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Abstract 
Protein modification by O-linked β-N-acetylglucosamine (O-GlcNAc) is an 

essential signaling mechanism that affects diverse processes such as cell cycle, 

metabolism, and death. Aberrant signaling has been implicated in numerous human 

diseases including cancer and neurodegeneration. However, major aspects of O-GlcNAc 

signaling are poorly understood, including how substrates are recognized, and the 

functional consequences of these modifications on proteins. Based on recent literature 

and our preliminary results, we propose one important function of O-GlcNAc is 

mediating protein-protein interactions. In previous work with the Kohler group, we 

developed a method of covalently capturing proteins that interact through O-GlcNAc 

using a GlcNAc analog containing a diazirine photocrosslinking moiety (GlcNDAz). We 

used this approach to identify proteins engaging in O-GlcNAc-mediated protein-protein 

interactions, including vimentin, an O-GlcNAcylated intermediate filament (IF) protein. 

Vimentin is important for the integrity of mesenchymal cells and has been implicated in 

cell movement and various metastatic cancers. The purpose of vimentin glycosylation 

remains unknown. However, we hypothesize that O-GlcNAc is important in regulating 

vimentin’s participation in cell motility and stiffness. We set up systems to characterize 

glycosylation site mutants of vimentin in an array of phenotypic assays, including cell 

migration, and IF dynamics. Here, we show that site-specific modification of the 
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prototypical IF protein vimentin with O-GlcNAc mediates its homotypic protein-protein 

interactions and is required in human cells for IF morphology and cell migration. In 

addition, we show that the intracellular pathogen Chlamydia trachomatis, which remodels 

the host IF cytoskeleton during infection, requires specific vimentin glycosylation sites 

and O-GlcNAc transferase activity to maintain its replicative niche. Our results provide 

new insight into the biochemical and cell biological functions of vimentin O-

GlcNAcylation and may have broad implications for our understanding of the 

regulation of IF proteins in general.  

Despite the extensive number of O-GlcNAc transferase (OGT) and O-GlcNAcase 

(OGA) substrates identified, including IFs, the substrate specificity of both of these 

enzymes remains an open question due to the lack of consensus sequence among O-

GlcNAc modified proteins. A prevailing general model is that OGT binds to cofactor 

proteins, which confer specificity by recruiting it to particular substrates or subcellular 

sites. While there are some examples of cofactor proteins, new approaches are needed to 

understand the molecular mechanism of OGT regulation especially in response to 

pathophysiologically important signals. To identify new cofactor proteins, we developed 

a method to tag, purify, and identify endogenous OGT cofactor proteins from live cells 

in a stimulus-dependent manner. We fused OGT to the peroxidase APEX2 and 

expressed it in cultured human cells. When cells are treated with cell-permeable biotin-

phenol and H2O2, APEX2 generates biotin-phenoxyl radicals in situ, which react rapidly 
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with proteins or other biomolecules, covalently attaching biotin to them. Therefore, 

fusion of APEX2 to a protein of interest permits the “proximity ligation” of biotin to 

other proteins within a short radius, with negligible background from distant proteins. 

In a pilot experiment, we showed that OGT-APEX2-expressing cells exhibit specific 

biotin labeling, and that the pattern of biotinylated proteins changes in response to 

glucose deprivation. Moreover, we found that the endogenous transcriptional 

coactivator HCF1 was biotinylated specifically in glucose-replete cells, consistent with 

the prior demonstration of a glucose-dependent HCF1/OGT association in another 

system. We concluded that our proximity ligation assay can identify glucose-dependent 

OGT binding partners in living cells. Additionally, this system can be used to identify 

new cofactor proteins in a stimulus dependent manner which will help elucidate their 

role in regulating OGT’s localization and substrate specificity.  
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1. Introduction  

1.1 Intracellular O-Linked β-N-acetylglucosamine  

O-linked β-N-acetylglucosamine (O-GlcNAc) is an abundant intracellular post-

translational modification (PTM), reversibly decorating serine and threonine side chains of 

thousands of nuclear, cytoplasmic, and mitochondrial proteins in animals, plants, and 

perhaps some groups of fungi (Figure 1)1-5. In many ways, O-GlcNAcylation is analogous 

to phosphorylation. In both cases, dedicated enzymes respond to physiological cues by 

adding or removing a small covalent moiety to control target proteins’ functions. O-

GlcNAc is added by O-GlcNAc transferase (OGT) using UDP-GlcNAc and removed by O-

GlcNAcase (OGA)1-3 (Figure 1).

 

Figure 1: O-Linked β-N-acetylglucosamine cycling 

O-Linked β-N-acetylglucosamine (O-GlcNAc) is added to serine and threonine side chains 
of intracellular proteins by the O-GlcNAc transferase (OGT) using the nucleotide-sugar 
donor UDP-GlcNAc and is removed by O-GlcNAcase (OGA). 
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proteins are important nutrient sensors and many studies 1, 6 implicate increased levels of 

O-GlcNAcylation with insulin resistance, though the exact mechanisms remain unknown7. 

High levels of O-GlcNAcylated proteins are also found in the brain and recent studies have 

implicated a direct role for O-GlcNAcylation in neurodegenerative disorders, particularly 

Alzheimer’s disease (AD), where lack of O-GlcNAcylation of tau leads to its hyper-

phosphorylation, which is a hallmark of AD8-9. Additionally, O-GlcNAcylation has 

important roles in cardiovascular health, where increased O-GlcNAcylation prevents 

damage in infarcted heart tissue10-14. Calmodulin-dependent protein kinase II (CaMKII), an 

enzyme that is important in regulatory functions for both the heart and brain, is also 

regulated by O-GlcNAcylation15. In hyperglycemic conditions, CaMKII is excessively O-

GlcNAcylated, causing continuous activation of CaMKII even in the absence of calcium. 

This improper activation leads to release of calcium spikes and arrhythmia15. Finally, 

oncoproteins such as Myc and Akt as well as tumor suppressor proteins such as p53 and 

AMPK have been shown to be O-GlcNAcylated, though the role of these modifications in 

tumorigenesis has yet to be determined16-17. O-GlcNAc also plays regulatory roles in the 

reprogramming of cancer cell metabolism18-22. Nearly all of the enzymes in glycolysis are 

glycosylated 22. Although the effects of O-GlcNAc on all of these proteins are not known 

yet, phosphofructokinase (PFK), which is the rate-limiting enzyme for the glycolytic 

pathway, is inhibited by O-GlcNAcylation. Cancer cells hyper-glycosylate PFK, which 
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redirects resources through essential metabolic pathways such as the pentose phosphate 

pathway, which promotes tumor growth in vivo 22. 

1.2 O-GlcNAc transferase and O-GlcNAcase  

O-GlcNAc cycling is also critical for mammalian development, and a knockout 

(KO) of OGT in mice is embryonic lethal at the single cell stage23-24. The mouse KO of O-

GlcNAcase (OGA), the enzyme that removes O-GlcNAc, is perinatal lethal25. O-

GlcNAcylation is often compared to phosphorylation cycling. However, unlike 

phosphorylation, where there are multiple kinases and phosphatases that can be regulated 

individually, OGT and OGA are encoded by one gene each. There are, however, three 

splice variants of OGT: the nuclear- cytoplasmic OGT (ncOGT), mitochondrial OGT 

(mOGT), and short OGT (sOGT). ncOGT is composed of 13 N-terminal tetratricopeptide 

repeats (TPR) followed by a three-domain catalytic region26-27. OGT functions as either a 

heterotrimer composed of two 110 kDa (ncOGT) subunits as well as a 78 kDa subunit, or as 

homo-oligomers28-29. The regulation of differential oligomerization is not well understood. 

However, the TPR repeats have been shown to be important for dimer formation30. Crystal 

structures have been reported for the TPRs on their own as well as a recent paper 31 that 

combines overlapping TPR structure with the catalytic region. This combined structure 

identified residues essential for catalysis as well as some conformational changes involving 

part of the TPR region forming a latch over the catalytic region31. The catalytic region of 
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OGT is highly conserved both in evolution and among the splice variants. In fact, the major 

difference between the splice variants is the number of TPR repeats26-27. 

The substrate specificity and regulation of OGT are not well understood. However, 

there are some indications that UDP-GlcNAc concentrations as well as protein interactions 

of the TPR repeats may play important roles in the regulation of OGT activity. OGT has 

been shown to have differential substrate affinity based on UDP-GlcNAc concentrations32. 

In addition, there are specific examples of substrates being dependent on cofactor proteins 

that bind OGT. For example, OGT can be recruited to RNA polymerase II for 

transcriptional repression in concert with histone deacetylation through its interaction with 

mSin3A33. TET proteins also recruit OGT to chromatin for transcriptional regulation 

purposes34. These proteins all interact with OGT through its TPR repeats. In fact, deletion of 

TPR domains 1-6 abolishes the ability of OGT to modify RNA pol II, nucleoporin 62, and 

TRAK135-37. The TPR domain is also necessary for the binding of mSin3A38. 

The substrate specificity of OGA is similarly mysterious. OGA consists of an N-

terminal catalytic domain with sequence homology to glycoside hydrolase family 84, a 

stalk domain, and a C-terminal pseudo-histone acetyltransferase domain (HAT). OGA 

exists as two major splice variants: the long and short isoforms (OGA-L and OGA-S). OGA-

L is localized to the cytosol and nucleus while OGA-S is primarily found in lipid droplets. 

Additionally, OGA-S lacks the C-terminal pseudo-HAT domain and instead has a unique 

15 amino acid C-terminal extension. Recently, the crystal structure of OGA has been solved 
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and revealed that OGA forms an arm-in-arm homodimer in which the catalytic domain of 

one monomer is covered by the stalk domain of a sister monomer39-42. This creates a cleft 

that has been suggested as a potential substrate-binding site43.  

UDP-GlcNAc, the nucleotide-sugar cofactor used by OGT (Figure 1), is created 

through the hexosamine biosynthetic pathway (HBP) from other essential metabolites, 

including glucose, glutamine, acetyl-coenzyme A, uridine, and ATP3, 44-45. Because of this, 

O-GlcNAc serves in part as a sentinel for cell metabolism, linking nutrient status to 

signaling 1-3, 44, 46-47.  

1.3 Protein-protein interactions disrupted by O-GlcNAc  

Despite its importance, key aspects of O-GlcNAc signaling remain poorly 

understood, such as the functional effects it exerts on most substrates1-2, 44. Like 

phosphorylation and other intracellular PTMs, O-GlcNAc can cause a wide range of 

biochemical changes to its targets, including activation, inhibition, conformational changes, 

relocalization, or destruction1-2, 24, 44, 48. However, the biochemical consequences of the vast 

majority of O-GlcNAcylation events remain unknown. More work is needed to understand 

the complex mechanistic impacts that O-GlcNAcylation has on its thousands of substrates. 

