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The ability of cells to respond to their microenvironment is controlled by a 

complex communication system.  Cell signaling utilizes a series of post-translational 

events to regulate and coordinate cellular activities.  Although phosphorylation is thought 

to be the key regulator of these events, recent findings implicate the O-GlcNAc 

modification as an additional control mechanism.  Modulation of signal transduction 

requires compartmentalization of the kinases and phosphatases.  Based on the evidence of 

subcellular localization of OGT isoforms, the diversity of O-GlcNAcylated proteins upon 

stimulation, and its role during insulin signaling, it can be hypothesized that O-GlcNAc is 

involved and regulates signal transduction in a compartmentalized manner. 

To investigate the spatio-temporal dynamics of O-GlcNAc in cell signaling, we 

have generated a series of genetically encoded O-GlcNAc reporters based on 

fluorescence resonance energy transfer (FRET).  These reporters and localized variants 
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have allowed compartment specific visualization of O-GlcNAc activity in the nucleus, 

cytoplasm and plasma membrane. Herein we describe these reporters and their use to 

examine O-GlcNAc dynamics in signaling using serum stimulation and environmentally 

relevant concentrations of arsenite.  Acute exposure to arsenite through drinking water 

has become an environmental health concern worldwide.  Our results imply a complex 

regulation of O-GlcNAc on a fast timescale that is tied to more canonical kinase 

pathways. 
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Chapter 1: Introduction 

1.1 Overview 

 Traditionally the attachment of sugar to proteins was thought to mainly occur at 

the endoplasmic reticulum and Golgi apparatus.  This idea was challenged in the early 

1980’s by the discovery of a different type of glycosylation, β-O-N-acetyl-D-glucosamine 

(O-GlcNAc).  This novel post-translational modification does not elongate into more 

complex oligosaccharides and it is found on nuclear and cytoplasmic polypeptides.  It is 

comprised of the β-linkage of a single sugar moiety, GlcNAc, onto serine and threonine 

residues of cellular proteins.  O-GlcNAc is ubiquitous in plants and all metazoans studied 

to date from worms to humans [1, 2].  Interestingly, the disruption of O-GlcNAc in 

murine cells results in cell death, highlighting its importance and requirement for life [3]. 

 The cycling of O-GlcNAc moieties has been found to be dynamic and inducible 

by external stimuli [4].  A diverse family of proteins involved in gene regulation and 

intracellular signal transduction including transcription factors, phosphatases and kinases 

are known to be modified and regulated by O-GlcNAcylation [5].  Moreover, recent 

findings have identified O-GlcNAc as a key regulator in the attenuation of insulin 

signaling. 

 This dissertation focuses on the use of genetically encoded FRET-based sensors 

and traditional biochemical techniques to examine the compartmentalization and 

regulation of O-GlcNAc during cell signaling.  Herein I describe the use organellar 

FRET-based reporters to uncover the complex spatial-temporal kinetics of O-GlcNAc.  In 

addition, I describe our findings on the signal transduction events that lead to the 

regulation of O-GlcNAc during low level of arsenite exposure.  This introductory chapter 

encompasses our current knowledge of O-GlcNAc cycling, and its role during cell 
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signaling.  Furthermore, it summarizes our knowledge of the different mechanisms 

involved in O-GlcNAc regulation. 

 

1.2 The O-GlcNAc modification 

The unique finding of a single β-O-linked GlcNAc on nucleocytoplasmic proteins 

revolutionized the field of glycobiology more than 20 years ago.  Torres and Hart first 

observed this phenomenon by radiolabeling and identifying nuclear and cytosolic 

glycoproteins from lymphocytes when probing with β-D-1,4-galactosylaminyltransferase 

(Gal-T) [1].  Gal-T recognizes and modifies terminal GlcNAc residues via the covalent 

transfer of galactose (Gal) from UDP-Gal.  Through the years, a small number of other 

intracellular carbohydrates have also been identified [6], but O-GlcNAc remains the most 

common and abundant.  Thus far, this modification has only been identified on serine and 

threonine residues of numerous eukaryotic proteins [7]. 

 The cycling of O-GlcNAc onto its substrates is catalyzed by only two enzymes.  

A unique glycosyltransferase UDP-GlcNAc: polypeptide O-GlcNAc transferase (OGT) 

adds the GlcNAc moiety, whereas the removal is mediated using a specific β-O-N-acetyl-

glucosamidase (O-GlcNAcase or OGA; Figure 1.1). 
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Figure 1.1: O-GlcNAc cycling is catalyzed by two enzymes.  A nucleocytoplasmic 

glycosyltransferase UDP-GlcNAc: polypeptide O-GlcNAc transferase (OGT) mediates the 

addition of the modification and the removal is controlled by β-O-N-acetyl-glucosamidase (O-

GlcNAcase).   

 

OGT is encoded by a single gene on the X-chromosome in mice and humans and it is 

critical for development and life since its knockout is lethal at the cellular level [8].  This 

gene is conserved throughout evolution from nematodes to humans and is found in plants 

[9-11].  OGT is post-translationally modified by O-GlcNAc and tyrosine phosphorylation 

[9].  Currently, the regulatory roles of these modifications on the enzyme are unknown.  

In mammals, through alternative splicing it encodes for three variants that differ in size and 

are targeted to the different compartments in the cell [9, 10, 12].  A 116 kDa variant 

(ncOGT) and a 70 kDa short form (sOGT) are distributed in the cytoplasm and nucleus, 

whereas the 103 kDa spliceform (mOGT) is targeted to mitochondria (Figure 1.2). 
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Figure 1.2: Graphical representations of the O-GlcNAc transferase (OGT) splice variants.  
The OGT gene encodes three splice variants that differ in size and cellular compartmentalization.  

The spliceforms ncOGT and sOGT are distributed at the nucleus and cytoplasm while mOGT is 

localized to mitochondria.  Their sizes are 116 kDa, 70 kDa and 103kDa respectively.  There are 

3-11.5 encodable TPR repeats at the N-terminus of the OGT gene.  Also, a new class of 

phosphatidylinositol-phosphate (PIP) motif specific of ncOGT named the PPO domain 

was recently characterized. 

 

All OGT spliceforms contain an N-terminal tetratricopeptide repeats (TPR) and a C-

terminal catalytic region.  TPR motifs are 34 amino acid sequences that facilitate protein-

protein interactions in a wide variety of polypeptides [13].  There are from 3-11.5 

encodable TPR repeats at the N-terminus of the OGT gene.  Proteins including mSin3A, 

OIP 106 and GRIF1 have been identified as TPR-related interacting partners of OGT [14, 

15].  These findings support a model wherein OGT selects and modifies its diverse 

substrates via TPR-based protein-protein interactions.  This theory will be explored 

further later on this chapter.  At the C-terminus of the protein two conserved catalytic 

domains termed CD I and CD II have been identified.  Site-directed mutagenesis 

experiments confirmed the presence of catalytically important residues clustered on CD I 

[11] while homology modeling predicted a lectin-like domain for CDII [16].  
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Furthermore, kinetic experiments of full length OGT have suggested that this enzyme 

functions through a random bi-bi mechanism [17].  In this model catalysis occurs via a 

non-sequential binding of the donor and substrate to OGT.  This results in the direct 

transfer of GlcNAc on to the protein.  Although the TPR motif and the catalytic domain 

have been found in all three splice variants, other specific domains have been identified 

in ncOGT and mOGT. 

 The linker region of ncOGT is the most divergent segment of the enzyme and is 

not well understood.  This domain has a putative nuclear localization sequence in C. 

elegans, but is not conserved in mammals.  As a result, its function in nuclear targeting is 

questionable [10].  Recently, a new class of phosphatidylinositol-phosphate (PIP) motif 

specific to OGT, named the PPO domain was characterized [18].  This domain has a 

strong affinity for PIP3 and mediates the recruitment of ncOGT to the plasma membrane 

in response to serum and insulin.  The linker region and the PPO domain have yet to been 

identified in sOGT or mOGT.  Localization of mOGT to mitochondria is mediated by an 

N-terminal targeting sequence preceding its TPR domain [7].  Love and co-workers 

showed that deletion of this sequence results in relocalization of mOGT to the cytoplasm 

and increased O-GlcNAc levels on proteins found in this cellular compartment [7].  

 Like OGT, the O-GlcNAcase gene also encodes for several spliceforms.  The O-

GlcNAcase enzyme is specific for O-GlcNAc removal, since it does not remove and 

cannot be inhibited by N-acetyl-D-galactosamine (GalNAc) [19, 20].  Unlike traditional 

hexosaminidases, O-GlcNAcase has a neutral optimum pH which is required for optimal 

activity in the cytoplasm [21].  This enzyme was first identified and purified from the 

cytosol of bovine brain, but it has been detected in a variety of tissues [19, 22].  In 

humans, a single gene (MGEA5) on chromosome 10 encodes for 2 splice variants of O-

GlcNAcase.  According to protein sequence analysis the N-terminal portion of full length 
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O-GlcNAcase is homologous to hyaluronidases and the C-terminus contains a putative 

acetyl transferase domain.  In contrast, the short variant of O-GlcNAcase has the first 

catalytic domain and lacks one third of the protein at the C-terminal [19].  (Figure1.3).   

 

 

 
Figure 1.3: Graphical representation of the O-GlcNAcase splice variants.  The full length O-

GlcNAcase enzyme is composed of a hyaluronidase domain (yellow) followed by an acetyl 

transferase domain (blue).  The short O-GlcNAcase splice variant does not contain this second 

domain instead it has 15 amino acids (purple) at its C-terminus different from those in long O-

GlcNAcase.  Their sizes are 130 kDa and 75 kDa respectively. 

 

While there is some evidence of activity of O-GlcNAcase against hyaluronan, an 

extracellular glycosaminoglycan, the preferred substrate appears to be β-O-GlcNAc [4].  

In vitro studies of the C-terminal acetyl transferase domain in full length O-GlcNAcase 

showed that this region had an intrinsic ability to acetylate both core and nucleosomal 

histones [23].  These spliceforms not only differ in their size and catalytic domains but 

are also localized to different cellular compartments.  The full length variant is found in 

the cytoplasm, while the short O-GlcNAcase is mainly localized to the nucleus.  

Additionally, in full length O-GlcNAcase there is a caspase-3 cleavage site between the 

two domains.  During Fas-mediated apoptosis, caspase-3 cleaves the full length enzyme 

separating the two catalytic domains, but this does not affect its activity [24].  Kinetic 

studies have shown that O-GlcNAcase uses substrate-assisted catalysis for the removal of 

the O-GlcNAc modification [25].  In this model the 2-acetamido group of the substrate 
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acts as a nucleophile to aid the removal of the sugar modification.  The activity of O-

GlcNAcase can be inhibited by a number of competitive inhibitors including O-(2-

acetamido-2-deoxy-D-glucopyranosylidene) amino-N-phenylcarbamate (PUGNAc), 1,2-

dideoxy-2'-propyl-alpha-D-glucopyranoso-[2,1-D]-Delta 2'-thiazoline (NButGT), and 

1,2-dideoxy-2´-ethylamino-a-D-glucopyranoso-[2,1-d]-Δ2´-thiazoline (Thiamet G) [26-

28]. 

 Although our understanding of OGT and O-GlcNAcase has expanded over the 

years, there is still much to be learned about these enzymes.  Crystal structures of the 

mammalian OGT and O-GlcNAcase are not available yet.  However, bacterial homologs 

of OGT have provided structural insights for the catalytic units found on its C-terminal 

[29, 30].  Further analysis of these structural analogs will facilitate the creation of cell-

permeable specific inhibitors for this enzyme.  Protein sequence analysis was employed 

to predict O-GlcNAcase’s catalytic domain because the enzyme does not share 

significant homology with other proteins.  Yet, its functional relationship with other β-

hexosaminidases allowed researchers to determine its catalytic mechanism.  Future 

studies to determine its crystal structure and the residues that reside in the catalytic 

domain need to be achieved.  Moreover, experiments to determine the effects at a 

developmental and cellular level of the gene knock out of O-GlcNAcase should be 

performed.   

 

1.3 O-GlcNAc and Cell Signaling 

 The ability of cells to respond to their microenvironment is controlled by a 

complex communication system.  Cell signaling employs a series of post-translational 

events to regulate and coordinate cellular activities.  The current dogma in the field is that 

phosphorylation is the key post-translational modification coordinating signaling 
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cascades in eukaryotes.  O-GlcNAcylation and O-phosphorylation are in many ways 

analogous modifications.  First, both modifications are abundant in nucleocytoplasmic 

proteins.  The O-GlcNAc modified proteome is composed of a myriad of proteins 

including RNA-binding proteins, cytoskeletal proteins, transcription factors, 

phosphatases and kinases (see comprehensive lists in [7, 31]).  All the currently known 

O-GlcNAc proteins can also be modified by O-phosphate [32].  For example, during 

growth factor signaling protein kinase B (PKB/Akt) is activated by phosphorylation at 

threonine 308 and serine 473 [33].  Treatment of neuroblastomas cells with insulin-like 

growth factor 1 (IGF-1) showed the activation of Akt also increased levels of O-GlcNAc 

on this protein [34].  This report not only demonstrated that both modifications can exist 

in one substrate, but that O-GlcNAc may play a role in the nuclear localization of Akt.  

Second, they cycle rapidly on their substrates in response to various signals.  Rapid 

protein phosphorylation is found in several signaling pathways currently known.  

