tip (10 µm; New Objective, Woburn, MA) 

and maintained at 2.2 kV electrospray voltage into a Q-Exactive mass spectrometer 

(Thermo Fisher Scientific). Precursor ions were selected for MS/MS fragmentation using 

a data-dependent “Top 15” method operating in a tandem Fourier transform (FT-FT) 

acquisition mode. Precursor ions were scanned between m/z (mass/charge) 350–1800 Da 

at 70,000 resolution with a target maximum of 3e6 ions. Fragment ions (MS/MS scans) 

were analyzed at 17,500 resolution with a target of 1e5 ions. Maximum injection times for 

the precursor and fragment ions were set to 100 and 250 milliseconds, respectively. The 

ion selection threshold for triggering MS/MS fragmentation was set to 2e4 counts. An 

isolation width and offset of 2.0 Da and 0.5 Da, respectively, were used to perform high-

energy collision induced dissociation fragmentation with a normalized collision energy of 

27. The polysiloxane background peak at 371.101230 m/z was used as a lock mass for each 

scan to maintain mass accuracy. 

Search parameters and acceptance criteria  

Peptide identifications were determined using a 30 parts per million precursor ion 

tolerance, a 0.05 Da MS/MS fragment ion tolerance, and a maximum of 2 missed 

cleavages. Methylthio modification of cysteine residues was considered a static 

modification, while oxidation of methionine, biotinylation of lysine, and deamidation of 

asparagine and glutamine were set as variable modifications. For the SILAC labeling, 

variable modifications included lysine (2H4 and 13C6
15N2) and arginine (13C6 and 13C6

15N4) 
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(Light: no labels; Medium: Arg6, Lys4; Heavy: Arg10, Lys8). Spectra files (*.RAW) were 

searched through Proteome Discoverer 1.4 (Thermo Fisher Scientific) using the Mascot 

algorithm (V2.1, Matrix Sciences, United Kingdom) against the RefSeq2014 human 

database. The data were processed through the Xtract and MS2 processor nodes together 

with an unaltered search, and the combined searches were processed through Percolator 

node (Department of Genome Sciences, University of Washington, Seattle, WA) for FDR 

estimation. Raw protein and peptide identifications were validated employing a q-value of 

0.05 (5% FDR) and a peptide rank of 1 within Proteome Discoverer (Figure 3-8 (inclusion 

criteria, filter 1); Supplemental Tables 3-1 through 3-3 (HA dataset), 3-4 through 3-6 (Myc 

dataset)). The mass spectrometry proteomics data have been deposited to the 

ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the 

PRIDE partner repository (Martens et al. 2005; Côté et al. 2012; Vizcaíno et al. 2014; 

Perez-Riverol et al. 2016; Vizcaíno et al. 2016) with the dataset identifier PXD005039.  

The ratio of L/H (H2O2/Background), M/H (Vehicle/Background), and L/M 

(H2O2/Vehicle) were generated in Proteome Discoverer. The following criteria were used 

to select proteins for further analysis (Figure 3-8): First, proteins considered for analysis 

have ≥1 unique peptide, ≥2 total peptides, and ≥3 PSMs per identification (Figure 3-8 

(inclusion criteria, filter 2); Supplemental Tables 3-7 and 3-8). Second, the heavy sample 

represents background and is anticipated to contain the endogenously biotinylated proteins 

(carboxylases), proteins that associate with the carboxylases, and proteins that associate 

non-specifically with the NeutrAvidin resin used for biotin enrichment. To set a threshold 

at or below which proteins were considered background, the Log2 of the SILAC ratios 

(L/H; M/H) for the endogenous carboxylases from the HA and Myc datasets (Supplemental 



155 

Table 3-9) were converted to frequencies and plotted as histograms (Figure 3-9) using 

GraphPad Prism (version 7; GraphPad Software Inc., La Jolla, CA). We then used the Z-

score from a one–sided 95% confidence interval to calculate the Log2 threshold for each 

ratio (L/H; M/H) in each dataset (HA; Myc), which was then converted back to a SILAC 

ratio (HA dataset: L/H >1.867, M/H >1.874; Myc dataset: L/H >2.005, M/H >2.258; Figure 

3-8 (exclusion criteria 2), Figure 3-9; Supplemental Table 3-9). Proteins not meeting the 

background threshold were excluded (Supplemental Tables 3-10 and 3-11). Third, the 

majority of keratins were eliminated, as they are common environmental contaminants 

present in MS studies (Figure 3-8 (exclusion criteria 3); Supplemental Tables 3-10 and 3-

11). Of note, keratin 8 and 18 were not excluded, as they are known to be O-GlcNAc-

modified (Srikanth et al. 2010). Fourth, a variety of techniques have been used to set a 

threshold for signal-induced changes when using SILAC (Trinkle-Mulcahy et al. 2008; 

Boulon et al. 2010; Coombs et al. 2010; Neilson et al. 2013). As OGA is the “bait”, we 

assessed the L/M SILAC ratio of OGA (NCOAT; accession 1102469) in each dataset: 

1.057 and 1.308 for the HA and Myc datasets, respectively (Supplemental Tables 3-10 

through 3-12). We set an arbitrary threshold of 25% above or below this number: 1.32125 

and 0.79275, respectively, for the HA dataset; and 1.635 and 0.981, respectively, for the 

Myc dataset (Supplemental Tables 3-10 through 3-12). Our rationale for this threshold was 

as follows: as signal-induced changes are diluted out by the BioID labeling method, we set 

a lower threshold than we have used previously (30-50% change) (Zachara et al. 2011; 

Zhong et al. 2015; Lee et al. 2016). To validate this threshold, candidate proteins near the 

threshold (FAS, FLNA) were validated by co-IP. A summary of the protein identifications 

following each major exclusion criteria is in Supplemental Table 3-13. 
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Experimental design and statistical rationale 

Graphs and statistical analyses were prepared using GraphPad Prism (version 6). 