Recently, we and others have approached this larger problem by studying the specific 

question of how O-GlcNAc governs protein−protein interactions. As described below, O- 

GlcNAc can inhibit or induce functionally important protein−protein interactions on a 
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range of substrates, and it is likely that many more instances of this mode of regulation 

remain to be discovered. 

The changes induced by O-GlcNAc serve in a wide variety of cellular process that 

are essential to the cell. For example, gene expression is controlled in part by the regulated 

assembly of multi-protein complexes on DNA to modulate its epigenetic state and to 

control transcription initiation. Because many chromatin and transcriptional regulatory 

proteins are reversibly O-GlcNAcylated1-3, it is perhaps not surprising that the disruption 

of protein−protein interactions by glycosylation can influence gene expression. An early 

example of this mode of regulation was reported by the Kudlow lab, who demonstrated 

that glycosylation of transcription factor Sp1 blocks its interaction with the TATA-binding 

protein-associated factor TAF110 in both Drosophila and human cell systems, thereby 

inhibiting Sp1-mediated transcription49-50. Extending this observation, Lim and Chang51 

subsequently showed that Sp1 O-GlcNAcylation also prevents its interaction with the 

transcription factor NF-Y, inhibiting the expression of their cooperatively regulated target 

genes, including cytochrome P450 family members. 

Remarkably, dysregulated glycosylation can also disrupt normal protein−protein 

interactions in transcriptional signaling. For example, Latorre et al. recently showed that 

aberrant O-GlcNAcylation abrogates the interactions of transcription factor PGC1α, a key 

regulator of metabolic function and mitochondrial biogenesis52. A common polymorphism 

in pigs results in a Cys to Ser mutation in PGC1α, creating a new glycosylation site at 
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residue. S430-O-GlcNAc stabilizes PGC1α but prevents its interaction with its binding 

partner, PPARγ52.52. This disruption hampers the expression of gluconeogenic genes that 

are normally upregulated by the PGC1α− PPARγ complex, potentially having an impact on 

downstream intramuscular fat content and muscle pH52. Whether analogous 

polymorphisms or mutations cause harmful de novo glycolsylation of human PGC1α or 

other OGT substrates is not yet known. 

O-GlcNAc also governs important protein−protein interactions among transcription 

factors in embryonic stem cell (ESC) differentiation. Myers et al.53 recently reported that 

SOX2, a transcription factor known to regulate pluripotency in ESCs, is O-GlcNAcylated on 

S248 in its transactivation domain and is deglycosylated in response to differentiation 

stimuli. The authors showed that an unglycosylatable S248A SOX2 mutant can replace wild 

type SOX2 in mouse ESCs but reduces their reprogramming efficiency in response to 

differentiation signals, indicating that SOX2 O-GlcNAcylation promotes pluripotency53. 

S248 O-GlcNAcylation influences the genome occupancy and gene expression signatures of 

SOX2, an effect that may be due in part to disrupted protein− protein interactions53. In 

particular, the authors show the SOX2 glycosylation reduces its interaction with poly-ADP 

ribose polymerase 1 (PARP1) both in vitro and in vivo, providing a possible mechanistic 

explanation for at least some of these transcriptional effects53. However, proteomics 

experiments demonstrated that numerous proteins co-purified differently with wild type 

versus S248A SOX2, with the mutation reducing some associations and strengthening 
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others, beyond PARP153. More work will be required to fully dissect the functional 

implications of O-GlcNAcylation on SOX2 and other pluripotency factors in ESCs. 

O-GlcNAcylation can also inhibit interactions among transcription factors and their 

upstream regulators. The Montminy lab discovered one such example during their 

investigation of hyperglycemia-induced hepatic gluconeogenesis, a hallmark of 

uncontrolled diabetes54. They showed that hyperglycemic conditions cause the 

accumulation and nuclear localization of CREB-regulated transcription coactivator 2 

(CRTC2, also called TORC2), leading to the induction of gluconeogenic genes54. In its 

inactive state, CRTC2 is phosphorylated by AMP-activated protein kinases (AMPK) and is 

sequestered in the cytoplasm by subsequent binding to 14-3-3 proteins54. The authors found 

that hyperglycemia triggered the O-GlcNAcylation of two key AMPK sites, S70 and S17154. 

Because glycosylation and phosphorylation are mutually exclusive on the same residue, 

increasing the level of O-GlcNAcylation at S70 and S171 prevents their phosphorylation, 

breaking the interaction with 14-3-3 and allowing CRTC2 to translocate to the nucleus and 

activate transcription54. Importantly, the level of CRTC2 O-GlcNAcylation was increased in 

two different mouse models of diabetes, as compared to control animals, suggesting that 

hyperglycemia- induced glycosylation might be a pathological feature of human diabetes, 

as well54. 

Taken together, the examples mentioned above illustrate how dynamic O-

GlcNAcylation can disrupt functionally important interactions among chromatin proteins, 
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transcription factors, and their upstream regulators in a wide variety of organisms. Often, 

this mode of regulation serves in part as a nutrient-sensitive form of cell signaling, 

connecting metabolic and gene expression pathways. In mammalian cells, O-GlcNAc is 

most abundant in the nucleus, perhaps accounting for the large proportion of 

glycosylation-inhibited interactions described among nuclear proteins. In future studies, it 

will be interesting to determine whether similar modes of regulation are as widespread 

among OGT substrates in the cytoplasm, mitochondria, and other organelles. 

1.4 Protein-protein interactions induced by O-GlcNAc  

Like other intracellular PTMs, O-GlcNAc glycosylation can induce, as well as 

inhibit, protein−protein interactions. Again, this form of regulation has been best described 

in the context of transcriptional signaling. One early example focused on STAT5, a 

transcription factor and OGT substrate that responds to receptor tyrosine kinase signaling 

to influence gene expression programs regulating cell proliferation, apoptosis, and 

inflammation. Gewinner et al.55 demonstrated that the transcriptional coactivator cyclic 

AMP response element- binding protein (CREB)-binding protein (CBP) binds to O- 

GlcNAcylated, but not unmodified, STAT5 after cytokine stimulation of epithelial cells. 

STAT5 glycosylation does not alter its signal-induced nuclear import but instead 

potentiates the transactivation of some (but not all) STAT5 target genes, because of O-

GlcNAc-induced CBP binding55. Importantly, the authors also showed that the STAT5 

homologues STAT1, STAT3, and STAT6 are similarly glycosylated55. Because more than 40 
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mitogens and cytokines signal through the STAT family56, O-GlcNAcylation, like 

phosphorylation, may be a broad and conserved mode of regulating STAT-driven gene 

expression in a wide variety of biological contexts. 

Several other groups have characterized additional functionally important O-

GlcNAc-induced protein−protein interactions during transcriptional control. For example, 

the Yang lab reported that OGT is recruited to and glycosylates wild type PGC1α, a 

transcription factor described above57. O-GlcNAcylation of PGC1α induces the binding of 

the deubiquitinating enzyme BRCA1-associated protein 1 (BAP1), which removes ubiquitin 

marks from PGC1α, stabilizing it and promoting downstream transcriptional activation of 

gluconeogenic genes57. Furthermore, the authors found that high-glucose conditions 

potentiated PGC1α glycosylation, suggesting that this O-GlcNAc-induced PGC1α−BAP1 

complex may provide a functional explanation for the aberrant induction of hepatic 

gluconeogenesis in hyperglycemic patients. Indeed, the authors showed that knockdown of 

either OGT or host cell factor 1 (HCF1, which promotes recruitment of OGT to PGC1α) in 

the liver ameliorated glucose homeostasis in a diabetic mouse model, suggesting that the 

HCF1/OGT/ PGC1α/BAP1 axis could be a target for therapeutic intervention in diabetes57. 

In another example of transcriptional control through O- GlcNAc-mediated 

protein−protein interactions, the Hart lab discovered that the retinoblastoma proteins 

(pRB), a family of tumor suppressive transcription factors, are glycosylated in a cell cycle 

phase-dependent manner58. The authors showed that the level of pRB O-GlcNAcylation is 
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high in G1, coinciding with both its activation and its hypophosphorylation58. Moreover, 

glycosylation of pRB was correlated with its binding to and inhibition of E2F-1, a 

transcription factor that controls S phase entry58. While the inhibitory relationship between 

pRB and E2F-1 during G1 was already well-known, the authors’ work revealed a potential 

new layer to this regulation, as O-GlcNAcylation of pRB proteins themselves may directly 

promote E2F-1 binding and inhibition58.  

Transcriptional control through O-GlcNAc-induced protein−protein interactions is 

not limited to mammals, or even animals. For example, Xiao et al.59 discovered that such an 

interaction in wheat regulates transcription-dependent vernalization, the response to 

prolonged cold that occurs in many plants during winter months. It had been reported 

previously that vernalization induces transcriptional activator TaVRN1 in monocots, but 

the mechanistic explanation for this observation remains unclear60-62. Xiao et al. found that 

vernalization induces the O-GlcNAcylation of TaGRP2, an RNA-binding protein that 

associates directly with TaVRN1 pre-mRNA, thereby inhibiting TaVRN1 expression59. This 

glycosylation event recruits jacalin-like lectin VER2 to bind TaGRP2, reducing its levels in 

the nucleus and prompting its dissociation from the TaVRN1 pre-mRNA, promoting 

TaVRN1 translation59. Therefore, the O-GlcNAc-mediated VER2−TaGRP2 interaction de-

represses TaVRN1 expression, allowing it to accumulate and drive the vernalization 

response59, 63. It will be interesting to see whether future studies reveal the upstream 
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mechanism through which seasonal environmental and/or metabolic cues induce TaGRP2 

O-GlcNAcylation to initiate vernalization. 

O-GlcNAc-induced interactions have also emerged as an important mode of 

regulating chromatin. For example, Fujiki et al.63 reported that the O-GlcNAcylation of 

histone H2B at S112 recruits the ubiquitin ligase Bre1A, which in turn induces the 

monoubiquitination of H2B K120, an important gene-activating PTM. The authors used 

chromatin immunoprecipitation and genome-wide profiling approaches to show that H2B 

glycosylation peaks near the transcription start site of many genes, especially those 

encoding metabolic proteins63. Histone glycosylation fluctuates in response to extracellular 

glucose availability and HBP flux1-3. On this basis, the authors proposed that the O-

GlcNAc-dependent recruitment of Bre1A to histone H2B may be an important, nutrient-

sensitive chromatin modification for adjusting the global transcription of metabolic genes63. 