Likewise, rapid O-GlcNAc dynamics have been observed in response to many signals 

including growth factors, cellular stress, and insulin [4].  Third, the enzymes involved in 

O-GlcNAc and phosphorylation catalysis are localized in specific cellular compartments 

and dynamically translocated upon stimulation.  During cell signaling, 

compartmentalized kinases and phosphatases are required to transmit an incoming signal 

[35].  As noted earlier, OGT spliceforms are localized to the nucleus, cytoplasm and 

mitochondria, while O-GlcNAcase is mostly nucleocytoplasmic.  Recently, the first 

example of relocalization of O-GlcNAc during signal transduction was described.  

During insulin signaling ncOGT relocalized to the plasma membrane via a PIP3 

interaction which attenuated the signal by controlling the activation of Akt [18].  Finally, 

they regulate protein activity by comparable mechanisms.  In signaling cascades, 

phosphorylation events modulate transcription factors to regulate protein function and 
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cellular activities.  Similarly, O-GlcNAc has been implicated in the modulation of 

transcription factors through changes in their localization, binding partners and activity.  

One well studied example is the transcription factor Sp1.  This protein recognizes a GC 

box present in many cellular promoters and is involved the regulation of cellular 

metabolism [36, 37].  Studies in hepatoma cells during insulin stimulation have 

demonstrated increased nuclear localization of O-GlcNAcylated Sp1 and subsequent 

induction of its transcriptional targets including calmodulin [37, 38].  Also, O-GlcNAc is 

able to prevent a strong hydrophobic interaction at a glutamine-rich patch on a Sp1 

peptide with the TATA-binding protein associated factor (TAF110) [39].  Due to the 

similarities in dynamics, abundance and localization of the enzymes involved in their 

cycling and regulation of protein function it can be hypothesized that signal transduction 

may be regulated by the combined action of phosphorylation and O-GlcNAc.  This 

introduces the possibility of O-GlcNAc providing an additional control of signaling 

beyond the addition and removal of phosphate.  Although, it is unclear how their 

interplay is regulated, recent studies established that the cycling of O-GlcNAc and 

phosphorylation are required for the correct transduction and amplification of the insulin 

signal, as detailed below [18, 40]. 

 Insulin is a hormone involved in the regulation of glucose homeostasis.  When 

glucose levels are elevated in the blood stream, insulin is secreted to signal the cell to 

uptake glucose, store it as glycogen and stop the use of fats as an energy source.  Glucose 

can be metabolized by several pathways including the hexosamine biosynthetic pathway 

(HBP; Figure 1.4).  A study by Marshall and colleagues demonstrated that glucose 

metabolism via HBP was linked to insulin resistance in adipocytes [41].  The end product 

of this pathway is the formation of UDP-GlcNAc, the sugar nucleotide used by OGT in 

the O-GlcNAc modification.  
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Figure1.4: The Hexosamine Biosynthetic Pathway. Glucose can be metabolized through 

several pathways including the hexosamine biosynthetic pathway (from Fruc-6-P to UDP-

GlcNAc). The enzyme glutamine fructose-6-phosphate amidotransferase (GFAT) is shown 

since it is the rate-limiting step in UDP-GlcNAc formation. UDP-GlcNAc serves as a high-

energy sugar nucleotide donor for several processes including OGT-catalyzed modification of 

nucleocytoplasmic proteins with O-GlcNAc. 

 

 Type-2 diabetes mellitus is an illness characterized by fluctuating or persistent 

high blood glucose levels because of perturbations in insulin response.  Associated 

complications with this disease are a major clinical problem.  Several lines of evidence 

involve O-GlcNAc in insulin resistance and diabetic phenotypes.  First, an increase in O-

GlcNAc levels was found in muscle tissue of insulin resistant mice [42, 43].  Also, 

increasing O-GlcNAc levels in adipocytes with the O-GlcNAcase inhibitor PUGNAc 

inhibits glucose transporter GLUT4 translocation to the plasma membrane and insulin-

stimulated glucose uptake [44, 45].  In addition, transgenic mice that overexpressed OGT 
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in skeletal muscle and adipose tissue present a type II diabetic phenotype [46].  These 

findings imply that O-GlcNAc modification of nucleocytoplasmic proteins might play a 

role as a down regulator of insulin signaling. 

 Recently, researchers described a potential molecular mechanism by which O-

GlcNAc regulates insulin signaling [18, 40].  Upon insulin induction, activation of 

phosphoinositide 3 kinase (PI3K) leads to PIP3 accumulation at the plasma membrane.  

Consequently, ncOGT is recruited to this compartment through its PPO domain.  The 

enzyme then associates with the insulin receptor (IR) and is activated by tyrosine 

phosphorylation [47].  This relocation and activation of ncOGT allows the modification 

of downstream targets in the insulin pathway including the insulin receptor substrate 1 

(IRS-1) and Akt [18, 44, 47].  Several serine residues at the C-terminus of IRS-1 are O-

GlcNAc modified.  This region in the protein is rich in Src-homology 2 (SH2)-domain 

docking sites [48, 49].  Hepatic overexpression of OGT in mice not only resulted in O-

GlcNAc modified IRS-1, but it promoted an increase in phosphorylation sites known to 

attenuate insulin signal transduction suggesting a link between the two [18].  O-GlcNAc 

also affects Akt activity during insulin signaling, inhibiting phosphorylation of Akt at 

threonine 308, which results in inhibition of it its activity and downregulation of signal 

transmission [18]. (Figure 1.5). 
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Figure 1.5: Scheme of O-GlcNAc regulation during insulin signaling.  During insulin 

response several enzymes including PDK1, AKT and the enzyme that catalyzes addition of 

O-GlcNAc (OGT) are recruited to the plasma membrane. OGT attenuates insulin 

transduction by inhibition of the phosphorylation of AKT at threonine 308.  These findings 

imply that O-GlcNAc modification of nucleocytoplasmic proteins plays a role as a down 

regulator of insulin signaling.   

 

 The interplay between O-GlcNAc and O-phosphate has also been implicated in 

the regulation of endothelial nitric oxide synthase (eNOS) activity.  Activation of the 

insulin signaling pathway induces the dilation of blood vessels by modulation the 

expression levels and activity of eNOS by Akt.  In cultured human coronary-artery 

endothelial cells (HCAECs), activation of the hexosamine biosynthetic pathway by 

hyperglycemia induced the inhibition of eNOS activity[50].  These observations were 

correlated to a significant increase in its O-GlcNAcylation and a decrease of Akt 

phosphorylation [50].  Similar reports implicate the modulation of eNOS activity by O-

GlcNAc in vascular diseases associated with type 2 diabetes [51]. 

 Understanding how individual cells sense and react to their environment requires 

the study of not only the receptors that first encounter the incoming signal, but also the 

intracellular events that lead to the regulation of protein function.  This flow of 
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information travels the
 
cytoplasm and nucleus through proteins that interact with specific 

targets, post translational modifications or other properly localized chemical structures 

ultimately leading to changes in gene expression.  These communication systems in the 

cells are very complicated.  Phosphorylation requires hundreds of kinases and 

phosphatases to coordinate these biochemical processes.  Although O-GlcNAcylation is 

controlled by only two enzymes it has been shown to be as abundant and dynamic as 

phosphorylation.  More importantly, O-GlcNAcylation has been demonstrated to regulate 

protein behavior and cell signaling in some biological systems through either crosstalk 

with phosphorylation or direct modulation.  This revolutionizes the field of cell signaling 

by providing a novel carrier of information.  To further understand this dynamic interplay 

the mechanisms that control the enzymes of O-GlcNAc cycling have to be explored.  The 

formation of signal-dependent protein complexes, the regulation of enzymes by 

subcellular localization and the temporal control of signaling pathways are mechanisms 

utilized by cell to diffuse and process the information of different stimuli [52]. 

 

1.4 Mechanisms of O-GlcNAc regulation 

 Protein O-GlcNAcylation is regulated by different mechanisms that direct the 

activity of OGT and O-GlcNAcase.  Nutrient availability, the expression of different 

spliceforms, post-translational modifications and protein-protein interactions are factors 

that can control the activity of these enzymes (Figure 1.6). 



 14 

 
 

Figure 1.6: Graphical representation of the control mechanisms that regulate the O-

GlcNAc modification.  Donor availability via the hexosamine pathway, the expression 

of different spliceforms, post-translational modifications and protein-protein 

interactions are the factors that control the activity of OGT and O-GlcNAcase.  As a 

result these mechanisms also control the O-GlcNAc modification. 

 

The hexosamine signaling pathway is currently envisioned to serve as the nutrient sensor 

of the cell.  The diffusion of the response is proposed to be dependent on the synthesis of 

UDP-GlcNAc from glucose metabolism and the transfer and removal of the O-GlcNAc 

modification [7]; (Figure 1.7). 
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Figure1.7: Schematic representation of the regulation hexosamine signaling by enzyme 

localization.  Nutrients that enter the cell are metabolized to UDP-GlcNAc.  Since OGT utilizes 

this sugar nucleotide as its sugar donor for the O-GlcNAc modification, the enzyme can integrate 

these metabolic signals (Adapted from [7]. 

 

 This scheme suggests that the action of O-GlcNAc is mostly dependent on the 

uptake of glucose into the cell.  Considering that the conversion of glucose to UDP-

GlcNAc is not a rapid process (t1/2 = 18 min) [53] this suggests that changes O-GlcNAc 

may not be rapid.  Researchers in the O-GlcNAc field have examined the modification on 

different time scales.  Zachara and colleagues suggested that a variety of stress stimuli 

increase O-GlcNAc levels in a variety of cells [54].  However, these observations were 

made after 8 hours of exposure with the different reagents.  They attributed the increased 

O-GlcNAcylation observed to the fact that in response to stress, cells increase glucose 

uptake.  These findings support the hexosamine signaling regulation described 
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previously.  However, further analysis of heat stress by Sohn and co-workers 

demonstrated that O-GlcNAc levels can rise in minutes [55].  This evidence disagrees 

with the idea that increases in O-GlcNAc are gradual and mostly regulated by effects in 

glucose and nutrient availability.  Intracellular levels of UDP-GlcNAc are in the 100 

micromolar to low millimolar range [53].  These levels are similar to those of 

intracellular ATP.  Considering that the relocalization of OGT can occur in the minute 

time scale and the substantial evidence that O-GlcNAc is involved in signal transduction, 

this modification may have a fast and a slow component.  The fast component could 

direct and regulate signaling while the slow component may sense the nutrient 

availability.  

 As previously stated in Section 1.2, the OGT and O-GlcNAcase genes encode for 

several spliceforms.  Their variants differ in size but more interestingly they are localized 

to different cellular compartments.  Signaling events are known to be modulated by 

compartmentalization of the enzymes that control phosphorylation cycling.  The human 

genome encodes for hundreds of kinases and phosphatases to regulate all aspects of life 

[56].  These enzymes are recruited to interact and modify substrates in order to carry 

signal-dependent information.  Considering that O-GlcNAc is analogous to this 

modification, OGT and O-GlcNAcase might be compartmentalized in a similar manner.  

The fact that several spliceforms of OGT and O-GlcNAc are generated in cells suggests 

that localized pools activity may be present.  The activity of OGT and O-GlcNAcase may 

also be controlled by post-translational modifications.  The sites of modification have not 

been determined yet, but these enzymes are modified by both O-GlcNAcylation and 

phosphorylation. 

 Protein-protein interactions can regulate OGT and O-GlcNAcase.  In the case of 

OGT these interactions are proposed to mainly occur via its TPR domain.  A partial 
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structure of recombinant OGT was reported to contain 11.5 TPR and binding sites for the 

nuclear pore protein Nup 62 and the transcription suppressor mSin3A [57].  Several TPR-

mediated interactive partners of OGT have been identified to date.  Through a yeast two-

hybrid screen GRIF-1 and OIP106 were identified as putative OGT interactive partners 

[15].  Even though these proteins are encoded by separate genes, they contained coiled-

coil domains that permitted their interaction with the TPR domain in OGT.  They were 

found to co-immunoprecipitate with OGT and were O-GlcNAc modified.  Moreover, 

experiment confirmed a complex between OGT, OIP 106 and RNA polymerase II, 

suggesting that OIP106 may target OGT to transcriptional complexes for glycosylation of 

transcriptional proteins [15].  However, the TPRs near the N-terminus of OGT are not the 

only domain showed to be involved in protein-protein interactions.   

 Recently, several studies have shed new light on modulation through interaction 

between ncOGT and its binding partners, depending on specific signaling events.  During 

glucose deprivation, OGT was targeted to substrates through its interaction with the stress 

activated mitogen-activated protein kinase (MAPK), p38 [58].  Cheng and co-workers 

reported the interaction of activated p38 with the C-termini of OGT.  This kinase did not 

catalyze the phosphorylation of OGT.  Instead, it mediated its recruitment to substrates 

including neurofilament- H (NF-H).  Inhibition of p38 reduces O-GlcNAc levels on NF-

H and its solubility but not the interaction between OGT and NF-H, suggesting that 

interaction with p38 influences OGT activity on specific proteins [58].  Another example 

of OGT activity regulation by protein targeting is translocation of ncOGT to another 

subcellular compartment by its binding partners.  As previously discussed in detail, in 

response to insulin stimulation, ncOGT is recruited from the nucleus to the plasma 

membrane by PIP3 through PI3K activation [18]. At the plasma membrane, OGT was 

activated by the insulin receptor and it O-GlcNAcylated several proteins involved in the 
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insulin pathway, including IRS1 and Akt.  Although the catalytic mechanism of O-

GlcNAcase has been intensively studied, the regulation of its activity is still a mystery.  