Data are presented as the mean with errors bars representing the standard error of the mean 

(SEM) unless otherwise indicated. Unless otherwise noted, three biological replicates (N) 

were performed for each experiment and are indicated in the figure legends. For OGA 

activity assays, each biological replicate was assessed in duplicate. In Figure 3-2C the 

transfection efficiency, and thus corresponding OGA activity, varies for each biological 

replicate. As such, the OGA activity values cannot be averaged and one representative 

experiment is shown. In this case, the error bars represent the standard deviation of the two 

technical replicates. Data with at least three matched groups (Figure 3-1: V, 1-3 h H2O2; 

Figure 3-13D: input, bound, unbound) were analyzed by a parametric RM-1ANOVA. 

Dunnett’s MCT was used to compare each H2O2-treated sample with the vehicle-treated 

control (Figure 3-1), and Tukey’s MCT was used to compare OGA activity in the input, 

bound, and unbound fractions (Figure 3-13D). Matched two-sample data (Figure 3-2C; 

pcDNA3.1 ± biotin) were analyzed by a parametric RPT (two-tails, 95% confidence). Data 

with at least three matched groups (V, 1-3 h H2O2) in two matched samples (pcDNA3.1, 

V5-FAS) were analyzed by a parametric RM-2ANOVA (Figure 3-14). Sidak’s MCT was 

used to compare differences between the two matched samples (pcDNA3.1, V5-FAS) at 

each H2O2 time point. For all statistical tests, differences were considered significant at 

p≤0.05 (*), p≤0.01 (**), p≤0.001 (***), and p≤0.0001 (****). SILAC-based MS analysis 

was performed once. Protein-protein interactions were validated by orthologous methods 

(IP/Western blotting) using three biological replicates.  
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Appendix A: Polymerase Chain Reaction Primers for Site-

Directed Mutagenesis 

 
Primer Name  Primer Sequence (5’®3’) 

BirAMetF  GATTCGAATTCGGATCCATGAAGGACAACACCGTGCC 

BirAMetR  GGCACGGTGTTGTCCTTCATGGATCCGAATTCGAATC 

Del23bpF  TAAGGCCTGTTAACCGGTGGATCCAAGGACAAC 

Del23bpR  GTTGTCCTTGGATCCACCGGTTAACAGGCCTTA 

BirAHAinsNotIF TATAGGGAGACCCAAGCGGCCGCTGGCTAGCGCTTAAG 

BirAHAinsNotIR CTTAAGCGCTAGCCAGCGGCCGCTTGGGTCTCCCTATA 

OGAinsAgeIF  TACTTGGTCGGAGCCTGACCGGTTGACATTTGTTGACACT 

OGAinsAgeIR  AGTGTCAACAAATGTCAACCGGTCAGGCTCCGACCAAGT 
A 
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      The Johns Hopkins University 
Research Assistant 2009-2011 Lab of Todd T. Kroll, Ph.D. 
      Central Washington University (Chemistry) 
Research Assistant 2009  Lab of Lucinda Carnell, Ph.D. 
      Central Washington University (Biology) 
Research Assistant 2008  Lab of Michael Jackson, Ph.D. 
      Central Washington University (Physics) 
 

 
Fellowships/External Funding: 

Ruth L. Kirschstein National Research Service Award Individual Pre-doctoral 
Fellowship (F31AG047724); NIH National Institute on Aging, 2014-2017  
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Academic Honors and Awards: 
2016 Travel Award  Society for Glycobiology Annual Meeting 
2014 Poster Award  VIIth International Symposium on Heat Shock 

Proteins in Biology and Medicine 
2014 Travel Award  American Society for Biochemistry and  

Molecular Biology (ASBMB) Annual Meeting 
2013 Honorable Mention NSF Graduate Research Fellowship Program 
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Service and Leadership: 

2015-present Clinical Trial Volunteer Volunteer for experimental Zika 
virus and malaria vaccines at the 
University of Maryland Center for 
Vaccine Development 
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2017  Poster Judge   Evaluated Stevenson University  
undergraduate’s research posters 

2016  Science Fest Volunteer Promoted STEM careers to students  
at the USA Science and Engineering 
Festival 

2014-2016 Mentor    Mentored an undergraduate student 
       and graduate rotation student in the  
       Zachara laboratory 
2013-2015 Coordinator   Managed logistics for the Biological  

Chemistry Student Seminar Series 
2015  Science Fest Volunteer Oversaw middle/high school 

students and lab events at the 
Maryland Science Olympiad 

2014  Science Advocate  Advocated for biomedical funding  
with U.S. Congressional 
Representatives 

 
 
 
 

 
 

 

 