Though this hypothesis remains to be thoroughly tested, subsequent studies by the 

authors and other groups have further elucidated the mechanism and functional impact of 

histone H2B O-GlcNAcylation. For example, Chen et al.64 showed that the enzyme Tet 

methylcytosine dioxygenase 2 (TET2) binds to OGT and recruits it to specific chromatin 

sites, increasing the level of local histone H2B S112 glycosylation and triggering 

transcriptional changes. These results implicate the TET family of dioxygenases, which are 

well-known OGT interactors, as potentially important upstream regulators of O-GlcNAc-

mediated histone−protein interactions. In complementary work, Wang et al.65 recently 



 

 13 

discovered that histone H2B S112 glycosylation is triggered by double-strand DNA breaks 

and is required for homologous recombination and nonhomologous end joining, both 

major DNA repair pathways. Moreover, the authors showed that H2B S112-O-GlcNAc 

recruits the Nijmegen breakage syndrome 1 (NBS1) DNA repair protein, providing a 

potential mechanistic link between OGT signaling and the repair processes. Future work 

will likely determine exactly how Bre1A and NBS1 bind H2B S112-O-GlcNAc (directly vs 

indirectly, through similar vs distinct biophysical contacts, etc.) and characterize the 

relationship, if any, between glucose availability and OGT/ NBS1-dependent DNA repair 

processes. However, despite these results, it is important to note that the glycosylation of 

mammalian histones has been disputed66, perhaps because of subtle discrepancies across 

experimental systems or analytical techniques. Clearly, more work is needed to resolve the 

apparent contradictions among these studies. 

Because O-GlcNAc is most abundant in the nucleus, it likely governs many 

interactions among nuclear proteins beyond chromatin and transcription factors. For 

example, it has long been known that the nuclear pore complex is extensively decorated 

with O-GlcNAc moieties on multiple nucleoporins (Nups) and that glycosylation is 

required for the nuclear import and permeability barrier functions of the pore67-72. The 

mechanistic underpinnings of these observations are not completely understood, but O-

GlcNAc may contribute to both the bulk material properties of the pore and specific 

biochemical interactions among Nups. In support of the former, the Go ̈rlich group showed 
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that nuclear pore complexes reconstituted from Xenopus egg extracts, containing native O-

GlcNAcylation, recapitulate key permeability barrier features of the intact pore73. O-

GlcNAc is required for this property, because biochemical depletion of glycosylated Nups 

from the extracts compromised the active transport and passive barrier properties of the 

resulting pore complexes73. Interestingly, the authors found that the heavily glycosylated 

FG domain of Nup98 forms a hydrogel with nuclear pore-like permeability properties in 

vitro, suggesting that O-GlcNAc may contribute to these effects in part through its bulk 

biophysical properties73-74. 

Mizuguchi-Hata et al.75 subsequently provided evidence of a role for specific O-

GlcNAc-mediated interactions in pore architecture, reporting that the Nup62−Nup88 

subcomplex in particular is regulated by O-GlcNAcylation. The authors showed that, in 

mammalian cells, Nup88 preferentially binds to glycosylated (vs. unmodified) Nup62, and 

Nup88 protein levels are reduced by siRNAs directed against either Nup62 or OGT75. These 

results indicate that Nup62 glycosylation is required to bind and stabilize Nup88. Indeed, 

more recent work from the Vocadlo group suggests that O-GlcNAc- mediated interactions 

among Nups may indeed be required for overall nuclear pore architecture76. The authors 

showed that pharmacological inhibition or genetic deletion of OGT eliminated Nup 

glycosylation, enhanced Nup ubiquitination, and shortened Nup protein half-lives76. As a 

result, the nuclear pore selective permeability barrier, which gates nuclear−cytoplasmic 

trafficking, collapsed in both mitotic and non-dividing cells76. Taken together, these results 
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suggest that O-GlcNAc-mediated protein−protein interactions among Nups are required 

for their stability, and for pore structure and function, at least in vertebrate cells. 

O-GlcNAc-mediated protein−protein interactions also have signaling roles outside 

the nucleus. For example, Ha et al.77 demonstrated that glycosylation of S23 on β-catenin, a 

bi-functional cell adhesion and transcriptional regulatory protein, promotes its recruitment 

to the plasma membrane and its binding to E-cadherin. Membrane sequestration is a well-

known mechanism of inhibiting the transcriptional activity of β-catenin and activating its 

cell adhesion function, and the authors showed that pharmacological potentiation of O-

GlcNAc levels reduced the level of expression of a β-catenin reporter construct and 

inhibited the anchorage-independent growth of a human prostate cancer cell line77. 

Moreover, S23 glycosylation is likely required for the transcription and cell proliferation 

effects of increased global O-GlcNAc levels in this system, because a S23G β-catenin 

mutant was unable to affect these responses77. Interestingly, O-GlcNAcylation may be a 

more general mode of regulating β-catenin interactions, because the Lefebvre group 

demonstrated that glycosylation of β-catenin stabilizes it in human colon cell lines and 

promotes its interaction with α-catenin, forming an adherens junction subcomplex required 

for the integrity of mucosa78. Whether β-catenin glycosylation directly promotes E-cadherin 

and/or α- catenin binding and how this is accomplished remains to be determined77-78. 
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1.5 Unbiased O-GlcNAc-mediated protein-protein interaction 
discovery 

In each of the examples mentioned above, O-GlcNAc- induced protein−protein 

interactions were discovered through directed biochemical experiments on a known 

glycoprotein of interest. These studies illustrate the potentially broad physiological 

significance of O-GlcNAc-mediated protein−protein interactions but also suggest that 

unbiased methods of detecting and characterizing such interactions would be a powerful 

tool for discovering unanticipated interactions and new cell biology. However, 

physiological O-GlcNAc-mediated interactions are often low-affinity, sub-stoichiometric, 

and transient, presenting a technical barrier to their study1-2, 24, 44, 47-48. To overcome these 

difficulties, the Kohler lab recently described a chemical biology strategy for covalently 

capturing O-GlcNAc-mediated protein−protein interactions79. In this method, cells are 

metabolically labeled with a GlcNAc analogue bearing a diazirine photocrosslinking 

moiety, abbreviated “GlcNDAz”79. A protected, 1-phosphorylated precursor form of 

GlcNDAz is accepted by the cellular GlcNAc salvage pathway, converted to UDP-

GlcNDAz, and used by OGT to decorate its native substrates79. Briefly, ultraviolet (UV) 

treatment of GlcNDAz-labeled live cells triggers the elimination of molecular nitrogen from 

the diazirine moiety and the formation of a highly reactive carbene, resulting in the 

covalent cross-linking of O-GlcNDAz to any binding partner proteins within ∼2−4 Å of the 

sugar. Because of this short radius, GlcNDAz cross-linking occurs exclusively at sites 

where the glycan contributes to the interaction interface, without crosslinking to distant or 
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nonspecific proteins79. The authors’ work established GlcNDAz as a powerful tool for 

identifying direct, glycosylation-mediated interactions between endogenous proteins in 

live cells79. 

Our lab has adapted the GlcNDAz system to interrogate O-GlcNAc-mediated 

protein−protein interactions in combination with biophysical, biochemical, proteomic, and 

cellular approaches to characterize O-GlcNAc-mediated protein−protein interactions in 

new contexts. For instance, many of the more than 70 IF proteins in the human genome are 

known OGT substrates80-91 and we have shown several individual IF proteins crosslink in 

our GlcNDAz assay (Figure 3), suggesting that O-GlcNAc may be a common form of 

regulating protein-protein interactions on these proteins. Here, we have focused on 

vimentin as a model system for IFs as it has multiple mapped O-GlcNAc sites in its head 

domain89, but the functional consequences of this modification are poorly understood.  

1.6 Intermediate filaments and the cytoskeleton 

Intermediate filaments (IF) are a major component of the metazoan cytoskeleton, 

distinct from the actin and microtubule systems92-96. Humans express over 70 IF proteins, 

including both cytoplasmic (e.g., vimentin, keratins, neurofilaments) and nuclear (lamins) 

members, many with tissue-specific functions97. All IF proteins comprise a central, 

conserved α-helical rod domain, as well as amino-terminal head and carboxy-terminal tail 

domains of varying lengths92-96. IF proteins homo- or heterodimerize through the parallel 

association of their rod domains into coiled coils, forming an elongated dimer of ~45-48 nm 
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for cytoplasmic IFs and ~50-52 nm for nuclear lamins98-99. These dimers laterally associate in 

antiparallel fashion to form tetramers, which in turn assemble into ~65 nm unit-length 

filaments (ULFs) composed of eight tetramers92-93, 100. Finally, ULFs associate end-to-end to 

assemble mature IFs, measuring ~10 nm across92-93, 96.  

Unlike actin- or microtubule-based structures, IFs are nonpolar and do not serve as 

tracks for molecular motors. Instead, IFs contribute to the mechanical integrity of the cell 

through their unique viscoelastic properties92-96, thanks to their distinctive assembly 

method. Because IFs are formed from overlapping anti-parallel/staggered dimers within 

tetramers and octamers, they have a unique flexibility and durability that is not found in 

the other components of the cytoskeleton. Remarkably, individual IFs can be stretched up 

to 3.6-fold before rupture, demonstrating their elastic nature, as compared to actin cables or 

microtubules101. Due to their unique flexibility as well as strength, IFs provide additional 

mechanical stability to the cell102. IFs also exhibit a “strain stiffening” response and can 

withstand high levels of applied mechanical stress before collapsing. As intermediate 

filaments assemble into extensive networks that extend from the cell edge to the nucleus, 

they are uniquely situated to sense and transduce mechanical perturbations at the cell 

surface. In general, the IF network is flexible under low strain but stiffens and resists 

breakage under an applied force101, 103-105. 

 The IF network is also highly dynamic in vivo, with IF subunits (likely tetramers) 

exchanging rapidly at many points along mature filaments106-113. Similarly, the IF 
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cytoskeleton quickly reorganizes in response to numerous physiological cues, including 

cell cycle progression, migration, spreading, and growth factor stimulation92-96, 114-115. IFs 

participate in many cellular processes, including maintenance of cell shape, organelle 

anchoring, cell motility, and signal transduction116-117. For example, vimentin, among the 

most widely studied IF proteins, is required for mesenchymal cell adhesion, migration, 

chemotaxis, and wound healing in both cell culture and animal models118-122. Vimentin IFs 

also contribute to the mechanical properties of the cytoplasm as well as stabilize and 

localize mitochondria123-126.  

Importantly, genetic lesions that dysregulate the IF cytoskeleton cause a wide range 

of human diseases, including skin and nail disorders (keratins), cardiomyopathies 

(desmin), lipodystrophy, muscular dystrophy and progeria (lamins), giant axonal 

neuropathy and Charcot-Marie-Tooth disease (neurofilaments), and cataracts (vimentin)127-

128. In addition, the ectopic expression of wild type (WT) vimentin is a hallmark of the 

epithelial-to-mesenchymal transition and is widely observed in human metastatic 

cancers129-130. IFs are likely functionally important in this context, because vimentin 

expression levels correlate with the invasive phenotypes of breast, prostate, and other 

epithelial cancers129, 131-133. Finally, the IF cytoskeleton is also intimately involved in host-

microbe interactions134-135. For example, changes in vimentin IFs are implicated in the 

adhesion, invasion, and replication of a wide range of bacteria, including such important 
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pathogens as Chlamydia trachomatis136-139, Mycobacterium tuberculosis140-141, Streptococcus 

pyogenes142-144, and Salmonella enterica145-146. 