O-GlcNAcase cleavage by activated caspase-3 was detected in vivo during apoptosis 

signaling [24].  However, this proteolytic modification did not affect O-GlcNAcase 

activity.  The caspase-3 cleavage site on O-GlcNAcase is found in the disordered region 

that links its two domains. It is known that many disordered regions are more susceptible 

to proteolysis [59].  O-GlcNAcase activity may also be potentially regulated by post-

translational modifications.  Using mass spectroscopy, phosphorylation and O-

GlcNAcylation of serine residues on O-GlcNAcase were determined [60, 61].  However, 

how these modifications affect O-GlcNAcase activity or its protein targeting remains 

unknown.  

 O-GlcNAcase activity may also be regulated by transient complex formation.  

Interestingly, OGT and O-GlcNAcase were identified as interacting partners in an OGT 

yeast-two- hybrid screening [62].  This complex has also been found in vivo, but the other 

interacting components are dependent on specific cellular processes.  For example, the 

OGT-O-GlcNAcase complex is found to interact with aurora B kinase during cytokinesis 

in HeLa cells but upon stimulation with estrogen and progesterone it interacts with 

mSim3A in CHO cells [63, 64].  This association of enzymes that catalyze opposite 

reactions is uncommon in biology and not well understood. 

 Given the dynamic interplay between O-GlcNAcylation and phosphorylation in 

insulin signaling, the similarity in their roles to modulate protein function, and the 

evidence of subcellular localization of OGT isoforms, it will be essential to expand our 

knowledge on the control mechanisms and the compartmentalization of the O-GlcNAc 

modification.  Thus it is important to study the spatiotemporal localization of OGT and 

O-GlcNAcase activity in different biological systems.  Understanding the role of O-
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GlcNAc in cell signaling will require methods that resolve where and when the enzymes 

involved in its cycling are active, or when and where they interacts with other substrates.  

In the work presented herein we investigate the localized kinetics of OGT and O-

GlcNAcase with FRET-based sensors. 
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Chapter 2: Creation of localized O-GlcNAc sensors and their use in 

probing localized pools of O-GlcNAc response to serum stimulation 

 

2.1 Introduction 

 Despite its discovery of over two decades ago, the functional significance of the 

O-GlcNAc modification is just beginning to be understood.  To date, O-GlcNAcylation 

has been found to dynamically modify regulatory proteins, may alter the subcellular 

locale of proteins and to regulate signaling pathways [4, 65, 66].  The labile nature of this 

sugar moiety and the lack of a well-defined consensus sequence for OGT have presented 

a challenge for the study of this modification.  However, several traditional biochemical 

techniques have been employed and recently some new chemical tools have been created 

for the study of O-GlcNAcylation. 

 Purified glycosyltransferases were among the first probes used to characterize O-

GlcNAcylation of nucleocytoplasmic proteins.  The O-GlcNAc modification was 

discovered when a bovine milk galactosyltransferase was used in conjunction with UDP-

[
3
H]-galactose to probe for the accessible β-GlcNAc residues of lymphocytes [1].  In this 

study, cell surface glycoproteins were also radiolabeled, demonstrating a lack of 

specificity of this enzyme for just the monosaccharide modification.  Several years later 

the activity of the glycosyltransferase that catalyzes the addition of the modification, 

OGT, was analyzed by a similar radioactive detection method.  The kinetics of the 

enzyme and its binding constants to UDP-GlcNAc were assayed using UDP-[
3
H]-

GlcNAc and a variety of substrates including peptides such as casein kinase II (CKII) 

[17, 67].   

 Other detection methods for O-GlcNAc have taken advantage their affinity to the 

sugar moiety of the modification.  Wheat germ agglutinin (WGA) is a plant lectin that 
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binds N-acetyl glucosaminyl and sialic acid residues.  This protein and its succinylated 

variant have been used purify and identify O-GlcNAcylated proteins via affinity 

chromatography [68, 69].  In a study by Gandy and co-workers, WGA-conjugated 

agarose beads were used to isolate and detect the O-GlcNAcylation of Akt during IGF-1 

signaling [34].  Antibodies have also been developed to identify this modification on 

proteins.  There are only two commercially available monoclonal antibodies that 

recognize O-GlcNAc on serine and threonine residues.  RL-2 was generated against 

nuclear pore glycosylated proteins [70], while CTD110.6 was raised against the C-

terminal domain of RNA polymerase II large subunit [71].  An analysis of these 

antibodies by Ngoh and colleagues showed that CTD 110.6 and RL-2 are to some extent 

restrictive in their target specificity and may require multiple sites of the modification 

[72].  Even with these limitations these antibodies continue to shed light on our 

knowledge of O-GlcNAc biology.   

 Manipulation of the activity of OGT and O-GlcNAcase has proven to be difficult 

for researchers in the field.  The traditional approach of genetic knockouts of OGT and 

O-GlcNAcase has not been very successful.  Initial studies on conditional deletions of the 

OGT gene showed that the enzyme is essential for cell survival and mouse 

embryogenesis [8].  Likewise, the modulation of OGT using small interfering RNAs 

often produces only partial knockdown of the enzyme [73].  The mammalian knockout of 

O-GlcNAcase, however, has not yet been reported.  Small molecule inhibitors are another 

approach that has been explored to control the activity of the enzymes involved in O-

GlcNAc cycling.  The uracil analog, alloxan, has been examined as a putative inhibitor of 

OGT [74].  However, this compound has also showed multiple non-specific effects such 

as inhibition O-GlcNAcase and glucokinase and it produces superoxide radicals [75-77].  

Recently, Gross and co-workers screened a commercial library of compounds and 
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identified several promising molecules which inhibited OGT activity in vitro [78].  

However, it is currently unknown whether they have possible non-specific effects in vivo.  

In contrast, a number of potent inhibitors for O-GlcNAcase have been developed.  

PUGNAc is the most widely used inhibitor for the enzyme, but has non-specific activity 

toward two families of glycoside hydrolases [25].  These findings led to the design of 

several specific O-GlcNAcase inhibitors.  The Vocadlo research group developed a series 

of more selective O-GlcNAcase inhibitors by functionalizing GlcNAc-thiazoline with 

longer alkyl chains or fluoro or azido groups [25].  Extending the N-acyl group of 

PUGNAc has also led to the creation of new inhibitors with greater selectivity for O-

GlcNAcase [26, 79]. 

 Beyond inhibitors, several interesting chemical tools have been developed.  One 

chemical strategy was based on a direct analog of the original detection assay for the 

discovery of O-GlcNAc.  Khidekel and co-workers designed an unnatural sugar donor for 

GalT that contained a ketone group at the C2 position of UDP-galactose [80].  These 

researchers also engineered a larger binding pocket in the enzyme such that the keto-Gal 

group could be transferred on to O-GlcNAc modified proteins.  The ketone functionality 

provided a convenient handle for derivatization which was detected by 

chemiluminescence using streptavidin conjugated to horseradish peroxidase.  Using this 

technique a variety of O-GlcNAc-glycosylated proteins from the brain, including 

regulatory proteins associated with gene expression, neuronal signaling, and synaptic 

plasticity were discovered [32].  Vocadlo and colleagues demonstrated that OGT and O-

GlcNAcase were tolerant to analogs of their natural substrates in which the N-acyl side 

chain has been modified with an azido group [81].  In this system, O-GlcNAc modified 

proteins were metabolically labeled with the azido sugar in cell culture and the resulting 

O-azido-acetyl glucosamine proteins were covalently derivatized with various 
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biochemical probes.  These techniques were proven to be effective tools for rapid and 

selective detection of O-GlcNAc modified proteins.  However, although the azido sugar 

method could metabolically label O-GlcNAcylated proteins in live cells, live 

visualization of OGT activity was not accomplished. 

 Most post-translational modifications involved in signal transduction conceal a 

tightly regulated set of controls that modulates their activity.  Some of these control 

mechanisms include their spatial and temporal expressions, binding to cofactors and post-

translational modifications [82].  The chemical visualization methods described above 

have limited ability to determine the timing and locale of the O-GlcNAc modification, 

especially in living cells.  The advances made in recent years in the engineering and 

diversifications of the green fluorescent protein (GFP) have allowed us to create diverse 

tools for the study of proteins in their natural cellular environment.   

 Tsien and colleagues innovated a system for the analysis of localized kinase 

activity within living cells based on fluorescence resonance energy transfer (FRET) 

between two GFP derived fluorophores [35, 83, 84].  The general design of these 

genetically encoded reporters consisted of two fluorescent proteins with overlapping 

emission of the donor and the excitation of the acceptor (a FRET pair), a known substrate 

domain for the modification of interest and a specific binding domain that will recognize 

the modification (Figure 2.1).   
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Figure 2.1: General design for FRET-based sensors.  These reporters are composed of two 

fluorescent proteins that contain overlapping emission of the donor and the excitation of the 

acceptor, a known substrate domain for the modification of interest and a specific binding domain 

that will recognize the modification. 

 

FRET is a nondestructive mechanism by which nonradioactive energy is transferred 

between two chromophores.  This transfer occurs from an excited fluorophore (donor) to 

a neighboring molecule (acceptor).  This process is dependent on both proximity (<100 

Å) and the appropriate relative orientation of the fluorophore molecules.  In the 

genetically encoded sensor, modification of the substrate peptide causes formation of an 

intramolecular complex with the binding domain, creating a change in FRET by altering 

the proximity of the fluorophores.  This event can be reversed by the action of enzymes 

that remove the modification.  This creates the ability to monitor the balance of the 

incorporation and removal of the modification of interest.  The changes in FRET can 

occur in seconds and gives a resolution on the µm scale.  This design has been used to 

examine dynamics for many enzymes involved in cell signaling including kinases, 

GTPases, methyl transferases and O-GlcNAc [85, 86]. 

 Our lab created the first genetically encoded FRET-based sensor, to monitor the 

dynamics of the O-GlcNAc modification (OS sensor).  This reporter was composed of 
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enhanced cyan fluorescent protein (eCFP), the yellow fluorescent protein variant, Venus, 

a monomeric fimbrial lectin from E. coli that recognizes β-O-GlcNAc residues (GafD), 

and a peptide from casein kinase II (CKII) known to be modified by O-GlcNAcylation 

[86].  Upon glycosylation of the substrate domain, the intramolecular recognition of O-

GlcNAc by GafD created a change in the distance of the two fluorophores leading to an 

increase in FRET between CFP and YFP.  Under conditions of increasing O-GlcNAc 

levels, this sensor was able to monitor the activity of OGT in live cells [86].  Average 

FRET changes obtained with this sensor were 7- 15%.  This method pioneered that 

ability to visualize in vivo the dynamics of the O-GlcNAc modification. 

 Given the complexity in the regulation of O-GlcNAcylation, our understanding of 

it in biological systems will rely on methods that allow the measurement of its spatial and 

temporal activities within the environment of a cell.  Considering the recent findings 

demonstrating the recruitment of OGT to the plasma membrane, and the subsequent role 

of O-GlcNAcylation in the attenuation of the insulin pathway, it will be important to 

examine the compartmentalization of activity of the modification.  Describe herein is the 

creation of the targeted reporters and their use in live cell imaging using Cos7 cells and 

serum as a signal for signal transduction. 
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2.2 Results and Discussion 

2.2.1 Development of OS2 sensor 

 A new FRET-based sensor, OS2, was created to examine the dynamics of the O-

GlcNAc modification.  This reporter is analogous to the OS sensor, but has shorter 

flexible linker regions (gly-gly-ser-gly-gly; GGSGG) before the CKII peptide domain 

and the fluorescent protein Venus (Figure 2.2 A).  Also, a control where CKII had no 

serine or threonine was created for this reporter.  HeLa cells treated with PUGNAc and 

glucosamine were utilized to examine its ability to monitor changes under conditions of 

increasing O-GlcNAcylation.  The results were compared to the changes in FRET 

emissions from the OS sensor (Figure 2.2 B). Similar to the first O-GlcNAc sensor, the 

OS2 reporter responded to changes in O-GlcNAc levels by increasing the overall FRET.   
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Figure 2.2: Comparison of the dynamic range of the O-GlcNAc FRET-based sensors OS 

and OS2.  (A) Graphical representation of the components of sensor OS and OS2. These two 

reporters differ in the location and length of the linker.  Sensor OS has an 11 GGS- repeat linker 

prior the CKII peptide domain, while the OS2 reporter had shorter linker regions (GGSGG) 

between the CKII peptide domain and the fluorescent protein Venus. (B)  Comparison of 

the average FRET ratio for O-GlcNAc sensors OS and OS2 in HeLa cells treated with the 

O-GlcNAcase inhibitor, PUGNAc and glucosamine. 

 

On average, the changes in FRET observed for the OS2 reporter were between 15-30%, 

compared to 7-15% in the original.  This is an improvement in the dynamic range of the 

O-GlcNAc sensor.  Consistent with this data, Allen and Zhang showed that variations to 

the length of the linker region can affect the FRET response of reporters [87].  As noted 

previously, FRET interactions are dependent on the proximity and orientation of the 

fluorophores.  The increase of the FRET emission ratio of the OS2 sensor suggests that 
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having a shorter linker region prior to the acceptor fluorophore improves the energy 

transfer from the donor domain, possibly by allowing a better orientation of the two 

molecules.  Having a sensor with a higher dynamic range improves signal-to-noise ratio, 

increasing probe sensitivity and allowing the analysis of more subtle changes in the 

dynamics of the modification of interest [87].  To further dissect the spatial-temporal 

dynamics of O-GlcNAcylation this improved sensor was targeted to different cellular 

compartments 

 

2.2.2 Targeted OS2 sensors 

 Intracellular localization signals have been utilized to successfully target FRET-

based sensors to discrete intracellular compartments [87, 88].  Nuclear localization 

sequences, nuclear export signals and lipid modifications have been utilized to target 

reporters to the nucleus, cytoplasm and plasma membrane respectively [87].  To target 

sensors to the outer membrane of the mitochondria the localization sequence from TOM 

20 has been employed [88].  A series of organellar OS2 sensors were created to analyze 

compartmentalized dynamics of O-GlcNAcylation during cell signaling (Table 2.1).   

 

 

 

 

 

 

 

 
 



 29 

Sensor  Binding  

Domain  

Substrate  

Domain  

Construct  Vector  Expression  

Nuc-OS2 sensor GafD CK II pLDC28 pRSET A Bacterial 

GafD CK II pLDC38 pCDNA 3.1(-) A Mammalian 

Cyto.PKI-OS2 

sensor  

GafD CK II pLDC29 pRSET A Bacterial 

GafD CK II pLDC39 pCDNA 3.1(-) A Mammalian 

Cyto.Rev1-OS2 

sensor 

GafD CK II pLDC42 pRSET A Bacterial 

GafD CK II pLDC48 pCDNA 3.1(-) A Mammalian 

PM-OS2 sensor GafD CK II pLDC26 pRSET A Bacterial 

GafD CK II pLDC36 pCDNA 3.1(-) A Mammalian 

PM-OS2  

control sensor 

GafD  No ser or 

 thr CK II 

pLDC27 pRSET A Bacterial 

GafD  No ser or 

 thr CK II 

pLDC37 pCDNA 3.1(-) A Mammalian 

Mito-OS2 sensor  GafD  CK II pLDC50 pRSET A Bacterial  

GafD  CKII  pLDC51  pCDNA 3.1(-) A  Mammalian  

 
Table 2.1:  List of targeted O-GlcNAc sensor created.  The Nuc-OS2 and Cyto-OS2 sensors 

were targeted using nuclear localization from simian virus 40 large T-antigen (SV40) and 

nuclear export sequences from Rev-1 and PKI respectively.  The PM-OS2 sensor was targeted to 

the plasma membrane using a 7 amino acid sequence found on the N-terminus of Lyn kinase. To 

study the mitochondria, the Mito-OS2 was targeted to this compartment using the MTS domain 

of mOGT.  The majority of the sensors were cloned into bacterial expression vector pRSET A 

and mammalian expression vector pCDNA 3.1(-) A. 

 

To study the dynamics at the nucleus, the OS2 sensor was fused at the 3’-end preceding 

the stop codon, with the nuclear localization signal from simian virus 40 large T-antigen 

(SV40), PKKRKVEDA.  The reporters Cyto.PKI-OS2 and Cyto.Rev1-OS2 were fused 

similarly at the 3’-end with nuclear exclusion sequences LALKLAGLDI from the cAPK 

protein kinase inhibitor (PKI) and LPPLERLTL from the HIV1 Rev-protein respectively.  

To target PM-OS2 and its control (PM-OS2 control) to the plasma membrane a 

myristoylation and palmitoylation sequence (GCINSKRK) from the NH2-terminus of 

Lyn kinase was tethered at the 5’-end before CFP.  This far, the sensors that have been 

targeted to mitochondria locate to the outer membrane of this organelle.  Using immuno-
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electron microscopy and mitochondrial fractionation, Love and colleagues suggested that 

the mitochondrial spliceform of OGT, mOGT, was associated with the mitochondrial 

inner membrane [12].  Therefore, the mitochondrial targeting sequence (MTS) domain of 

the mitochondrial variant of OGT was used to target the sensor Mito-OS2.  Figure 2.3 is a 

graphical representation of the O-GlcNAc sensors created to examine the subcellular 

dynamics of the modification. 

 

 
 

Figure 2.3: The O-GlcNAc localized fluorescent sensors. These reporters consisted of 

enhanced cyan fluorescent protein (CFP), GafD; a binding domain for O-GlcNAc, casein kinase 

peptide which is a known substrate for O-GlcNAc, Venus which is a variant of the yellow 

fluorescent protein and a peptide sequence that allowed them to be compartmentalized to 

different locations in the cell.   Herein is the graphical representation of the sensors created.  

 

 In initial experiments, the localized OS2 sensors were transfected into HeLa cells 

and fluorescent images were captured to verify their organellar localization.  As expected, 

the localization signals for the nucleus, the cytoplasm and the plasma membrane 

compartmentalized the OS2 sensor to the defined intracellular locations (Figure 2.4).  The 

results obtained were compared to equivalent images reported to target the FRET sensor 

C kinase activity reporter (CKAR) to the same cellular compartments using identical 
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localization signals [88].  However, the localization of the Mito-OS2 sensor was not 

clear.   

 

 

 

 
Figure 2.4: Localization of the Targeted O-GlcNAc sensors.  The constructs Cyto.PKI-OS2 

and Cyto.Rev1- OS2 were localized to the cytoplasm.  The sensor Nuc-OS2 was localized to the 

nucleus.  The reporter PM-OS2 was localized to the plasma membrane.  

 

To investigate this further, we transfected HeLa cells with the construct Mito-OS2 and 

stained the cells using MitoTracker Deep Red (Invitrogen), a dye known to localize to 

mitochondria.  The sensor did not colocalized with the dye, arguing that the observed 

localization was not mitochondrial (Figure 2.5). 
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Figure 2.5: Localization of the Mito-OS2 sensor.  Transfected HeLa cells with the Mito-OS2 

sensor were stained with Mito Tracker Deep Red (Invitrogen).  Colocalization of the sensor and 

the dye was not observed. 

 

Mitochondria are comprised of at least six compartments: outer membrane, inner 

boundary membrane, the intermembrane space, cristal membranes, the intracristal space, 

and matrix [89].  The inner membrane of mitochondria is surrounded by two inner 

spaces, the inter membrane space and the matrix.  In their findings, Love and co-workers 

did not specify which one of these two spaces surrounding the inner membrane mOGT 

could be facing [12].  On the other hand, in cardiomyocytes exposed to high levels of 

glucose O-GlcNAcylation of members of complexes of the respiratory chain, like subunit 

NDUFA9 of complex I, subunits core 1 and core 2 of complex III, and the mitochondrial 

DNA-encoded subunit I of complex IV (COX I) was observed [90].  These proteins are 

bound to the inner membrane of mitochondria, but the mechanism of how they are 

modified by O-GlcNAc is not understood.  Despite punctate expression of the sensor, the 
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MTS domain of OGT was not sufficient to target the reporter to mitochondria and the 

localization of this construct is currently unknown.  However, we successfully targeted 

the OS2 sensor to the plasma membrane, nucleus and cytoplasm for the examination of 

possible distinct O-GlcNAc activity profiles among the different regions. 

 

2.2.3 Monitoring O-GlcNAc dynamics during serum response in living cells 

 Serum contains a high amount of growth factors and it has been utilized to study a 

variety of mitogenic signaling pathways [91-93].  A study by O’Donnell and colleagues 

demonstrated that unlike normal cells, fibroblast deficient in OGT and O-GlcNAc failed 

to respond to serum stimulation and did not upregulate early serum response transcription 

factors including c-Fos, c-Jun, and c-Myc [8].  These results are consistent with a role for 

O-GlcNAc in repression of transcription and the regulation of protein synthesis.  

Moreover, during serum treatment of Cos7 cells, OGT is rapidly recruited to the plasma 

membrane, presenting an example of dynamic compartmentalization of an O-GlcNAc 

enzyme during signal transduction.  Given both the role of O-GlcNAc in serum response 

and the dynamic compartmentalization of OGT, I chose serum stimulation for initial test 

of the hypothesis that O-GlcNAc has pools of activity during signal transduction. 

 To gain an overall view of the dynamics of the O-GlcNAc modification the OS2 

and its control sensor were first tested.  In Cos7 cells, the FRET emission ratio of the 

OS2 sensor increased at the nucleus and a decrease was observed at the cytoplasm 

(Figure 2.6 A).  Upon addition of serum the average FRET response of OS2 at the 

nucleus was 6-8% and at the cytoplasm was -2 to -6 %.  As anticipated, its control sensor 

showed little to no change in FRET over time (Figure 2.6 B). 
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Figure 2.6: Monitoring the O-GlcNAc dynamics during serum stimulation in Cos7 cells.  

(A)The OS2 sensor showed an increase in FRET, thus an increase in O-GlcNAc levels in the 

nucleus while there are no net changes in the cytoplasm.  (B) The OS2 control sensor showed 

little to no FRET change.  Also, the graphical representation of the changes observed in terms of 

normalize average FRET ratio versus time is presented. 

 

Because we were concerned if the difference between the FRET ratio of the OS2 sensor 

and its control was significant, P values were calculated for 7 cells of each group from a 

paired Student’s t test (two tailed).  As expected, the difference between nuclear 

normalized average FRET ratios of OS2 sensor and its control was significant (P < 

0.0001).  On the other hand, the cytoplasmic FRET results of the OS2 sensor were not 

significantly different when compared to its control (P= 0.1457).  To further investigate 

the changes in the cytoplasm, a targeted sensor can be utilized to dissect that dynamics of 
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the O-GlcNAc modification at this cellular compartment.  These experiments 

demonstrated that the O-GlcNAc modification has discrete dynamics in different cellular 

compartments during serum signal transduction.  The differences of the nuclear and 

cytoplasmic dynamics suggest that there are separate pools of activity of the O-GlcNAc 

enzymes which corroborates our hypothesis.  To dissect these observations further the 

nuclear, cytoplasmic and plasma membrane targeted sensors were utilized. 

 Although OGT relocalization in response to serum was previously reported [18], 

visualization of its activity at the plasma membrane has not been described.  The PM-

OS2 sensor is the first tool designed to detect the activity of OGT in this compartment.  

Upon serum stimulation, the plasma membrane sensor, PM-OS2, showed an increase in 

FRET ratio over time (Figure2.7 A and B).  The PM-OS2 sensor had an average FRET 

ratio of 8-10%.  As expected, the control sensor of PM-OS2 did not show us an increase 

in FRET (Figure 2.7 C). 
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Figure 2.7: Monitoring the O-GlcNAc dynamics at the plasma membrane during serum 

stimulation in Cos7 cells.  The PM-OS2 sensor showed an increase in FRET, thus an increase in 

O-GlcNAc levels in the plasma membrane. (A) Graphical representation of the changes in FRET 

ratio for the PM-OS2 sensor and its control.  (B)  Pseudo-colored ratiometric FRET images of the 

PM-OS2 sensor. (C) Pseudo colored ratiometric FRET images of the PM-OS2 control sensor. 

 

The upregulation of OGT was observed within minutes after serum stimulation.  These 

findings suggest that O-GlcNAcylation has a fast response component during serum 

signaling that initiates at the plasma membrane.  Interestingly, it has not been reported if 

O-GlcNAcase is recruited or relocalized in response to a signal to this compartment.  The 

control mechanisms that regulate O-GlcNAc cycling at the plasma membrane should be 

explored further.   

 Examination of the nuclear and cytoplasmic compartments separately using the 

Nuc-OS2 and the Cyto.Rev1-OS2 sensors showed similar observations to those of the 

general OS2 sensor, thus confirming our previous results (Figure 2.8 A, B, and C). 
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Figure 2.8: Localized O-GlcNAc dynamics at the nucleus, cytoplasm and plasma membrane 

during serum stimulation in Cos7 cells. (A) Graphical representation of the changes in the 

FRET emission ratio of the PM-OS2, Nuc-OS2 and Cyto.Rev1-OS2 sensors in response to 

serum.  (B-D) Pseudo color ratiometric FRET images of the PM-OS2, Nuc-OS2 and Cyto.Rev1-

OS2 sensors. 

 

 However, the localized sensors showed enhanced sensitivity to the change in O-

GlcNAcylation as seen by the larger dynamic range observed (Figure 2.8 A).  The Nuc-

OS2 sensor responded in seconds to serum stimulation, thus a rapid increase in OGT 

activity was observed.  The average FRET observed was between 18-21 %.  Comparison 

of the plasma membrane and the nuclear responses in Figure 2.8 A, indicate that 

upregulation of OGT occurs almost simultaneously at these compartments.  This may 

imply that separate control mechanisms regulate the activation of this enzyme at these 

compartments.  In contrast, The Cyto.Rev1-OS2 sensor showed an average decrease in 

FRET ratio of 10-12%.  This decrease in FRET emission at the cytoplasm could be a 

result from the translocation of OGT to the plasma membrane or an activation of the 
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activity of the O-GlcNAcase enzyme or both.  Subcellular fractionation followed by 

immunoblotting of the OGT and O-GlcNAcase enzymes could provide more details 

about the localization of the enzymes and current experiments are being pursued. 