IFs in general, including vimentin, not only form homotypic associations, but also 

heterotypic interactions with a variety of other proteins. Vimentin has been shown to 

interact directly with actin-containing structures through its tail domain147 as well as with 

integrins148. The former is important for the structural integrity of the cell while the latter is 

involved in the formation of focal adhesions during cell migration149. The exact 

mechanisms for vimentin’s role in migration are not well understood. However, vimentin 

KO mouse models have a significant delay in wound healing in adult animals, and wound 

healing was almost completely blocked in embryos120. Cells cultured from these mice also 

show a decreased ability to migrate spontaneously, to migrate into an artificial wound, and 

to migrate towards different chemoattractants106, 126. These cells also showed a reduction in 

cell strength and stiffness126. Vimentin is expressed as the predominant IF protein in normal 

mesenchymal cells and has long been used as an EMT marker. There is growing evidence 

that EMT is important for cancer metastasis, and vimentin expression has become a 

pathophysiological marker of not only EMT, but also cancer metastasis and poor prognosis 

in humans150-151. Recent data indicate that genetic ablation of vimentin inhibits metastasis in 

mouse models in lung cancer152. Finally, point mutations in vimentin cause cataracts in 

both mice and humans122, 153. Cataracts can also be induced in a mouse model by expressing 



 

 21 

vimentin mutated at key phosphorylation/glycosylation sites, demonstrating toxic gain-of-

function phenotypes for vimentin mutants that are absent from the vimentin-null animal154. 

Despite this broad pathophysiological significance, the regulation of IF cytoskeleton 

morphology, dynamics, and signaling functions remains incompletely understood. Several 

recent lines of evidence indicate that PTMs are an important mode of IF regulation, and 

indeed all IFs are subject to extensive PTMs, including phosphorylation, ubiquitination, 

sumoylation, acetylation, farnesylation, and glycosylation155. However, in most cases, the 

functional impact of these PTMs on IF structure and function is poorly characterized. 

To better understand the dynamic regulation of the IF cytoskeleton, we focused on 

O-GlcNAc. Interestingly, numerous IF proteins are O-GlcNAcylated81, 86. For example, 

keratin-18 glycosylation is required for the recruitment and activation of the pro-survival 

kinase Akt, and mice expressing an unglycosylatable keratin-18 mutant are sensitized to 

chemical injury of the liver and pancreas81, 87. Several neurofilament proteins are also 

glycosylated, especially in axons, and neurofilament-M O-GlcNAcylation is reduced in 

both human Alzheimer’s disease patients and a rat model of amyotrophic lateral sclerosis, 

suggesting a potential role for dysregulated IF glycosylation in neurodegeneration80, 82-84, 88. 

Finally, vimentin is O-GlcNAcylated on several sites, primarily in its head domain89, 156. 

Changes in vimentin glycosylation have been observed in models of differentiating 

adipocytes157 and neurons158, and a recent study observed a correlation between vimentin 

O-GlcNAcylation and the invasive potential of cholangiocarcinoma159, implicating 
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glycosylation changes in both the physiological and pathological functions of vimentin. 

These studies suggest that O-GlcNAcylation is a prominent mode of IF regulation in 

homeostasis and disease alike. Nevertheless, the mechanistic and functional impacts of O-

GlcNAcylation on IF proteins remain largely unexplored. 
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2 Site-specific glycosylation regulates the form and 
function of the intermediate filament cytoskeleton 

2.1 Introduction 

Like other IF proteins, vimentin is O-GlcNAcylated at multiple sites, primarily in its 

head domain89, 156, but the functional consequences of this modification are poorly 

understood. Because IF proteins self-associate into homo-oligomeric complexes, we 

hypothesized that vimentin O-GlcNAcylation might influence its protein-protein 

interactions. Indeed, as reviewed previously, O-GlcNAc regulates protein-protein 

interactions in other contexts, including chromatin remodeling, nutrient sensing, and the 

interaction between keratins and Akt54, 63, 160-161. However, physiological O-GlcNAc-

mediated interactions are often low-affinity, sub-stoichiometric, and transient, presenting a 

technical barrier to studying them1-2, 24, 44, 47-48, 161. 

To address these challenges, we used the GlcNDAz chemical biology method 

described previously79 to capture and characterize O-GlcNAc-mediated protein-protein 

interactions in living cells. In this strategy, cells are metabolically labeled with GlcNDAz 

and used by OGT to decorate its native substrates. Brief treatment of GlcNDAz-labeled live 

cells with UV light triggers the covalent crosslinking of O-GlcNDAz moieties to any 

binding partner proteins within ~2-4 Å of the sugar. Therefore, GlcNDAz is a powerful tool 

for identifying direct, glycosylation-mediated interactions between endogenous proteins in 

live cells79. 
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2.2 Results  

2.2.1 Vimentin crosslinking 

To determine whether vimentin engages in O-GlcNAc-mediated protein-protein 

interactions, we treated human cells with GlcNDAz and UV, and analyzed lysates by 

immunoblot (IB). Endogenous vimentin crosslinked into distinct, high molecular weight 

bands that were diazirine- and UV-dependent (Figure 2A), indicating that O-GlcNAc 

mediates protein-protein interactions between vimentin and one or more binding partners. 

Overexpression of OGT caused an increase in vimentin crosslinks (Figure 2C), whereas 

overexpression of OGA (Figure 2C) or treatment with a small molecule inhibitor of OGT, 

abbreviated 5SGlcNAc162 (Figure 3A), reduced crosslinking, confirming that this assay 

reports on authentic O-GlcNAc-mediated interactions, and not a nonspecific action of the 

GlcNDAz probe.  
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Figure 2: Vimentin engages in O-GlcNAc-mediated protein-protein interactions  

(A) O-GlcNAc transferase (OGT) uses the nucleotide-sugar donor UDP-GlcNAc to add O-
GlcNAc to protein substrates. O-GlcNAcase (OGA) removes O-GlcNAc moieties. 
5SGlcNAc and Thiamet-G are specific small molecule inhibitors of OGT and OGA, 
respectively. (B) 293T cells were treated with DMSO vehicle or GlcNDAz (48 hours) and 
UV light (or not) as indicated, and lysates were prepared in denaturing buffer and 
analyzed by IB. O-GlcNAc-mediated protein-protein interactions manifest as high 
molecular weight GlcNDAz-crosslinked complexes (labeled). Heavily glycosylated 
nucleoporin-62 is a positive control, whereas unglycosylated tubulin is a negative control. 
Vimentin IB was performed with the D21H3 antibody. (C) 293T cells were transfected with 
OGT-myc or OGA-myc constructs, as indicated, and subjected to GlcNDAz crosslinking as 
above. Crosslinked and uncrosslinked endogenous vimentin species were detected in 
lysates made in denaturing buffer by IB (D21H3 antibody).  
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We next sought to identify the O-GlcNAc-mediated binding partner(s) of vimentin 

detected in our crosslinking assay. We created a myc-6xHis-tagged human vimentin 

construct and confirmed that it crosslinked via GlcNDAz similarly to endogenous vimentin 

(Figure 3A, B). Then, we purified preparative amounts of vimentin crosslinks from 

transfected cells via tandem immunoprecipitation (IP) and immobilized metal affinity 

chromatography and analyzed the crosslinks by mass spectrometry (MS)-based proteomics 

(Figure 3C). We obtained 80% tryptic peptide coverage of vimentin in these samples, 

without significant enrichment of other proteins, beyond known common contaminants 

(Figure 4A, B). This result suggested that the vimentin GlcNDAz crosslinks represent 

homotypic, O-GlcNAc-mediated vimentin-vimentin interactions.		
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Figure 3: Purification of vimentin GlcNDAz crosslinks 

(A) 293T cells transfected with vimentin-myc-6xHis were treated with DMSO vehicle or 
GlcNDAz for 24 hours, treated with vehicle, 100 µM 5SGlcNAc, or 50 µM Thiamet-G for an 
additional 24 hours, and then UV-crosslinked. Lysates were analyzed by fluorescent IB (V9 
antibody). Nucleoporin-62 is a positive control for GlcNDAz crosslinking. GAPDH is a 
loading control. (B) 293Tcells transfected with vimentin-myc-6xHis were treated with 
DMSO vehicle or GlcNDAz (48 hours) and UV light (or not) as indicated. Lysates were 
analyzed by IB (D21H3 antibody). Vimentin-myc-6xHis and endogenous vimentin 
crosslink similarly. (C) 293T cells were transfected with vimentin-myc-6xHis for 48 hours, 
treated with DMSO vehicle or GlcNDAz as in Figure 1, and UV-crosslinked. Crosslinked 
and uncrosslinked vimentin populations were purified from lysates by tandem anti-myc IP 
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and nickel affinity chromatography. Crosslinks were visualized by colloidal Coomassie 
stain (left) and IB (D21H3 antibody) (right). 

 

Figure 4: Analysis of vimentin GlcNDAz crosslinks 

(A) Peptide coverage map from GlcNDAz-crosslinked complexes of vimentin purified in 
figure 3. Found peptides are highlighted in yellow. (B) Top protein IDs from vimentin 
crosslinks. 

Because vimentin is multiply phosphorylated, the crosslinks of distinct molecular 

weight (Figure 2, Figure 8) could in principle represent different phospho-forms of 

vimentin. However, several commercially available anti-phospho-vimentin antibodies 

failed to recognize the crosslinked complexes by IB (not shown). In addition, we treated 

crosslinked samples with a general phosphatase and this treatment had no effect on the 

SDS-PAGE migration of the crosslinked adducts (Figure 5). All together, this argues against 

differential phosphorylation as an explanation for these distinct crosslinks. 
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Figure 5: Vimentin GlcNDAz crosslinks are not affected by phosphatase 
treatment. 

293T cells were GlcNDAz-crosslinked as in Figure 2 and extracted in non-denaturing 
buffer. Cell lysates were normalized to 1 mg/ml, mock-treated or treated with lambda 
phosphatase for 1 hour at 30 oC, and analyzed by IB (D21H3 antibody). An anti-phospho-
Akt substrate IB serves as a control for successful dephosphorylation. 
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In vivo, vimentin exists in a range of assembly states, from soluble tetramers and 

unit length filaments (ULFs), to relatively insoluble mature IFs92-96. To determine the 

assembly state of the crosslinked vimentin species, we performed a well-established 

differential extraction procedure164 on GlcNDAz-crosslinked cells. The GlcNDAz crosslinks 

of endogenous vimentin extracted into a denaturing buffer but not low or high ionic 

strength non-denaturing buffers, indicating that the crosslinks occur within the highly 
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soluble when exchanged into non-denaturing buffers, demonstrating that GlcNDAz 

crosslinking per se does not reduce vimentin solubility (Figure 4B). To further confirm that 

crosslinks occur in assembled IFs, we treated cells with β, β’-iminodipropionitrile (IDPN), 

which blocks vimentin assembly beyond the ULF state165. Consistent with previous reports, 

IDPN treatment abrogated vimentin IFs and caused the accumulation of vimentin 

aggregates (Figure 6C). In the crosslinking assay, IDPN also suppressed the formation of 

GlcNDAz-dependent adducts, indicating that the crosslinks occur in assembly states 

beyond ULFs (Figure 6D). Using quantitative IBs, we detected ~10% of endogenous 

vimentin crosslinked into GlcNDAz-dependent adducts (Figure 7), though this 

measurement likely significantly underestimates the fraction of vimentin that engages in 

O-GlcNAc-mediated interactions, since several steps in the GlcNDAz crosslinking protocol 

are less than 100% efficient79, 166. Based on these results, we concluded that O-GlcNAc-

mediated vimentin-vimentin interactions are prevalent in cells, and occur primarily within 

assembled IFs, but not in soluble pools of lower-order assembly states. 
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Figure 6: Vimentin engages in O-GlcNAc-mediated protein-protein interactions 
within assembled IFs. 