 Recently, Yang and co-workers discovered a unique PIP3 motif in ncOGT that 

mediates its recruitment to the plasma membrane during serum treatment.  This 

translocation is initiated by the activation of the PI3K pathway.  In addition, this report 

demonstrated that activation of this pathway during insulin signaling resulted in the 

activation of OGT by the insulin receptor.  Wortmannin is a well-characterized inhibitor 

for this pathway.  We examine the effects of this inhibitor on the subcellular dynamics of 

O-GlcNAc during serum signaling (Figure 2.9) 

 
 

Figure 2.9: Inhibition of the PI3K pathway by wortmannin inhibits the dynamics of the O-

GlcNAc modification.  Cos7 cells were treated with wortmannin (100 nM) for 30min followed 

by stimulation with serum.  Activity of OGT or O-GlcNAcase was not observed with any of the 

targeted OS2 sensors. This argues that either OGT or both enzymes are regulated via the PI3K 

pathway. 
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Activity of the enzymes involved in O-GlcNAc cycling, OGT and O-GlcNAcase, was 

inhibited by wortmannin at all subcellular compartments.  These results indicate that 

perhaps serum-based regulation of O-GlcNAc activity is modulated by PI3K pathway 

activation.   

 Taken together, these data suggest that the basal activity profile of O-GlcNAc at 

the cytoplasm is distinct from that in the nucleus and plasma membrane, as a result of 

serum stimulation.  Future experiments will be needed to address whether the dynamics 

observed in the cytoplasm are generated by the translocation of OGT or activation of O-

GlcNAcase activity. 

 

2.3 Conclusions 

 In summary, we successfully created and improved the existing FRET-based 

sensors for monitoring O-GlcNAcylation dynamics.  We engineered several targeted 

derivatives to specifically examine the O-GlcNAc modification at the plasma membrane, 

nucleus and cytoplasm.  Such localization of the OS2 sensor provided specific reading of 

OGT activity in distinct cellular compartments and revealed differential behaviors of O-

GlcNAcylation during serum signaling from the stimulus initiation site to other regions 

through which signaling is propagated.  These sensors will be particularly useful for 

dissecting subtle or suboptimal changes in OGT activity.  Using the plasma membrane-

targeted OS2 sensor, we further show that OGT is recruited and activated at this 

compartment.  In this study, we also determined that the activation of O-GlcNAc 

dynamics is mediated by the PI3K signaling pathway.  Inhibition of the pathway affects 

all subcellular activity of the modification.  The mechanisms and functional roles of such 

differential regulation will be the subject of further investigation and the availability of 
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these fluorescent reporters for monitoring OGT activity with high spatiotemporal 

resolution should facilitate such explorations. 
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2.4 Materials and Methods 

All reagents purchased were the highest commercial grade available.  Plasmids 

for mOGT, and GafD were a kind gift from the laboratory of Dr. John Hanover, and Dr. 

Timo Korhonen respectively. Plasmids containing the OS2 sensor, CFP and GafD 

(CFP/GafD) insert (pLKM2), and the yellow fluorescent protein variant Venus (pLKM3) 

were prepared by Dr. Lara K. Mahal.  

 

Gene construction of general and targeted sensors OS2  

OS2 General Sensors  

The fluorescent sensors were composed of cyan fluorescent protein (CFP), a 

fimbrial adhesin lectin domain (GafD) from Escherichia coli that binds N-acetyl 

glucosamine [94, 95], a known substrate peptide domain for β-O-GlcNAc; casein kinase 

II (CKII), and a variant of the yellow fluorescent protein (Venus). These second 

generation sensors differ from the original construct (CKII sensor) in terms of the 

location and the length of the linker region (Figure 2.10). 
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Figure 2.10:  Graphical representations of the new O-GlcNAc sensor OS2 and its control.  

The fluorescent sensors OS2 consisted of enhanced cyan fluorescent protein (CFP), GafD; a 

binding domain for O-GlcNAc, two linker regions between the casein kinase peptide which is a 

known substrate for O-GlcNAc; and Venus which is a variant of the yellow fluorescent protein. 

The design of these constructs was derived from the CKII sensor created in our laboratory.  

Herein are the schematic representations of the new sensors created. 

 

To append the casein kinase peptide to the construct OS2 a 5’ PCR primer was 

designed to insert an Nco I site followed by two linker regions at the beginning and end 

of the casein kinase II peptide before the coding sequence of Venus in pLKM3.  A 3’ 

primer was designed to anneal downstream of Venus and introduce a stop codon and a 

unique site Hind III.  The cloning of this construct was performed by Dr. Lara K. Mahal 

(Figure2.11). 
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Figure 2.11: Construction of the OS2 sensor.  PCR amplification of the sequence encoding 

Venus was performed using construct pLKM3 in the pUC vector as a template.  The PCR product 

and the construct pLKM2 containing the CFP/GafD hybrid insert were doubly digested with NcoI 

and HindIII and ligated to form construct OS2 sensor. 

 

The PCR reactions were performed using the Taq DNA Polymerase Kit (New 

England Biolabs) in a final reaction volume of 50 µL.  The reaction consisted of 41.5 µL 

ddH2O, 5 µL 10X buffer, 1 µL dNTPs, 1 µL pLKM3 (1ng/ µL), 0.5 µL pLKM4.Fwd 

primer (20μM), 0.5 µL pLKM4.Rev primer (20μM) and 0.5 μL Taq polymerase.  The 

reaction was denatured at 94
o
C for 10 minutes, followed by 30 cycles of 30 seconds at 

94
o
C, 30 seconds at 55

 o
C and 1 minute at 72

 o
C, and finally a 4

 o
C hold after all the 

cycles were completed.  PCR product and pLKM2 were digested with Nco I and Hind III 
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at 37
o
C for 3 hours.  Restriction digest reactions were gel purified using the QIAquick 

Gel Extraction Kit (Qiagen).  The PCR product and pLKM2 were ligated using the T4 

DNA Ligase (New England Biolabs), resulting in the OS2 sensor.  This construct was 

transformed into E. coli DH5α cells and plated on selective media.  A 5 mL culture of 

transformed E. coli DH5α cells containing the construct was grown to saturation and the 

plasmid was purified using a QIAprep Spin Miniprep Kit (Qiagen). 

A control sensor was also developed.  OS2 control sensor had an active GafD 

domain and all of the serine or threonine residues in the casein kinase II domain were 

changed to alanine or glycine.  To develop this reporter a 5’ PCR primer was designed to 

insert an Nco I site, the two linker regions identical to the ones in OS2, and a mutated 

casein kinase II peptide before the coding sequence of Venus in pLKM3.  A 3’ primer 

was designed to anneal downstream of Venus and introduce a stop codon and a unique 

Hind III site.  For CKIIv2 control sensor the primers used were pLDC5.Fwd 5’- CAT 

GCC ATG GGG CGG CAG CGG CGG CCC GGG CGG CGC CGG CCC GGT GGG 

CGG CGC GAA CAT  GAT GGG CGG CAG CGG CGG CAT GGT GAG CAA GGG 

CGA GGA G-3’ and pLKM4.Rev 5’-GGG AAG CTT TTA CTT GTA CAG CTC GTC 

CAT GCC-3’.  The PCR reaction conditions, purification, ligation to pLKM2 and 

transformation were identical to the cloning of OS2 sensor.  Sequence for all the 

constructs prepared was confirmed by the University of Texas DNA sequencing facility. 

 

Targeted sensors; Nuc-OS2, Cyto.PKI-OS2, Cyto.Rev1-OS2, PM-OS2, and Mito-OS2 

 The localized fluorescent sensors were composed of the same fluorescent 

proteins, binding domain, and substrate domain used for sensor OS2.  Each construct was 

tether to a 5’- end or 3’-end localization sequence for their cellular compartmentalization. 
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 The nuclear localization sequence (NLS) from simian virus 40 large T-antigen 

(SV40), PKKRKVEDA, was attached to the construct Nuc-OS2 at the 3’-end before the 

stop codon.  The 5’ PCR primer designed for the cloning of OS2 sensor was used to 

incorporate an Nco I site, the linkers, the substrate domain and the beginning sequence of 

Venus.  A 3’ primer was constructed to anneal downstream of Venus and introduce the 

NLS, a stop codon and a unique site Hind III.  The primers used were pLKM4.Fwd 5’-

CAT GCC ATG GGG CGG CAG CGG CGG CCC GGG CGG CAG CAC CCC GGT  

GAG CAG CGC GAA CAT GAT GGG CGG CAG CGG CGG CAT GGT GAG CAA 

GGG CGA GGA G-3’ and pLDC28.Rev 5’-GGG AAG CTT TTA GGC GTC CTC CAC 

TTT GCG TTT TTT TGG CTT GTA CAG CTC GTC CAT GCC -3’ 

Two cytoplasmic localized sensors were created; Cyto.PKI-OS2 and Cyto.Rev1-

OS2. The Cyto.PKI-OS2 reporter was fused with nuclear exclusion sequence (NES), 

LALKLAGLDI, from the cAPK protein kinase inhibitor (PKI).  The second cytoplasmic 

sensor was tether with the NES, LPPLERLTL, from HIV1 Rev-protein.  The 5’ PCR 

primer designed for the cloning of OS2 sensor was used on these PCR reactions to 

incorporate an Nco I site, the linkers, the substrate domain and the beginning sequence of 

Venus.  A 3’ primer was designed for each construct bearing their corresponding NES 

between the annealing sequence downstream of Venus and the stop codon followed by 

the unique site Hind III.  The primers used were pLKM4.Fwd 5’-CAT GCC ATG GGG 

CGG CAG CGG CGG CCC GGG CGG CAG CAC CCC GGT  GAG CAG CGC GAA 

CAT GAT GGG CGG CAG CGG CGG CAT GGT GAG CAA GGG CGA GGA G-3’ 

and pLDC29.Rev 5’- GGG AAG CTT TTA GAT GTC CAG GCC GGC CAG TTT 

CAG GGC CAG CTT GTA CAG CTC GTC CAT GCC -3’and pLDC42.Rev 5’-GGG 

AAG CTT TTA CAG GGT CAG GCG TTC CAG TGG TGG CAG CTT GTA CAG 

CTC GTC CAT GCC -3’. 
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The PCR reactions were performed using the Taq DNA Polymerase Kit (New 

England Biolabs) in a final reaction volume of 50 µL.  The reaction consisted of 41.5 µL 

ddH2O, 5 µL 10X buffer, 1 µL dNTPs, 1 µL pLKM3 (500pg/ µL), 0.5 µL Fwd primer 

(20μM), 0.5 µL Rev primer (20μM) and 0.5 μL Taq polymerase.  The reaction was 

denatured at 95
o
C for 1 minute, followed by 30 cycles of 30 seconds at 95

o
C, 30 seconds 

at 55
 o

C and 1 minute at 72
 o

C, 1 cycle of 1 minute at 95
o
C, 30 seconds at 55

 o
C and 1 

minute at 72
 o

C and finally a 4
 o

C hold after all the cycles were completed.  PCR product 

and pLKM2 were digested with Nco I and Hind III at 37
o
C for 3 hours.  Restriction digest 

reactions were gel purified using the QIAquick Gel Extraction Kit (Qiagen).  Each PCR 

product and pLKM2 were ligated using the T4 DNA Ligase (New England Biolabs), 

resulting in the Nuc-OS2 sensor, Cyto.PKI-OS2 and Cyto.Rev1-OS2.  These constructs 

were transformed into E. coli DH5α cells and plated on selective media.  A 5 mL culture 

of pLKM4 in pRSET A transformed E. coli DH5α cells was grown to saturation and the 

plasmid was purified using a QIAprep Spin Miniprep Kit (Qiagen).   

Using at the N-terminal of the plasmid the myristoylation and palmitoylation 

sequence, GCINSKRK, from the NH2-terminus of Lyn kinase the PM-OS2 sensor and its 

control (PM-CKIIv2 control) were targeted to the plasma membrane. A 5’ PCR primer 

was designed to incorporate a BamH I site, the plasma membrane sequence, and the start 

of the coding sequence of CFP.  A 3’ primer was constructed to anneal downstream of 

GafD, insert a stop codon and a unique site Nco I.   The primers used were pLDC26.Fwd 

5’-CGC GGA TCC GCG ATG ATG GGC TGC ATC AAC AGC AAA CGC AAA GAC 

ATG GTG AGC AAG GGC GAG GAG -3’ and pLDC26.Rev 5’- CAT GCC ATG GTG 

TTA GTG TGT CAT TCA GCG TAA ATG-3’.  The PCR conditions were identical to 

one used for the design of Nuc-CKIIv2. The PCR products and pLDC18 or pLDC5 were 

ligated using the T4 DNA Ligase (New England Biolabs), resulting in the PM-OS2 and 
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control sensor respectively.  These constructs were transformed and purified identically 

to the plasmids described previously. 