(A) 293T cells were subjected to GlcNDAz crosslinking as above. Then, soluble 
(disassembled) and insoluble (assembled) vimentin populations were separated by 
differential extraction, as described. Low, low ionic strength buffer. High, high dil., high 
ionic strength buffer (loaded both as-is and diluted, as recommended). 8M urea extracts 
fully assembled IFs. Crosslinked and uncrosslinked vimentin species were detected by IB 
(D21H3 antibody). (B) 293T cells were GlcNDAz-crosslinked as previous and subjected to 
differential extraction as in Figure 1D (left). Then, the 8M urea fractions from DMSO or 
GlcNDAz samples were divided, half of each sample was exchanged into non-denaturing 
IP buffer, and samples were analyzed by vimentin IB (V9 antibody) (right). (C) HeLa cells 
were treated with DMSO vehicle or 1% IDPN for 1 hour, fixed, stained for vimentin 
(D21H3 antibody), and analyzed by confocal microscopy. (D) 293T cells were treated with 
GlcNDAz for 48 hrs, treated with 1% IDPN or DMSO vehicle for 30 minutes, and exposed 
to UV. Then, cells were subjected to differential extraction, as above, and analyzed by IB 
(D21H3 antibody). Note that the uncrosslinked vimentin band appears in the 8M urea 
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fraction of IDPN-treated cells because IDPN treatment collapses vimentin IFs into insoluble 
aggregates.  

 

Figure 7: Vimentin GlcNDAz crosslink quantification 

293T cells were treated with DMSO (vehicle) or GlcNDAz for 48 hours and UV light as 
indicated. Lysates were normalized for protein amount and analyzed by fluorescent IB (V9 
antibody). n = 4.  

 

2.2.3 Residues important for vimentin crosslinking 

The Hart lab previously used mass spectrometry to map several glycosylation sites 

on vimentin’s flexible head domain89, 156. We used these results to identify vimentin O-

GlcNAc sites that contribute to its homotypic, glycosylation-mediated interactions. We 

mutated each reported O-GlcNAcylation site to alanine and screened these constructs in 

the GlcNDAz crosslinking assay (Figure 8). Mutation of several individual residues, 
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including T33, S34, and S39, reduced vimentin crosslinking, while mutation of S49 

abolished all detectable crosslinks. Interestingly, several prior reports identified a GlcNAc-

binding property of vimentin on the cell surface167-170. Although the physiological relevance 

of extracellular vimentin is controversial, these biochemical observations are reminiscent of 

our own, in that vimentin is reported to bind to GlcNAc residues in both cases. However, 

two mutations in vimentin that were reported to abolish extracellular GlcNAc binding, 

E382A and E396A170, do not reduce intracellular GlcNDAz crosslinking (Figure 9). 

Therefore, our observations are distinct from the reported glycan-binding property of cell 

surface vimentin. 

Because of the dramatic reduction of crosslinking in the S49A mutant, we measured 

the fraction of total vimentin glycosylation occurring at S49. We transfected cells with 

vector, wild-type (WT) or S49A vimentin and then labeled them with GalNAz, an azide-

bearing unnatural monosaccharide that we have described previously as a metabolic 

reporter of O-GlcNAcylation171-173. S49A mutant vimentin exhibited ~80% the GalNAz 

signal of WT (Figure 10), suggesting that approximately one-fifth of vimentin glycosylation 

occurs on S49 under these conditions. Together, these results suggest that robust and site-

specific O-GlcNAcylation in the vimentin head domain mediates homotypic protein-

protein interactions within IFs.  
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Figure 8: Specific glycosylation sites in the vimentin head domain are required 
for homotypic, O-GlcNAc-mediated interactions. 

293T cells were transfected with GFP only (control) or WT or mutant vimentin-myc-6xHis 
constructs as indicated for 24 hours, subjected to GlcNDAz crosslinking, and analyzed by 
IB. Tubulin is a loading control. 
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Figure 9: Mutations in putative extracellular GlcNAc-binding sites of vimentin 

do not reduce intracellular GlcNDAz crosslinking. 

293T cells were transfected with vector or WT or mutant vimentin-myc-6xHis constructs as 
indicated for 24 hours, subjected to GlcNDAz crosslinking, and analyzed by IB (D21H3 
antibody). Tubulin is a loading control. 
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Figure 10: Quantitative examination of S49 glycosylation 

293T cells were transfected with vimentin-myc-6xHis constructs as indicated for 24 hours 
and then treated with vehicle only or 100 µM GalNAz for an additional 24 hours. Lysates 
were subjected to click reactions with an alkyne-Cy5 probe followed by anti-myc IP, and 
were analyzed by SDS-PAGE and fluorescence scanning. 
 

2.2.4 Vimentin-/- Mouse Embryonic Fibroblasts (MEFs) 

Because endogenous WT vimentin is still O-GlcNAcylated and could potentially 

bind and mask any morphological changes caused by the expressed vimentin mutants, we 

used a vimentin-null cell line in order to better assess the effect of the glycosylation site 

mutants on filament morphology and function. To this end, we obtained mouse embryonic 

fibroblasts (MEF) cells taken from a vimentin KO mouse or a WT littermate from the 
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vimentin KO cells in a scratch wound assay (Figure 11) as well as a Transwell migration 

assay. Then, we treated the WT and vimentin KO MEFs with OGT or OGA inhibitors and 

repeated the Transwell migration assay, which displays the inhibitors decreasing migration 

(Figure 12). This supports the hypothesis that vimentin glycosylation is important for 

migration, as the WT MEFs are more affected by these treatments than the vimentin KO 

MEFs. 

We next attempted to re-express tagged WT or mutant vimentin constructs in 

vimentin KO MEFs using a lentiviral expression system. This strategy produced cells that 

would not express vimentin-mEmerald for longer than a few days, despite the repeated 

successful expression of control fluorescent proteins. After numerous infection attempts 

with different vimentin constructs of varying linker lengths, we tried to establish 

reconstituted cell lines using transient transfection methods, with a variety of lipid 

reagents, and electroporation. Both of these methods also failed to produce cells that had 

prolonged expression of the vimentin constructs.  
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Figure 11: Vimentin-/- MEFs exhibit slower migration than WT MEFs.  

Measuring the width of a scratch wound over time confirms vim-/- mouse embryonic 
fibroblasts (MEFs) migrate slower than WT MEFs as indicated by previous publications. 
Leading edges are marked with arrows.  
 

 

Figure 12: Migration of WT MEFs, but not vimentin-/-, is impaired with OGT and 
OGA inhibitors 

Boyden chamber assays using serum as a chemo-attractant with wild-type or vimentin-/- 
MEFs. Migration assessed in the presence or absence of 5-SGlcNAc (an OGT inhibitor) or 
Thiamet G (an OGA inhibitor) demonstrates that inhibiting O-GlcNAc cycling disrupts 
wild-type migration to a greater extent than knockout. 
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2.2.5 Endogenous vimentin deletion and re-expression of tagged 
constructs in human cell lines 

Due to the unsuccessful attempts at re-expressing vimentin constructs in the 

vimentin KO MEFs, we turned instead to CRISPR/Cas9 methods to delete endogenous 

vimentin from two different human cell lines. After cells were infected with three different 

guide RNAs and selected by antibiotics, we saw reduced expression both in HeLa (Figure 

13) and 293T (not shown). However, since this heterogeneous population only displayed 

reduced vimentin expression (Figure 13), we selected single cell-derived vimentin-/- clones 

and confirmed the absence of vimentin mRNA and protein (Figure 14 A, B). Then, we 

stably reconstituted individual vimentin-/- clones with WT or unglycosylatable point-

mutant versions of a well-characterized vimentin-mEmerald fusion protein106, 114, 174 to 

permit live-cell visualization of IFs. We verified that vimentin-mEmerald was expressed at 

even levels comparable to endogenous vimentin (Figure 14 C), and that the mEmerald 

signal precisely coincided with anti-vimentin immunofluorescence in cells expressing both 

endogenous vimentin and vimentin-mEmerald (Figure 14 E). These results confirmed that 

the vimentin-mEmerald construct is a faithful proxy for the untagged protein in this 

system. In our panels of reconstituted vimentin-/- cells, we included Y117L, a point-

mutation in the rod domain that blocks vimentin assembly beyond the ULF stage175, as a 

positive control for IF disruption. We used fluorescence-activated cell sorting, IB and 

fluorescence microscopy to ensure equal expression of the various WT and mutant 
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vimentin-mEmerald transgenes across reconstituted vimentin-/- cell lines (Figure 14C, D; 

Figure 15). 

	

Figure 13: CRISPR/Cas9 reduces vimentin expression in heterogenous 
populations 

HeLa cells stably expressing CRISPR/Cas9 were infected with one of three vimentin guide 
RNAs or a control guide RNA for the safe harbor locus. Expression was analyzed by anti-
vimentin IB with two separate antibodies as indicated. Tubulin serves as a loading control.  
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Figure 14: Construction and validation of vimentin-reconstituted cells. 

Successful CRISPR/Cas9-mediated deletion of vimentin was verified by actin-normalized 
qPCR (A) and IB (D21H3 antibody) (B). mRNA from WT and vimentin knockout mouse 
embryonic fibroblasts (MEFs) serve as positive and negative controls for the qPCR assay in 
(B). Single vimentin-/- clones (HeLa, sgRNA 1 clone 4; 293T, sgRNA 3 clone 4) were used to 
construct vimentin-reconstituted cell lines. (C) Parental (i.e., un-manipulated) HeLa cells 
(control) and vimentin-/- HeLa cells reconstituted with either empty vector or WT vimentin-
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mEmerald were lysed and analyzed by fluorescent anti-vimentin IB (V9 antibody) (left). 
Quantification of the fluorescence intensities (right) demonstrates that vimentin-mEmerald 
expression level is indistinguishable from that of endogenous vimentin. n = 2. n.s., not 
significant, Student’s t-test.(D) Vimentin-/- HeLa cells reconstituted with empty vector 
(control) or WT or mutant vimentin-mEmerald constructs were sorted by flow cytometry to 
obtain the top one-third of mEmerald-expressing cells and then used in all subsequent 
experiments. (E) Parental HeLa cells were transfected with empty vector or WT vimentin-
mEmerald for 24 hours, fixed, permeabilized, and imaged for total vimentin (D21H3 
antibody immunofluorescence) and vimentin-mEmerald (mEmerald tag fluorescence). 
 