To target the sensor Mito-OS2 the MTS domain of the mitochondrial variant of 

OGT was used.  The sequence of this domain contains a mitochondrial targeting 

sequence followed by a membrane spanning α-helix.  This region consists of 150 base 

pairs.  This length is too small to incorporate into a larger plasmid by standard cloning 

techniques.  Splicing by overlap extension PCR (SOE) is a technique where two DNA 

fragments with partially overlapping complementary 3’ ends anneal and extend the 

fragments, using the other annealed fragment as a template [96].  This method was used 

to incorporate the sequence of the MTS domain found in mOGT to the FRET-based 

sensor.  A total of 3 PCR reactions were performed.  The first PCR reaction consisted of 

amplification of the MTS domain.  The forward primer contained a BamH I unique site 

and the encoding sequence of the MTS domain of OGT.  The 3’- end of the reverse 

primer contained a sequence overhang for CFP. The primers used were pLDC50.1 Fwd 

5’- GCC GGA TCC GCG ATG CTG CAG GGT CAC TTT TGG-3’ and pLDC50.2 Rev 

5’- GGA CAG CTC GCC CTT GCT CAC AGG AGG GGT TAA TGA AAG AGG-3’. 

The mOGT construct given by the Hanover Lab was used as a template. The second PCR 

reaction amplified the CFP and GafD domains for the construct.  The 5’-end of the 

forward primer contained an overhang overlapping downstream of the MTS sequence.  

The reverse primer contained a unique Nco I site and an overlapping sequence 

downstream of GafD.  The primers used were pLDC50.3 Fwd 5’- CAT CTT CTT TCA 

TTA ACC CCT CCT GTG AGC AAG GGC GAG GAG CTG-3’ and pLDC50.4 Rev 5’- 

CAT GCC ATG GTG TTA CTG TGT CAT TCA GCG TAA ATG-3’.  The template 

DNA used was the pLKM2 plasmid.  For the third reaction, the PCR products from the 
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first two reactions were combined and amplified by primers pLDC50.1 Fwd and 

pLDC50.4 rev.  The resulting fragment contained a BamH I site followed by the MTS 

domain of mOGT, the fluorescent protein CFP, the GafD domain and an Nco I site. 

All SOE PCR reactions were performed using the Pfu DNA Polymerase Kit (New 

England Biolabs) in a final reaction volume of 50 µL.  The first two reactions consisted 

of 40 µL ddH2O, 5 µL Pfu10X buffer, 1 µL dNTPs, 1 µL template dna (100ng/ µL), 2.5 

µL Fwd primer (20μM), 2.5 µL Rev primer (20μM) and 1 μL Pfu polymerase.  The 

reactions were denatured at 95
o
C for 1 minute, followed by 30 cycles of 30 seconds at 

95
o
C, 30 seconds at 55

 o
C and 1 minute at 72

 o
C, and finally a 4

 o
C hold after all the 

cycles were completed.  The PCR products were combined and amplified using the 

primers pLDC50.1 Fwd and pLDC50.4 Rev.  This third reaction consisted of 25 µL 

ddH2O, 5 µL Pfu10X buffer, 2 µL dNTPs, 10 µL of PCR1 product, 1 µL of PCR2 

product, 2.5 µL Fwd primer (20μM), 2.5 µL Rev primer (20μM) and 1 μL Pfu 

polymerase.  The reaction was denatured at 95
o
C for 10 minutes, followed by 25 cycles 

of 1 minute at 95
o
C, 2 minutes at 55

 o
C and 3 minutes at 72

 o
C, 1 cycle of 10 minutes at 

72
 o

C, and finally a 4
 o

C hold after all the cycles were completed. The third PCR product 

and pLDC18 were digested with BamH I and Nco I at 37
o
C for 3 hours.  Restriction 

digest reactions were gel purified using the QIAquick Gel Extraction Kit (Qiagen) and 

ligated using the T4 DNA Ligase (New England Biolabs), resulting in the Mito-OS2 

sensor.  These constructs were transformed and purified using the same procedures 

described earlier.  Sequence for all the constructs created was confirmed by the 

University of Texas DNA sequencing facility. 
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Subcloning 

 The inserts encoding each FRET-based sensor gene were subcloned into 

mammalian expression vector pCDNA3.1 (-) A His/myc (Invitrogen) using restriction 

sites BamH I and Hind III.  The inserts and vector were gel purified using the QIAquick 

Gel Extraction Kit (Qiagen) and ligated using the T4 DNA Ligase (New England 

Biolabs).  The sensors were transformed into DH5α E. coli cells and plated on selective 

media.  A 100 mL culture of each construct transformed E. coli DH5α cells was grown to 

saturation and the plasmid was purified using a QIAprep Endo-free Kit (Qiagen). 

 

 Cell Transfection 

 HeLa cells were maintained in Eagle's Minimum Essential Medium supplemented 

with non-essential amino acids and sodium pyruvate (HyClone) containing 10% fetal 

bovine serum at 37
 o

C in 5% CO2.  Cos-7 cells were maintained in Dulbecco’s modified 

Eagle’s medium (HyClone) containing 10% fetal bovine serum at 37
 o

C in 5% CO2.  

Cells were plated onto sterile 35 X 10 mm glass bottom plates (InVitro Scientific) prior 

to transfection.  Transient transfection with the O-GlcNAcylation sensors was carried out 

using FuGENE 6 reagent according to protocol (Roche Diagnostics). 

 

Cell Imaging 

 The cells were imaged 30- 36 hours after transfection.  The cells were starved 

using 0.1% FBS in their corresponding media. During imaging, cells were washed and 

maintained in Hank’s balanced salt solution (HBSS) at 37
 o

C.  The amount of glucose in 

HBSS was adjusted to 4.5 g/L glucose for Cos-7 cells.   HeLa cells were stimulated with 

100 µM PUGNAc and 4 mM glucosamine.  Cos7 cells were stimulated with serum. 
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 Images were acquired on a TE2000-U inverted microscope (Nikon Instruments 

Inc.) using a Sony Cool Snap ES 1300X1030 camera controlled by  MetaMorph 

software.  All optical filters were obtained from Chroma Technologies.  CFP and FRET 

images were obtained every two minutes through a S430/25x filter, a 86022v2bs dichroic 

mirror, and two emission filters (S470/30m and S535/30m) respectively.  A YFP image 

was obtained as a control through S500/20x excitation filter, a 86022v2bs dichroic 

mirror, and a S535/30m emission filter.  Excitation and emission filters were switched via 

filter wheels (Lambda 10-3, Sutter).  Exposure times for CFP and FRET were 100-200 

ms and 50 ms for YFP.  Fluorescence images were background corrected and the 

thresholed.  The emission ratio image was calculated by dividing the background 

subtracted and thresholded FRET image by the background subtracted CFP image.  The 

resulting FRET ratio values were normalized to 1 by dividing the all the time point values 

by the value of the starting point. 

 

Statistical Analysis 

 P values were obtained by a paired Student’s t test (two-tailed) analysis of the 

normalized average FRET ratios of the OS2 and its control sensor after 30 min of serum 

treatment.  Nuclear and cytoplasmic normalized average FRET ratios of 7 cells for each 

sensor were examined.  The GraphPad QuickCalcs Software was utilized to perform the 

calculations. 
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Chapter 3:  PI3K and p38 Pathways Regulate the Activity of the O-

GlcNAc Modification During Arsenite Signaling 

3.1 Introduction  

3.1.1 Overview 

 Arsenic is a metalloid that can be found as oxides or sulfur compounds in soil and 

water resources [97].  Arsenic exposure through drinking water affects millions of people 

worldwide and has become a major environmental health concern.  In 2001, the United 

States Environmental Protection Agency (EPA) recognized the health risks associated 

with its exposure and reduced the permitted arsenic levels in drinking water from 50 µg/L 

to 10 µg/L [98].  Although the primary emphasis in research of the effects of chronic 

exposure to arsenic has commonly focused on its carcinogenic potency, epidemiological 

studies demonstrate that this chemical has adverse effects that do not involve the 

induction of cancer.  Moreover, some experimental studies have attributed lower-dose 

chronic arsenic exposure to several health complications including skin lesions, ischemic 

heart disease and diabetes [99-101].   

 One of the predominant inorganic forms of arsenic in ground water, arsenite, has 

been proposed to be the agent of arsenic-induced diabetes [102].  This compound has also 

been demonstrated to stimulate the formation of reactive oxygen species (ROS) in a 

variety of cells including human vascular smooth muscle, keratinocytes and endothelial 

cells [103-105].  Yet, the molecular mechanism for the production of ROS by arsenite, 

and its role in insulin resistance has not been elucidated.  Several studies have 

demonstrated that perturbations in O-GlcNAcylation are associated with insulin 

resistance, the hallmark of type-2 diabetes.  In addition, it was demonstrated that ROS 

and high levels of arsenite (75µM) increased intracellular protein modification by O-
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GlcNAc [54, 106, 107].  However, it is not known if the O-GlcNAc modification is 

dynamically regulated by low levels of arsenite.  The goal of my project is to investigate 

the signaling pathways induced by low levels of arsenite and their role in the modulation 

of O-GlcNAc dynamics.  Our findings provide preliminary insights into the regulatory 

mechanisms involved in arsenite signal transduction events that lead to diabetes. 

3.1.2 Diabetogenic effect of arsenic exposure 

 Epidemiologic evidence suggests that type-2 diabetes is the most common non-

cancer related disease in arsenic exposed subjects.  These populations were exposed to 

low concentrations of arsenic levels (below 13.3 µM) in contaminated drinking water 

[108, 109].  Lai and co-workers reported in 1994 an increased prevalence of type-2 

diabetes in Taiwanese residents exposed to arsenic from drinking water [110].  These 

observations were later confirmed by several studies from Bangladesh, Taiwan, and 

Mexico [111-113].  In the United States, an association between type-2 diabetes and 

arsenic exposure was observed in Michigan residents that were exposed to an average 

arsenic level of 0.011 ppm in their drinking water [114].  Moreover, a study by the 

United States National Health and Nutrition Examination revealed a strong positive 

association between low–level arsenic exposure and the incidence of type-2 diabetes in 

adults [115].  Although the mechanism by which arsenic induces diabetes remains 

undefined, studies suggest that its biological effects depend on its oxidation state. 

 The two major forms of inorganic arsenic found in ground water are arsenite (As 

III) and arsenate (As V).  Arsenite readily enters the cell and has been demonstrated to be 

more toxic than arsenate [116].  This molecule has high affinity toward thiol groups in 

peptides and cellular proteins.  For example, arsenite forms a complex with the cofactor 
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dihydrolipoamide resulting in the inactivation of pyruvate dehydrogenase and α-

ketoglutarate dehydrogenase [117].  On the other hand, arsenate can replace phosphate in 

biological molecules because of their structural similarities [118].  For instance, ADP-

arsenate can be formed in energy transfer phosphorylation reactions and be utilized by 

hexokinase as a substrate to form glucose-6-arsenate instead of glucose-6-phosphate 

[119].  Hexokinase, pyruvate dehydrogenase and α-ketoglutarate dehydrogenase are 

enzymes involved in glucose metabolism.  For this reason, arsenite and arsenate have 

been proposed to control glucose metabolic processing and be responsible for arsenic-

induced diabetes.  Moreover, reports have demonstrated that inhibition of insulin-

dependent glucose uptake can be induced by these arsenical compounds [120, 121]. 

 The insulin-activated transport of glucose is a well-studied system in adipocytes.  

Upon insulin binding to its receptor, a cascade of phosphorylation events leads to the 

accumulation of PIP3 at the plasma membrane.  Consequently, the recruitment of several 

kinases including Akt to this cellular compartment occurs.  The activation of Akt by 

phosphorylation at threonine 308 and serine 473, by PDK1 and PDK2 respectively results 

in the translocation of vesicles containing glucose transporter-4 (GLUT4) and stimulation 

of glucose uptake.  The effects of physiologically relevant levels of arsenite on insulin-

stimulated glucose metabolism have only recently been examined.  In 3T3-L1 adipocytes, 

subtoxic arsenite did not affect cell viability, but inhibited the stimulation of glucose 

uptake by insulin [122].  The activation of the insulin receptor, IRS1 and PI3K was not 

affected under these conditions.  A study by Paul and co-workers demonstrated that 

similar concentrations of arsenite had little to no effect on the activity of PI3K and PIP3.  

However, the activity of the kinases PDK1 and PDK2 were suppressed resulting in the 

inactivation of Akt-mediated glucose uptake [121] (Figure 3.1). 
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Figure 3.1:  Proposed molecular mechanism for the inhibition of Akt by arsenite.  Arsenite 

does not inhibit the activation of PI3K or PIP3.  However, it suppresses the activation of PDK1 

and the putative PDK2 resulting in the regulation of the activity of Akt and glucose uptake. 

In addition to disruption of the insulin signaling pathway, treatment with arsenite has also 

resulted in the impairment of pancreatic beta cell function.  Pancreatic beta cells are 

responsible for secreting insulin in the body.  Recent studies indicated that treatment of 

rat pancreatic beta cells with non-cytotoxic levels of arsenite resulted in insulin resistance 

and decreased insulin transcription and secretion [123].  This argues that the pathogenesis 

of arsenic- induced diabetes is controlled by affecting insulin secretion and its signaling 

pathway. 

3.1.3 Reactive oxygen species production by arsenite  

 Reactive oxygen species (ROS) are important molecules in normal cell signaling 

and their regulation is mediated by redox mechanisms [124].  They are formed through a 

series of intermediates during oxidative metabolism, including non radical and radical 

oxygen derivatives like superoxide anion, hydroxyl radicals, and hydrogen peroxide 
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[125].  Oxidative stress results from the inability of the cell to manage the level of ROS 

produced.  Cells can adapt to low levels of these molecules with the use of antioxidant 

systems.  However, at high concentrations of these molecules can damage DNA, proteins 

and lipids.  