Cells reconstituted with WT vimentin-mEmerald exhibited canonical IF 

morphology, whereas the Y117L-expressing cells lacked assembled filaments and instead 

displayed punctate structures consistent with ULFs (Figure 15). These results indicate that 

our reconstituted cell systems recapitulate the previously reported characteristics of WT 

and Y117L vimentin. We also observed dramatic alterations in vimentin IF organization in 

several unglycosylatable point-mutants. For example, the S34A mutant, which had an 

intermediate phenotype in our crosslinking assay (Figure 8), displayed a partial defect in IF 

formation, with both punctate and filamentous fluorescence detected (Figure 15). 

Interestingly, the S49A mutant, which lacked detectable O-GlcNAc-mediated interactions 

in the GlcNDAz assay (Figure 8), exhibited a significant reduction of assembled IFs in live 

cells, displaying a higher proportion of punctate vimentin fluorescence as compared to WT 

(Figure 15). Importantly, the S49A mutation had no impact on vimentin stability (Figure 

16), further ruling out an effect of vimentin expression level in this system. 

These results suggested that O-GlcNAc on specific residues of vimentin, 

particularly S49, may be required for its homotypic assembly into mature IFs in live cells. 
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However, S/T→A mutations eliminate all O-linked PTMs at the mutated site, including 

both O-GlcNAcylation and phosphorylation. Therefore, phenotypes arising from S/T→A 

mutations may be due to loss of phosphorylation, glycosylation, or both. Vimentin S49 is a 

known glycosylation site89, 156 but not a reported phosphorylation site, suggesting that the 

phenotypes we observed in the S49A mutant (Figure 8, 15) are due to the loss of O-GlcNAc, 

and not the loss of phosphorylation. To further test this hypothesis, we reconstituted 

vimentin-/- cells with a phosphomimetic S49E mutant. Vimentin-S49E-expressing cells 

displayed a loss of filament morphology and a proportion of puncta indistinguishable from 

the S49A mutant (Figure 15). These results suggest that the abnormal vimentin IF 

structures observed with the S49A mutant in live cells are due to the loss of glycosylation, 

but not loss of phosphorylation, at S49. 
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Figure 15: Head domain glycosylation sites are required for vimentin IF assembly 
and morphology in vivo.  

(A) A vimentin-/- HeLa clone was stably transduced with empty vector (control) or 
expression constructs encoding WT or mutant vimentin-mEmerald and then imaged by 
laser scanning confocal fluorescence microscopy. (B) Vimentin- reconstituted HeLa cells 
were imaged as in (A) and cells were scored for filaments or puncta (≥400 cells per 
genotype). Differences in both filament and puncta measurements are significant across all 
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genotype comparisons (*** p < 0.001, Student’s t-test) except for S49A and S49E, which are 
indistinguishable from each other. 
 

 
Figure 16: S49A mutation does not affect vimentin stability.  

293T cells were transfected with vimentin-myc-6xHis constructs as indicated and treated 
with either vehicle (DMSO) or 12 µM MG132 for 13 hours. Lysates were analyzed by 
fluorescent IB (V9 antibody for vimentin). 
 

2.2.6 Actin filament structure and vimentin mutations 

Though we have demonstrated a role for O-GlcNAc in mediating homotypic 
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α-GAPDH
37

α-vimentin

50

75

α-ubiquitin

50

75

ve
ct
or

ve
ct
or

W
T

W
T

S4
9A

S4
9A

DMSO MG132



 

 46 

interact extensively with other parts of the cytoskeleton and also form numerous 

heterotypic protein interactions due to their scaffolding roles in the cell. For example, 

vimentin has been shown to interact directly with actin-containing structures through its 

tail domain and these interactions are important for the mechanical integrity of the cell147. 

Re-organization of either IFs or the actin cytoskeleton has been shown to impact the 

structure of the other147, 176. For example, cells in which vimentin has been knocked down 

exhibit increased actin stress fiber assembly and stability176. As loss of vimentin 

glycosylation sites substantially inhibits the formation of IFs, this may induce a 

reorganization of the actin cytoskeleton. To assess the potential importance of O-

GlcNAcylated vimentin in this function, we examined the actin cytoskeleton using 

rhodamine-phalloidin and fluorescence microscopy in the presence of both WT and 

unglycosylatable mutants of vimentin.  

Consistent with previous findings, we observed a marked increase in stress fibers in 

vimentin-/- cells, which was rescued by the expression of WT vimentin (Figure 17). The 

Y117L mutation has also been reported to increase stress fibers. However, without more 

extensive quantification of both actin and tropomyosin 4.2, it is difficult to determine with 

any certainty whether we observed a significant increase in either the Y117L or S49A 

mutants.  
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Figure 17: Actin staining in vimentin-mEmerald reconstituted HeLa cells 

Vimentin-/- HeLa cells reconstituted with empty vector or WT, S49A or Y117L vimentin-
mEmerald expression constructs were fixed with PFA, blocked with BSA, stained with 100 
nM rhodamine phalloidin, mounted and imaged. 
 

2.2.7 Functional consequences of vimentin mutations for cell migration 

We next investigated whether vimentin O-GlcNAcylation is required for known 

functions of IFs. The IF cytoskeleton facilitates cell migration, and vimentin-null cells and 

tissues exhibit migration defects. We used a well-characterized Transwell assay to measure 

cell migration by vimentin-reconstituted cell lines across a collagen matrix. Consistent with 

prior reports in other systems, vimentin-/- cells stably transduced with empty vector or the 

Y117L mutant construct were impaired in serum-stimulated migration, relative to cells 

expressing WT vimentin (Figure 18). Interestingly, vimentin-S49A-expressing cells also 

exhibited migration defects compared to WT (Figure 18). This result suggested that O-

GlcNAc on vimentin may be required for optimal cell migration. To further confirm this 

hypothesis, we assayed the serum-induced migration of vimentin-reconstituted cells upon 

treatment with 5SGlcNAc or Thiamet-G, a specific small molecule inhibitor of OGA (Figure 

18). 5SGlcNAc treatment significantly inhibited the serum-induced migration of cells 

expressing WT vimentin, but not cells lacking vimentin or expressing the S49A mutant 

(Figure 18). Taken together, these results indicate that O-GlcNAcylation of vimentin, 

especially on S49, is required for optimal serum-stimulated cell migration. 
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Figure 18: Vimentin O-GlcNAcylation is required for cell migration 

Vimentin-/- HeLa cells reconstituted with empty vector or WT, S49A or Y117L vimentin-
mEmerald expression constructs were serum-starved for 72 hours, treated with either 
vehicle control (DMSO), 100 µM 5SGlcNAc or 50 µM Thiamet-G for 6 hours, and then 
assayed by Transwell migration using 10% fetal bovine serum as a chemoattractant (or no 
serum, “Control”). Migrated cells were stained with crystal violet and four fields of view 
were imaged and counted for each of four biological replicates. The WT DMSO serum-
stimulated sample was defined as maximum migration and used to normalize all data. 
Serum-stimulated migration is impaired in cells lacking vimentin or expressing mutant 
vimentin. 5SGlcNAc and Thiamet-G each inhibit migration in cells expressing WT vimentin 
but have no effect on cells lacking vimentin or expressing mutant vimentin. n = 4, *** p < 
0.001, ** p = 0.006, n.s. not significant, ANOVA followed by Student’s t-test. For simplicity, 
only selected statistical comparisons are indicated on the graph.  

 
We also tested migration in the context of a scratch-wound assay. However, we 

observed similar rates between WT and vimentin KO (Figure) which differs from our 
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previous findings with vimentin-/- MEFs as well as published data from other cell 

systems120, 126. 

  

2.2.8 IFs in Golgi morphology 

We also examined size and location of the Golgi in these cells because vimentin has 

been shown to interact with and regulate the localization of the Golgi apparatus177-178. 

However, we did not observe apparent differences in the size or distribution using two 

separate anti-Golgi marker antibodies (Figure 19).  
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Figure 19: Golgi morphology is unaffected by glycosylation site mutations in vimentin 

(A) Vimentin-/- HeLa cells reconstituted with empty vector or WT, S49A or Y117L 
vimentin-mEmerald expression constructs were fixed, blocked with BSA, probed with an 
anti-giantin antibody, mounted and imaged. (B) Vimentin-/- HeLa cells reconstituted with 
empty vector or WT, S49A or Y117L vimentin-mEmerald expression constructs were fixed, 
blocked with BSA, probed with an anti-GS28 antibody, mounted and imaged.  

 

2.2.9 Mechanical stability of IFs of vimentin WT and glycosylation site 
mutants 

Vimentin has been shown to be important for the mechanical stability of the cell126, 

179. For example, the cytoplasm of normal fibroblasts is twice as stiff as vimentin-null 

fibroblasts125. The loss or disruption of vimentin also results in decreased compressibility in 

response to applied strain180. Since mutating the S49 glycosylation site causes a general 

disruption of filament structure, we reasoned that the mechanical integrity of the cell may 

be lessened. To assess this, we compared WT or S49A expressing cells using atomic force 

microscopy (AFM). AFM consists of a cantilever with a laser deflecting off the back of the 

tip. The cantilever can be used to apply precise compressive strain to cells in their aqueous 

environment and the deflection of the laser caused by the movement of the cantilever is 

measured by a photosensitive detector181. This allows the measurement of individual cell 

stiffness. While the data are still preliminary from these pilot experiments, the initial trend 

of a lower average stiffness and an increase in response variability (Figure 20) are both 

consistent with previous reports comparing WT or vimentin-null MEFs using the same 

technique179.  
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Figure 20: Atomic force microscopy reveals possible differences in cell stiffness 

Safe harbor HeLa cells or vimentin-/- cells reconstituted with S49A vimentin-mEmerald 
were plated on glass coverslips and stiffness was analyzed by AFM. Measurements were 
repeated at least twice in the same area and in at least two different spots per cell. n=5 
 

2.2.10 Functional consequences of vimentin glycosylation site 
mutations during Chlamydia infection 

Several intracellular pathogens co-opt the IF cytoskeleton to stabilize the large 

membrane-bound vacuoles in which they reside, presumably by providing structural 

scaffolds. For example, our collaborator, Professor Raphael Valdivia, previously showed 

that the obligate intracellular pathogen Chlamydia trachomatis recruits a meshwork of 

vimentin IFs to its vacuolar “inclusion” compartment, stabilizing its replicative niche and 

shielding bacterial components from the host’s cytoplasmic innate immune surveillance 
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machinery. The molecular mechanisms of Chlamydia-induced vimentin recruitment and 

reorganization are incompletely understood. To examine the potential role of vimentin O-

GlcNAcylation in these processes, we treated HeLa cells reconstituted with WT vimentin-

mEmerald with vehicle control, 5SGlcNAc or Thiamet-G, infected them with Chlamydia, 

and visualized pathogen-containing inclusions and vimentin IFs by fluorescence 

microscopy (Figure 21A, B). We found that 5SGlcNAc treatment inhibited the formation of 

a vimentin meshwork around the inclusion, consistent with a requirement for vimentin 

glycosylation in IF remodeling during Chlamydia infection (Figure 21A). 5SGlcNAc 

treatment reduced the average size of the inclusions in infected cells and increased the 

number of extra-inclusion bacteria (Figure 21B), demonstrating that OGT activity is 

required for inclusion expansion and integrity.  

We next tested whether O-GlcNAcylation of vimentin itself is required for inclusion 

integrity. We infected vimentin-reconstituted HeLa cell lines with Chlamydia and visualized 

vimentin IFs and bacteria by fluorescence microscopy. Compared to WT vimentin-

expressing cells, cells expressing either the S49A or Y117L mutant vimentin displayed 

reduced IF recruitment to the inclusions, smaller average inclusion size, and larger 

numbers of bacteria escaping into the cytoplasm (Figure 21D). These data suggest that the 

site-specific glycosylation of vimentin itself is required for IF remodeling during Chlamydia 

infection. To further test this hypothesis, we infected empty vector-reconstituted vimentin-/- 

cells with Chlamydia in the presence or absence of 5SGlcNAc. In contrast to our 
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observations with cells expressing WT vimentin (Figure 21E), 5SGlcNAc had no impact on 

Chlamydia inclusion size or extra-inclusion bacteria in cells lacking vimentin, indicating that 

vimentin, but not other host- or pathogen-encoded targets, is required for the effects of 

5SGlcNAc in this context (Figure 21). We concluded that both OGT activity and vimentin 

glycosylation sites are required for IF reorganization during Chlamydia infection, and are 

co-opted by this pathogen to promote inclusion integrity and growth. 

At a late stage during the infection process, vimentin is cleaved by CPAF, a protease 

secreted by Chlamydia. In order to ensure that the mutations we made did not interfere with 

vimentin cleavage during infection, we harvested Chlamydia infected cells at 30 hours and 

analyzed the lysates by IB. We detected WT levels of CPAF-mediated vimentin cleavage 

with the S49A and Y117L mutants (Figure 22), indicating that the phenotypes we observe 

are not due to differential vimentin cleavage during infection. 



 

 56 
	

B

D

10 µm

10 µm

10 µm 10 µm

10 µm

10 µm

DMSO 5SGlcNAc

C

vimentin MOMP

S
4
9
A

vimentin MOMP

vimentin MOMP

10 µm

10 µm

10 µm

Y
1
1
7
L

W
T

cap1

cap1

cap1

A

DMSO 5SGlcNAc

100

200

300

400

500

0

In
c
lu

s
io

n
 a

r
e
a
  
(µ

m
  
 )

2

*** 

DMSO 5SGlcNAc

0

5

10

15

#
 E

x
tr

a
-i

n
c

lu
s
io

n
 b

a
c
te

r
ia

*** 

vi
m

en
tin

-m
Em

er
al

d
M

O
M

P
ca

p1

E

0

50

100

150

200

250

300

DMSO 5SGlcNAc

In
c
lu

s
io

n
 a

r
e
a
  
(µ

m
  
 )2

n.s. (p = 0.21)

Vector WT S49A Y117L

0

100

200

300

400

500

a
v
e
r
a
g

e
 i
n

c
lu

s
io

n
 s

iz
e
 (

µ
m

  
)

2

***
***

n.s. (p = 0.86)
n.s. (p = 0.81)

***

DMSO 5SGlcNAc

0

2

4

6

8

10

#
 E

x
tr

a
-i

n
c
lu

s
io

n
 b

a
c
te

r
ia

n.s. (p = 0.42)



 

 57 

 

Figure 21: Chlamydia trachomatis requires OGT activity and vimentin 
glycosylation sites to maintain inclusion integrity during infection. 

(A) HeLa cells reconstituted with WT vimentin-mEmerald were infected with 
Chlamydia for ten hours and treated with DMSO vehicle or 50 µM 5SGlcNAc for an 
additional 20 hours. Cells were fixed and immunostained for MOMP (to mark individual 
bacteria) and cap1 (to mark the inclusion membrane), along with vimentin-mEmerald 
imaging. Representative images are shown. Arrows indicate extra-inclusion bacteria. (B) 
Quantification of inclusion area and number of extra-inclusion bacteria from images in (A). 
n = 60, *** p < 0.001, Welch’s t-test. (C) Reconstituted HeLa cell lines were infected with 
Chlamydia for 30 hours and then fixed, stained, and imaged as in (A). Representative 
images are shown. (D) Quantification of inclusion area from images in (C). n ≥ 54, *** p < 
0.001, Welch’s t-test. n.s., not significant. (E) HeLa cells reconstituted with empty vector 
were infected with Chlamydia, treated with DMSO vehicle or 50 µM 5SGlcNAc, and fixed 

B

D

10 µm

10 µm

10 µm 10 µm

10 µm

10 µm

DMSO 5SGlcNAc

C

vimentin MOMP

S
4

9
A

vimentin MOMP

vimentin MOMP

10 µm

10 µm

10 µm

Y
1
1

7
L

W
T

cap1

cap1

cap1

A

DMSO 5SGlcNAc

100

200

300

400

500

0

In
c

lu
s

io
n

 a
r
e

a
  

(µ
m

  
 )

2

*** 

DMSO 5SGlcNAc

0

5

10

15

#
 E

x
tr

a
-i

n
c
lu

s
io

n
 b

a
c
te

r
ia

*** 

vi
m

en
tin

-m
Em

er
al

d
M

O
M

P
ca

p1
E

0

50

100

150

200

250

300

DMSO 5SGlcNAc

In
c

lu
s

io
n

 a
r
e

a
  

(µ
m

  
 )2

n.s. (p = 0.21)

Vector WT S49A Y117L

0

100

200

300

400

500

a
v
e
r
a
g

e
 i
n

c
lu

s
io

n
 s

iz
e
 (

µ
m

  
)

2

***
***

n.s. (p = 0.86)
n.s. (p = 0.81)

***

DMSO 5SGlcNAc

0

2

4

6

8

10

#
 E

x
tr

a
-i

n
c
lu

s
io

n
 b

a
c
te

r
ia

n.s. (p = 0.42)



 

 58 

and stained as in (A). Inclusion size (top; n = 20, p = 0.21, Student’s t-test) and extra-
inclusional bacteria (bottom; n = 28, p = 0.42, Student’s t-test) were quantified. n.s., not 
significant. 

 

 
Figure 22: The S49A mutation does not prevent Chlamydia-induced vimentin 

cleavage  

HeLa cells reconstituted with WT, S49A or Y117L vimentin-mEmerald were infected with 
Chlamydia (MOI = 0.5) for 30 hours, lysed, and analyzed by anti-GFP (mEmerald tag), 
tubulin, and MOMP IB, as indicated. 
 

2.3 Discussion 

The IF cytoskeleton plays critical roles in both physiological and pathological 

processes, but how cells regulate IF structure and function remains poorly understood. We 

provide evidence that site-specific glycosylation of the vimentin head domain regulates its 

homotypic association in human cells and is required for both IF morphology and cell 

migration (Figure 15, Figure 18). In addition, site-specific O-GlcNAcylation of vimentin is 

exploited by an intracellular pathogen to promote its own replication, underlining the 

importance of IF dynamics in disease states. Because many IF proteins are O-GlcNAc-

modified, our results may provide new insight into the regulation of both vimentin in 

particular and the IF cytoskeleton in general. 
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Early evidence for vimentin glycosylation was reported nearly twenty-five years 

ago182 and confirmed with sophisticated MS methods thirteen years later89, 156. However, the 

biochemical and cellular effects of this modification have remained largely 

uncharacterized. Through GlcNDAz crosslinking (Figure 2) and live-cell imaging (Figure 8, 

Figure 15), we determined that the vimentin glycosylation sites S34, S39 and especially S49 

are required for normal homotypic vimentin-vimentin interactions and for IF morphology 

in live human cells. These O-GlcNAc-mediated interactions likely occur within assembled 

IFs and not smaller oligomeric states (Figure 4D). It is well established that portions of the 

vimentin head domain are required for filament assembly183, and that head domain PTMs 

(especially phosphorylation) govern IF dynamics in vivo116, 183-188. Our results are consistent 

with this general model of regulated filament assembly/disassembly through head domain 

PTMs. Interestingly, however, internal deletion mutations within the head domain 

demonstrate that S49 itself is not required for vimentin filament formation in vitro or in 

vivo189. Therefore, our results with the S49A vimentin mutant likely reflect the consequences 

of a loss of PTM regulation, rather than simply a requirement for serine at that site. 

Given the very short crosslinking radius of the GlcNDAz reagent (~2-4 Å)79 and our 

MS proteomics analysis of the crosslinked complexes (Figure 4), the O-GlcNAc-mediated 

interactions we observe are likely homotypic dimeric or trimeric vimentin adducts. The 

precise molecular nature of these crosslinks, and why we observe multiple discrete 

crosslinked complexes, remain uncertain. The high MS proteomic coverage we obtained of 
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vimentin and the lack of other proteins in the crosslinks (Figure 4) suggest that the 

complexes do not contain other binding partner proteins or known protein-based PTMs of 

vimentin, such as SUMO. Because vimentin is multiply phosphorylated, the crosslinks of 

distinct molecular weight (Figure 2, Figure 8) could in principle represent different 

phospho-forms of vimentin. However, several commercially available anti-phospho-

vimentin antibodies failed to recognize the crosslinked complexes in IB, and phosphatase 

treatment of crosslinked adducts had no effect on their SDS-PAGE migration, arguing 

against differential phosphorylation as an explanation. 

Instead, we postulate that the discrete bands in the GlcNDAz-induced vimentin 

complexes represent different crosslinking geometries of vimentin multimers. Because the 

O-GlcNAc-mediated interactions we detect occur primarily in assembled IFs (Figure 2D), 

an individual glycan on the vimentin head domain (e.g., at residue S49) may contact the 

head domain of its dimeric partner, and/or the rod domain of a vimentin molecule in an 

adjacent dimer, and/or another vimentin molecule within the same ULF. These different 

crosslinking geometries might produce migration differences in our GlcNDAz/SDS-PAGE 

assay (Figure 2).  