 Arsenical compounds have been shown to generate different ROS molecules.  

Arsenite has been demonstrated to produce superoxide anion and hydrogen peroxide in a 

wide variety of cells at different concentrations (Comprehensive list in [126].  Superoxide 

anion has been detected in leukemia, vascular smooth muscle and human- hamster hybrid 

cells [103, 127-129].  In vascular endothelial cells, both hydrogen peroxide and 

superoxide were detected at 5µM or below of arsenite [105].  Even though ROS have 

been demonstrated to be produced by arsenite, the source or mechanism by which these 

species are generated is not clear at present.   

3.1.4 Activation of the arsenite signaling pathway by ROS 

 Arsenite activates several signaling pathways by the induction of ROS.  All three 

major mitogen-activated pathway kinases (MAPK) families: extracellular signal-

regulated kinase (ERK); c-Jun N-terminal kinase (JNK), also known as stress activated 

protein kinase (SAPK); and p38, have been shown to respond to arsenite.  These families 

of kinases are involved in the control of critical cellular activities including cell 

proliferation, stress, apoptosis and mitosis.  Although these pathways are activated 

independently from each other, a single stimulus can activate several of them.  The ERK 

cascade can be activated by growth factors, hormones and neurotransmitters.  Activation 

of ERK is regulated by the phosphorylation of MAP kinase kinase 1 (MEK1).  In human 

keratinocytes, arsenite was shown to stimulate activation of ERK [130].  In addition, the 
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effects of arsenite promoted DNA synthesis and increased the expression of the 

procarcinogenic enzyme cyclooxygenase-2 (COX-2).  The JNK/SAPK and p38 pathway 

are known to be activated by different types of stress including UV, osmotic and 

oxidative.  Even though they share activation by these stimuli, these pathways are not 

closely related [131].  In a study by Lau and coworkers, it was demonstrated that 

activation of the JNK/SAPK pathway occurred only at high concentration of sodium 

arsenite [132].  The same investigators also observed that at lower concentrations only 

ERK pathway was activated. 

 Examination of human keratinocytes exposed to arsenite revealed activation of 

p38.  Interestingly, this pathway regulated the activation of the PI3K pathway.  The PI3K 

pathway is involved in a broad range of cellular functions in response to extracellular 

stimuli.  One of the major roles of this pathway is the conversion of phosphatidylinositol-

3,4-bisphosphate (PIP2) to phosphatidylinositol-3,4,5-trisphosphate (PIP3) [133].  This 

causes a series of enzymes to be recruited to the plasma membrane to initiate signal 

transduction.  Akt/ protein kinase B (PKB) is one of the enzymes recruited upon 

stimulation.  Through phosphorylation of its targets, Akt carries out its role as a key 

regulator of a variety of critical cell functions including glucose metabolism, cell 

proliferation and survival.  Souza and coworkers observed that arsenite activated Akt and 

p38 in cultured human keratinocytes [104].  In addition, during their investigation it was 

observed that upon inhibition of p38, Akt-phosphorylation was also inhibited.  They 

concluded that under their conditions, arsenite signaling, the activation of PI3K/Akt was 

regulated by p38. 
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 The involvement of the O-GlcNAc modification in the arsenite response under 

physiologically relevant levels has not been explored.  In response to high levels of 

arsenite, multiple cell lines dynamically increased O-GlcNAc levels on a myriad of 

nuclear and cytoplasmic proteins [54].  These changes in O-GlcNAc were observed after 

8 hours of treatment.  The researchers suggested that these changes were due to the 

glucose uptake that results from the cells being stressed.  On the other hand, our findings 

with serum stimulation suggest that O-GlcNAcylation also has a fast component.  

Considering the evidence of impairment of insulin-mediated glucose uptake, the effects 

on insulin signaling by low levels of arsenite, and the rapid activation of phosphorylation 

pathways, we hypothesized that low levels of arsenite might also induce a rapid O-

GlcNAc response.  Such a response might play a role in the unbalancing of the signal 

transductions pathways that lead to diabetes. 
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3.2 Results and Discussion 

3.2.1 Viability of cells after arsenite treatment 

 To study the cytotoxic effects of arsenite, HeLa cells were exposed to various 

arsenite concentrations ranging from 1 to 75 µM and cell viability was examined (Cell 

Titer Glo Luminescent Assay; Promega).  Concentrations of arsenite ≥10 μM 

significantly reduced cell viability at 24 h.  Lower concentrations of arsenite (i.e., <10 

μM) had little effect on cell viability when compared to the control (Figure 3.2). 

 
Figure 3.2: Graphical representation of cell viability assay using different concentrations of 

arsenite.  Different concentrations of sodium arsenite were incubated with HeLa cells for 24 h 

and cell viability was measured using the Cell Titer Glo Assay (Promega). 

 

Arsenite concentrations below 13.3 µM are compatible with environmental and 

occupational exposure [109].  Given that we want to investigate the dynamics of O-

GlcNAc by at low levels arsenite, the 5 μM concentration was chosen because it was in 

the environmentally relevant arsenite range and its cytotoxic effects in comparison to the 

control cells at 24 h were low. 
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3.2.2 Arsenite effects on the O-GlcNAc modification 

 Previously, Zachara and co-workers demonstrated that arsenite (75 µM) increased 

the levels of O-GlcNAc after 8 h of treatment.  However, our previous observations with 

the O-GlcNAc sensor suggest that rapid changes in O-GlcNAc could be observed.  To 

investigate the O-GlcNAc response, HeLa cells were treated with 5 μM arsenite at 

various time periods ranging from 0 to 60 min and the levels of O-GlcNAc were analyzed 

by western blot analysis.  In response to arsenite, O-GlcNAc levels were elevated rapidly 

(Figure 3.3 A and B). 

 

 
Figure 3.3: Global levels of O-GlcNAc are elevated in HeLa cells with low levels of arsenite 

(5 µM).  (A) Serum starved HeLa cells were treated with 5µM sodium arsenite for the indicated 

times.  Total cell extracts (30 µg) were separated by SDS-PAGE and analyzed by Western Blot 

probing with the O-GlcNAc antibody CTD 110.6.  Immunoblots for actin are shown as loading 

controls (B) Graphical representation of the total O-GlcNAc levels normalized to actin.  

The levels of O-GlcNAc modifications increase within 5 min of exposure, reaching 

saturation around 10-15 min and followed by a decrease after 30 min.  These findings 

indicate that low levels of arsenite increase protein O-GlcNAcylation and OGT activity 

may be up-regulated in response to arsenite.  To further examine the dynamics of the 

modification with arsenite stimulation, the OS2 sensor and its control were utilized. 
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3.2.3 Examination of O-GlcNAc dynamics with the OS2 sensor during arsenite treatment 

 To study the dynamics of the O-GlcNAc response, HeLa cells were transfected 

with the OS2 sensor and its control and serum starved (16-18 h) prior treatment with 5 

µM arsenite following serum starvation In response to arsenite stimulation, the FRET 

emission ratio of the OS2 sensor increased at the nucleus and the cytoplasm (Figure 3.4).  

These results corroborate our observations from the western blot analysis.  As expected, 

the OS2 control sensor showed little to no net change in FRET over time. 

 
Figure 3.4: Monitoring the O-GlcNAc dynamics during arsenite stimulation in HeLa cells. 

(A) Serum starved HeLa cells transfected with the OS2 sensor showed an increase in FRET 

response in the nucleus and the cytoplasm when treated with arsenite (5µM). (B) Under similar 

conditions, the OS2 control sensor showed little to no increase in FRET over time. Also, the 

graphical representation of the changes observed in terms of normalized average FRET ratio 

versus time is presented. 

These experiments demonstrate that the O-GlcNAc modification has distinct dynamics in 

response to different stimuli.  We previously observed that serum stimulation had 
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opposing effects in the nucleus and the cytoplasm.  In the case of arsenite, the FRET 

emissions increased at both the nucleus and cytoplasm suggesting the upregulation of 

OGT during arsenite signaling.  In view of the fact that ROS formation has been observed 

during arsenite stimulation, we investigated whether low levels of arsenite also induced 

that formation of these species and if they were involved in the regulation the O-GlcNAc 

dynamics. 

 

3.2.4 Analysis of ROS formation by low levels of arsenite 

 Reactive oxygen species are known to be produced during arsenite stimulation in 

a dose-dependent manner [134].  It has been suggested that both superoxide anion and 

hydrogen peroxide are formed by arsenite [129, 134].  Intracellular H2O2 can be 

generated by mitochondria-dependent pathways, whereas it was recently showed that 

H2O2 could be generated extracellularly by receptor-ligand interaction [135].  The 

mechanism for the production of these species in cells is still unknown.  The Chang 

research group developed a chemical sensor, PF1, to monitor the formation of hydrogen 

peroxide in live cells [136].  Using this chemical reporter we examined whether hydrogen 

peroxide was generated after treatment of HeLa cells with 5 µM arsenite (Figure 3.5 A-

C). 
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Figure 3.5: Hydrogen peroxide detection by PF1 when HeLa cells were exposed to 5 µM 

arsenite.  (A)  Overall reaction of the PF1 sensor for the detection of H2O2 in live cells.  (B)  

Phase and fluorescence image of PF1 stained HeLa cells treated with 5µM arsenite for 20 min at 

25ºC.  (C)  Phase and fluorescence image of PF1 stained HeLa cells treated with 75µM arsenite 

for 20 min at 25ºC.  (D)  Phase and fluorescence image of PF1 stained HeLa cells treated with 

catalase (10 KU) for 30 min followed by treatment with 75µM arsenite for 20 min at 25ºC.   

 

The PF1 fluorescence was barely apparent after 20 min of 5 µM arsenite treatment.  In 

contrast, at 75 µM arsenite treatment, H2O2 production was detected by PF1 (Figure 3.5 

C).  The arsenite stimulated PF1 fluorescence at 75 µM was decreased by pre-incubation 

with catalase, a known antioxidant that depletes the levels of hydrogen peroxide via its 

conversion to H2O (Figure 3.5 D).  Intracellular catalase is predominantly located in 

peroxisomes and the inner mitochondrial membrane.  On the other hand, exogenous 

catalase has been utilized to reduce H2O2 levels produced by arsenite [134].  This 
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experiment suggests that low amounts of H2O2 are produced at low concentrations of 

arsenite.  Since catalase decreased significantly the levels of hydrogen peroxide, we 

examined if this reagent could affect the response O-GlcNAc response observed during 

arsenite stimulation. 

 In HeLa cells pre-treated with catalase, the OS2 reporter responded to 5 µM 

stimulation by increases in FRET emission at the cytoplasm and nucleus (Figure 3.6).  

These results are similar to the changes previously observed with arsenite (Figure 3.4 A).  

These experiments imply that even though some hydrogen peroxide is produced by 

arsenite, it does not induce the O-GlcNAc response. 

 

 
Figure 3.6: Catalase did not inhibit the O-GlcNAc response to arsenite stimulation.  The 

OS2 sensor monitored the dynamics of O-GlcNAc in HeLa cells treated with catalase (10 KU) for 

30 min followed by 5 µM arsenite.  Catalase did not inhibit the nuclear and cytoplasmic O-

GlcNAc response as observed by the increase in FRET. 
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Other antioxidants are known to deplete the levels of ROS produced by arsenite [134].  

N-acetylcysteine (NAC) is a well known antioxidant for superoxide and hydroxyl free 

radicals [137].  To investigate the effect of NAC on the ROS generation by arsenite and 

the O-GlcNAc response, HeLa cells were incubated with NAC (500 µM) prior to arsenite 

stimulation and the changes in O-GlcNAc dynamics were assessed by the OS2 sensor.  

The FRET response correlating to increases in O-GlcNAcylation was inhibited by NAC.  

Not net change in FRET emissions at the nucleus and cytoplasm were observed during 

arsenite stimulation (Figure 3.7).   

 
Figure 3.7: N-acetylcysteine (NAC) inhibited the O-GlcNAc response to arsenite 

stimulation.  The OS2 sensor monitored the dynamics of O-GlcNAc in HeLa cells treated with 

NAC (500 µM) for 30 min followed by arsenite (5 µM).  NAC inhibited the O-GlcNAc response 

observed upon treatment with arsenite.  It appears that the antioxidant NAC reduced the ROS 

produced by arsenite. 

Although, the inhibition of the dynamics of O-GlcNAc was observed by NAC, the exact 

ROS species formed by the low levels of arsenite were not determined.  Our findings 
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suggest that the ROS species that could be formed are superoxide or hydroxyl free 

radicals or a combination of both.  Limited chemical probes are available to detect the 

different ROS species.  Future experiments to examine if superoxide is produced by 5 

µM arsenite could be determined with a superoxide Detection Kit (Enzo Life Sciences).   

 
3.2.5 Preliminary work on the activation of kinase pathways by low levels of arsenite and 

their regulation of the O-GlcNAc response 

 Our previous data suggests that ROS may be involved in the O-GlcNAc response 

to arsenite stimulation. Since ROS are known to activate a series of kinase pathways, we 

explored which signaling pathways are activated at low concentrations of arsenite and if 

O-GlcNAc is regulated by any of them.  ERK, JNK/SAPK, and p38 are mitogen-

activated pathway kinases (MAPK) families that have been shown to respond to arsenite 

[104, 138].  The JNK/SAPK and p38 pathway are known to be activated by a diverse 

number of stimuli including oxidative stress.  In contrast, activation of the ERK pathway 

is associated with cell proliferation [139].  To investigate the phosphorylation of these 

enzymes, HeLa cells were treated with 5 μM arsenite at various time periods ranging 

from 0 to 60 min and the levels of phosphorylation of JNK/SAPK, ERK and p38 were 

analyzed by immunoblotting.  ERK and p38, but not JNK/SAPK pathways were activated 

by 5 µM arsenite treatment (Figure 3.8). 
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Figure 3.8:  Arsenite induced the phosphorylation of ERK and p38, but not JNK/SAPK. 
Serum starved HeLa cells were treated with arsenite (5µM), and cells were lysed at various time 

points.  Protein extract were subjected to SDS-PAGE and Western blot analysis for 

phosphorylation of ERK, 38 and JNK/SAPK with anti-phospho-ERK, p38 and JNK/SAPK 

respectively.  Exposure of cells to UV for 90 sec was used as a positive control. 

The phosphorylation of ERK occurred after 5 min of stimulation, while p38 

phosphorylation occurred after 10 min.  After 30 min of exposure to 5 µM arsenite the 

phosphorylation of the stress activated pathways JNK/SAPK was not observed.  Similar 

results have been observed in rat lung epithelial cells [132].  In this study, Lau and co-

workers demonstrated that activation of ERK occurred at low levels of arsenite, whereas 

JNK/SAPK pathway occurred only at high concentrations.  Phosphorylation of p38 

during exposure to low levels of arsenite is a novel find.  Previous reports have 

demonstrated p38 phosphorylation at high concentrations of arsenite to date [104, 140, 

141].  Additionally, as previously stated activated p38 interacts with the C-termini of 

OGT during serum deprivation thus influencing OGT activity on specific proteins [58].  

It will be interesting to observe if this regulation expand onto a different biological 

system.  In addition to the MAPK pathways, the phosphorylation of enzymes regulated 

by the PI3K pathways has been showed in response to arsenite levels. 
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 PI3K/Akt has been demonstrated to be an important signaling pathway involved 

in a broad range of cellular functions including cell survival and cell growth.  Activation 

of this pathway by arsenite at different concentrations has also been observed [104, 142].  

The activation of Akt by phosphorylation at threonine 308 and serine 473 is mediated by 

PDK1 and PDK2 respectively.  We examined the phosphorylation of both sites on Akt in 

HeLa cells treated with 5µM arsenite in a time course from 0 to 60 min.  Phosphorylation 

of Akt was analyzed by western blot.  Our result showed that only phosphorylation at 

serine 473 was observed during arsenite stimulation.  The phosphorylation of threonine 

308 was not observed (Figure 3.9 A and B)  

 
Figure 3.9:  Arsenite induced phosphorylation of Akt at ser 473, but not at thr 308.  Serum 

starved HeLa cells were treated with arsenite (5µM), and cells were lysed at various time points.  

(A) Protein extracts were subjected to SDS-PAGE and Western blot analysis for phosphorylation 

of serine 473 and threonine 308 of AKT with anti-phospho Akt ser 473 and with anti-phospho 

Akt thr 308. (B) The densitometric data for the phosphorylation of Akt at ser 473 normalized to 

Akt levels over time are also presented (bottom graph). 
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The phosphorylation of serine 473 and not threonine 308 on Akt suggests that the 

activation of the enzymes may be specific during arsenite signal transduction.  

Phosphorylation at ser 473 on Akt is mediated by the putative PDK2.  This enzyme has 

been recently identified as the mammalian target of rapamycin (mTor) [143].   

 In summary, low levels of arsenite activate a variety of pathways in HeLa cells.  

The ERK and p38 pathways from the MAPK families and the PI3K pathway are 

activated in a time-dependent manner.  Phosphorylation of ERK and p38 are observed in 

10 min while the phosphorylation of Akt is observed in 5 min.  The activation of these 

pathways and the lack of an effect of 5 µM arsenite on cell viability suggest that the 

activation of these pathways results in cell proliferation.  Inhibition of these pathways 

will help us understand if the O-GlcNAc modification is regulated by any of them. 

 To investigate the relationship between the kinase pathways activated by low 

levels of arsenite and the dynamics observed by O-GlcNAc, HeLa cells were pre-

incubated with well-characterized inhibitors for the ERK, PI3K and p38 pathways 

respectively.  PD 98059 was utilized to inhibit ERK.  This compound is an inhibitor of 

MEK1 which is the enzyme that phosphorylates and activates ERK.  To modulate the 

PI3K/Akt pathway, wortmannin was utilized.  SB 203580 was utilized to inhibit the 

activity of p38.  The changes on the dynamics of the O-GlcNAc modification after 

arsenite treatment were examined with the OS2 sensor. Our preliminary results 

demonstrate that pre-treatment with PD 98059, does not affect the O-GlcNAc response 

observed during arsenite signaling (Figure 3.10). 
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Figure 3.10: The Mek inhibitor, PD 98059, did not inhibit the O-GlcNAc response to 

arsenite stimulation.  The OS2 sensor monitored the dynamics of O-GlcNAc in HeLa cells 

treated with PD 98059 (50 µM) for 30 min followed by arsenite (5 µM).  These findings suggest 

that ERK does not modulate the O-GlcNAc response observed.   

 

The dynamics of the O-GlcNAc modification were not affected by inhibition of the ERK 

pathway.  Increases in the FRET emissions at the nucleus and cytoplasm were observed 

after arsenite stimulation.  On the hand, inhibition of the PI3K and p38 pathways 

inhibited the O-GlcNAc dynamics during arsenite stimulation (Figure 3.11). 
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Figure 3.11: The PI3K inhibitor, wortmannin, and the p38 inhibitor SB203580 inhibited the 

O-GlcNAc response to arsenite stimulation.   The OS2 sensor monitored the dynamics of O-

GlcNAc in HeLa cells treated with wortmannin (100 nM) (A) or SB203580 (30µM)(B) for 

followed by arsenite (5 µM).  After the inhibition period stimulation of the O-GlcNAc response 

by arsenite was not observed.  

 

Increases in the FRET emissions were not observed at the cytoplasm or the nucleus after 

arsenite treatment.  These preliminary results suggest that the dynamics of O-GlcNAc are 

regulated by both PI3K and p38 pathways.  We previously demonstrated that pre-

incubation with wortmannin inhibited the O-GlcNAc response to serum.  Interestingly, 

this effect is also observed during stimulation with low levels of arsenite.  These finding 

imply that PI3K mediates the regulation of OGT and O-GlcNAcase in multiple pathways.  

Moreover, it was recently reported that p38 interacts with the C-terminus of OGT and 

modulated its recruitment to specific targets, including neurofilament-H (NF-H).  In 

addition, inhibition of p38 reduced O-GlcNAc levels on NF-H, but not the interaction 
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between OGT and NF-H.  Their results suggested that interaction with p38 influences 

OGT activity on specific proteins, even though phosphorylation of OGT by p38 was not 

observed in vitro [58]. 

 The regulation of p38 and PI3K pathways in relation to the O-GlcNAc response 

during arsenite signaling should be examined further.  As previously stated, at high 

concentrations of arsenite, p38 modulates the activity of the PI3K/Akt pathway, but 

similar observations have not been reported for low levels of arsenite.  A cross-test of 

whether the p38 and PI3K pathways and the phosphorylation of p38 and Akt are inhibited 

is currently being pursued in our laboratory. 

 

3.3 Conclusion 

 Increasing evidence demonstrate the essential roles of the O-GlcNAc 

modification in regulating the diverse functions of nuclear and cytoplasmic proteins.  Our 

studies provide the first evidence that this modification is regulated by environmentally 

relevant concentrations of arsenite which have been shown to induce insulin resistance.  

Also, our results suggest that the response observed in O-GlcNAc dynamics originates 

from the production of ROS by low levels of arsenite.  These ROS activate the ERK, p38 

and PI3K/Akt pathways.  However, the dynamics of OGT and O-GlcNAcase appeared to 

be modulated by p38 and PI3K pathways alone.  Several experiments are underway in 

our laboratory to determine the cascade of events that lead to increases in O-GlcNAc.  

First, we are going to explore if pathways upstream of O-GlcNAc, p38 and PI3K regulate 

each other.  Consequently, we will examine the effects of the antioxidant NAC on these 

pathways to observe if depletion of ROS affects the phosphorylation profiles of p38 and 

Akt.  Considering that low levels of arsenite results in overall increases of O-GlcNAc at 

the nucleus and the cytoplasm, it will be insightful to explore how the O-GlcNAc 
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modification regulates the insulin pathway.  In addition, the O-GlcNAcylation state of the 

proteins in this pathway should be determined. 
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3.4 Material and Methods 

 All reagents purchased were the highest commercial grade available.  The PF1 

sensor was a kind gift of Dr. Chris Chang at UC-Berkeley.  Sodium arsenite was 

purchased from Sigma (St Louis, MO).  Wortmannin, PD98059 and SB 203580 were 

from Calbiochem (San Diego, CA).  Cell Titer Glo Luminescent Cell Viability assay was 

purchased from Promega (Madison, WI).  Kinase Antibodies were purchased from Cell 

Signaling Technology (Danvers, MA). CTD 110.6 was from Covance (Eneryville, CA). 

 

Cell culture conditions 

 HeLa cells were from the ATCC and were maintained in Eagle's Minimum 

Essential Medium supplemented with non-essential amino acids and sodium pyruvate 

(HyClone) containing 10 % fetal bovine serum (FBS) at 37 °C in a humidified incubator 

at 5% CO2. Cells were seeded at approximately 450,000 cells in 60 mm cell culture 

plates 48 h prior to the arsenite treatments. 

 

Cell viability Assay 

An aqueous sterile stock solution of sodium arsenite (50 mM) was prepared and 

appropriate volumes were diluted to obtain the desired final concentrations.  In a 96-well 

plate, 3000 HeLa cells were seeded in media containing 10% FBS prior the experiment. 

After growth, the cells were incubated with various concentrations of arsenic (1, 5, 10, 25 

50 and 75 μM) for an additional 24 h and viability of cells was determined by Cell Titer 

Glo Luminescent assay (Promega).   

 

 

 



 74 

Arsenite treatment and Protein Analysis 

Cells were serum starved for 16-18 h prior arsenite treatments using cell culture 

Eagle's Minimum Essential Medium supplemented with non-essential amino acids and 

sodium pyruvate (HyClone) containing 0.1 % fetal bovine serum.  One hour prior to 

stimulation the cells were washed and maintained in Hank’s balanced salt solution 

(HBSS).  Then, they were treated with sodium arsenite (5µM) for the indicated times.  

For protein analysis, the cells were washed with HBSS, harvested, and extracted with 50 

mM Tris-HCl, pH 7.4, 150 mM NaCl, 10µl Triton TX-100, 1 M PUGNAc, 50 mM NaF, 

1.0 mM orthovanadate, 40 mM β-glycerophosphate, and 2 mM EDTA.   Extracts were 

separated by SDS-PAGE on 12% Tris-glycine gels.  Proteins transferred to nitrocellulose 

and blocked with 3% (w/v) bovine serum albumin were detected with anti-Akt, p38, 

JNK/SAPK, ERK, anti- phospho-Akt ser 473, anti- phospho-Akt thr 308, anti- phosphor 

p38, anti- phosphor JNK/SAPK, anti- phospho ERK, anti-O-GlcNAc antibody (CTD 

110.6; Covance, PA) (67), or anti-actin (Sigma).  The peroxidase signal was detected by 

chemiluminescence using Super Signal West Pico Substrate (Pierce).  

 

Cell Transfection 

HeLa cells were maintained in Eagle's Minimum Essential Medium supplemented 

with non-essential amino acids and sodium pyruvate (HyClone) containing 10% fetal 

bovine serum at 37
 o

C in 5% CO2.  Cells were plated onto sterile 35 X 10 mm glass 

bottom plates (InVitro Scientific) prior to transfection.  Transient transfection with the O-

GlcNAcylation sensors was carried out using FuGENE 6 reagent according to protocol 

(Roche Diagnostics). 
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Cell Imaging 

The cells were imaged 30- 36 hours after transfection.  The cells were starved 

using 0.1% FBS in their corresponding media. During imaging, cells were washed and 

maintained in Hank’s balanced salt solution (HBSS) at 37
 o
C.  HeLa cells were stimulated 

with 5 µM sodium arsenite.   

Images were acquired on a TE2000-U inverted microscope (Nikon Instruments 

Inc.) using a Sony Cool Snap ES 1300X1030 camera controlled by  MetaMorph 

software.  All optical filters were obtained from Chroma Technologies.  CFP and FRET 

images were obtained every two minutes through a S430/25x filter, a 86022v2bs dichroic 

mirror, and two emission filters (S470/30m and S535/30m) respectively.  A YFP image 

was obtained as a control through S500/20x excitation filter, a 86022v2bs dichroic 

mirror, and a S535/30m emission filter.  Excitation and emission filters were switched via 

filter wheels (Lambda 10-3, Sutter).  Exposure times for CFP and FRET were 100-200 

ms and 50 ms for YFP.  Fluorescence images were background corrected and the 

thresholed.  The emission ratio image was calculated by dividing the background 

subtracted and thresholded FRET image by the background subtracted CFP image.  The 

resulting FRET ratio values were normalized to 1 by dividing the all the time point values 

by the value of the starting point. 
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