Irrespective of the molecular identities of the individual adducts, the fact that we 

observe a highly reproducible crosslinking pattern suggests that O-GlcNAc mediates 

specific contacts among vimentin molecules, and not a large variety of nonspecific 

interactions, which would produce variable or smeared crosslinking79. This evidence of 
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specific contacts is perhaps surprising, given the widely accepted model that the head 

domain of vimentin is intrinsically disordered190. It is possible that, in vivo, O-

GlcNAcylation mediates site-specific contacts between glycans on one vimentin molecule 

and discrete glycan recognition sites or domains on adjacent vimentin molecules within 

assembled filaments. The vimentin site(s) that bind O-GlcNAc moieties are not readily 

discernible from our MS studies, due to the unpredictable masses and fragmentation 

spectra of crosslinked adducts. However, the identification of these sites will be an 

important priority for future studies, because this information may elucidate the 

biophysical regulation of IF assembly and dynamics by O-GlcNAc. 

At the cellular level, specific glycosylation sites of vimentin, including S34, S39 and 

especially S49, are essential for IF morphology and for facilitating serum-stimulated 

migration (Figures 8, 15, 18). We propose that O-GlcNAcylation at one or more of these 

sites influences the assembly and/or disassembly of vimentin filaments, as has been 

described for other PTMs. Indeed, phosphorylation of several residues in the vimentin 

head domain promotes IF disassembly in response to multiple stimuli116, 183-188. O-

GlcNAcylation and phosphorylation often compete for nearby or identical residues on 

specific protein substrates, giving rise to a complex functional interplay between these 

PTMs2, 191. Moreover, specific O-GlcNAc sites required for in vivo IF assembly in our work, 

such as S34 and S39 (Figure 8), can also be phosphorylated184-188. Therefore, reciprocal PTMs 
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at certain sites may have antagonistic effects, with glycosylation of S34 or S39 promoting IF 

assembly, while phosphorylation at those sites induces disassembly.  

In contrast, vimentin S49 is required for normal IF assembly in human cells (Figures 

15) and is a known glycosylation site89, 156 but is not a reported phosphorylation site. These 

observations suggest a functional role for O-GlcNAc, but not O-phosphate, at this residue. 

In support of this hypothesis, a phosphomimetic S49E mutant phenocopies an S49A mutant 

in IF morphology (Figure 15), and an OGT inhibitor impacts on cell migration and 

Chlamydia inclusion size only in the presence of WT vimentin, but not in cells expressing 

S49A mutant vimentin or lacking vimentin (Figures 21). Taken together, these results 

strongly indicate that (de)glycosylation of S49 is required for WT levels of cell migration 

and pathogen-induced IF remodeling. Although we cannot strictly rule out the possibility 

that S49 is phosphorylated under as-yet untested conditions, we suggest that S49 O-

GlcNAcylation is required for homotypic vimentin-vimentin interactions (Figure 8), 

filament assembly (Figure 15), and downstream behaviors of the vimentin IF cytoskeleton 

in normal and disease contexts (Figures 18, 20, 21). 

Indeed, the CRISPR knockout cell lines we created are a powerful tool for further 

examination of the exact role vimentin glycosylation plays in cell function. Although our 

attempts at expressing a human vimentin sequence in mouse cell lines were unsuccessful, 

the high level of conservation between the two species makes it unlikely that these 

difficulties were a result of sequence differences. Instead, one possible explanation for these 
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results could be due to the expression of other IF proteins to compensate for the lack of 

vimentin. Compensation among intermediate filament proteins has been documented and, 

although there has not been extensive expression analysis of these MEF lines, the unusual 

difficulty in establishing transformed cell lines from vimentin KO animals and the near 

universal expression of vimentin in in vitro tissue culture suggests that some form of 

compensation is necessary for these cells to survive in culture conditions. It is possible that 

the compensation mechanism is incompatible with the re-expression of vimentin. 

Finally, our data indicate that O-GlcNAc-mediated vimentin IF assembly is 

required for Chlamydia inclusion expansion and integrity, because we observed smaller 

inclusions and more cytoplasmic bacteria in Chlamydia-infected cells expressing Y117L or 

S49A mutants of vimentin (Figure 21). Chlamydia remodels the IF cytoskeleton to stabilize 

the inclusion during its replication phase and deploys the CPAF protease to dismantle the 

IF cytoskeleton and promote bacterial release at late stages of infection136-139. Our current 

data extend these results by demonstrating that vimentin filament remodeling by 

Chlamydia depends on both OGT activity (Figure 21A) and on the site-specific glycosylation 

of vimentin itself (Figure 21E). Interestingly, we detected WT levels of CPAF-mediated 

vimentin cleavage with the S49A and Y117L mutants (Figure 22), indicating that the 

phenotypes we observe are not due to differential vimentin cleavage during infection. The 

molecular mechanisms by which Chlamydia co-opts OGT activity and vimentin 
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glycosylation sites (e.g., S49) to reshape the IF cytoskeleton remain to be determined and 

will be an interesting focus of future studies. 

 In conclusion, we have shown that site-specific glycosylation of vimentin mediates 

its homotypic protein-protein interactions and is required in human cells for IF 

morphology and cell migration. In addition, Chlamydia relies on OGT activity and 

particular vimentin glycosylation sites to remodel the IF cytoskeleton and promote 

inclusion expansion and integrity. Our results provide new insight into the biochemical 

and cell biological functions of vimentin O-GlcNAcylation. In addition, our work may have 

broad implications for other IF proteins. Numerous IF proteins are dynamically 

glycosylated in vivo80-87, 90-91, 139, 156, and the S49 residue of vimentin is conserved both among 

vertebrate vimentin orthologs and in human desmin, another type III IF protein. Therefore, 

site-specific O-GlcNAcylation may be a general mode of regulating IF dynamics and 

function. In the future, pharmacological modulation of O-GlcNAcylation may provide a 

way to manipulate filament form and function for therapeutic benefit in diseases of 

dysregulated IFs, ranging from neurodegeneration and cardiomyopathy to cancer. 

2.4. Materials and methods 

2.4.1 Chemicals and enzymes 

Thiamet-G was synthesized as described by the Duke Small Molecule Synthesis 

Facility (DSMSF). Ac45SGlcNAc was synthesized as described and was a gift of Benjamin 

Swarts, Central Michigan University. Ac3GlcNDAz-1P(Ac-SATE)2 was synthesized in-



 

 65 

house or by the DSMSF as described. All other chemicals were purchased from Sigma 

unless otherwise noted. Lambda phosphatase was purchased from New England Biolabs. 

2.4.2 Mammalian cell culture 

Cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS), 100 units/ml penicillin and 100 µg/ml 

streptomycin and kept at 37 °C with 5% CO2.  

2.4.3 GlcNDAz crosslinking 

O-GlcNAc-mediated protein crosslinking was performed essentially as described. 

Briefly, Ac3GlcNDAz-1P(Ac-SATE)2 (GlcNDAz precursor) was added to a final 

concentration of 100 µM to the culture medium of 293T/17 cells stably expressing 

AGX1(F383G). DMSO served as the vehicle control treatment. Dishes were incubated in the 

dark for 24 hours, dosed again with GlcNDAz precursor, and incubated for an additional 

24 hours.  

To crosslink and harvest, dishes were placed on ice and washed carefully twice 

with 10 ml of cold phosphate-buffered saline (PBS) twice. With dishes still on ice, 4 ml of 

cold PBS were added, lids were removed, and plates were exposed to 365 nm UV light for 

20 minutes. Then, cells were resuspended in PBS by scraping and/or pipetting, pelleted by 

centrifugation, and lysed in either 8 M urea for IB, or IP buffer (150 mM NaCl, 20 mM Tris 

pH 7.4, 1% Triton-X100, 0.1% SDS) for IPs. 
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2.4.4 GalNAz labeling, click reaction and IP 

GalNAz labeling was performed essentially as described79. Briefly, Ac4GalNAz was 

added to a final concentration of 100 µM to the culture medium of 293T/17 cells or an 

equivalent volume of DMSO, which served as the vehicle control treatment. Dishes were 

incubated for 24 hours. 

To harvest, cells were washed twice with PBS and resuspended in lysis buffer (1% 

Triton, 1% SDS, 150mM NaCl, 20mM Tris pH7.4, with new protease inhibitor cocktail and 

PUGNAc). After sonication and centrifugation, the concentrations of protein samples were 

obtained via bicinchoninic acid (BCA) assay according to the manufacturer’s instructions 

(Thermo). 

2.5 mg of protein was used in 875 µl total reaction volume for each click reaction. 

Samples were incubated in the dark at room temperature for 1 hour with gentle agitation 

and stopped with 10 mM EDTA. Samples were then diluted with 1% Triton, 150 mM NaCl, 

20 mM Tris pH 7.4, 1 mM EDTA + protease inhibitors/PUGNAc to bring SDS concentration 

to 0.1% in order to use samples for IP reactions. 6.75 µg anti-myc antibody was added to 

each sample and the IPs were incubated at 4 ºC overnight with gentle agitation. The next 

day, washed protein-A/G agarose beads (Thermo) were added to the tubes and rotated at 

room temperature for 1 hour. The beads were then isolated by centrifuging at 600 g for 1 

minute and the supernatants were discarded. Beads were washed four times with 1 ml of 
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IP buffer, eluted with three times the bead volume of SDS loading dye, and boiled for 5 

minutes at 95 ˚C.  

2.4.5 Immunoblotting (IB) 

The concentrations of protein samples were obtained via bicinchoninic acid (BCA) 

assay according to the manufacturer’s instructions (Thermo) and protein concentration was 

normalized across all samples within each experiment. One-third the volume of 4X SDS-

PAGE loading buffer was added and the sample was heated to 95 ºC for 3 minutes (except 

in the case of samples prepared in 8 M urea). Samples were then loaded onto a 

polyacrylamide gel and run at 165 V. The protein was then transferred onto PVDF 

membrane using a BioRad semi-dry transfer system with transfer buffer (25 mM Tris, 192 

mM glycine, 0.1% SDS, pH 8, 20% methanol) using standard methods.  

After transfer, membranes were blocked in 5% bovine serum albumin (BSA) in Tris-

buffered saline with Tween (TBST; Tris-buffered saline, 0.1% Tween-20) overnight at 4 ºC 

with gentle rocking. Primary antibody dilutions were prepared in TBST+BSA and 

incubated overnight with gentle shaking at 4 ºC. The next day, membranes were washed 

three times with TBST and incubated with the appropriate secondary antibody for 1.5 

hours at room temperature. Membranes were again washed three times with TBST, 

developed with Advansta enhanced chemiluminescence reagent, and exposed to film. The 

following primary antibodies were used: Anti-O-GlcNAc RL2 (Santa Cruz sc-59624), anti-

myc 9E10 (Santa Cruz sc-40), anti-tubulin (Sigma T6074), anti-nucleoporin-62 (BD 
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Biosciences 610498), anti-vimentin (clone D21H3, Cell Signaling 5741), anti-vimentin (clone 

V9, Sigma-Aldrich V6389), anti-phospho-(Ser/Thr) AKT substrate (Cell Signaling 59624), 

anti-GFP (ThermoFisher; A11122). The following horseradish peroxidase-conjugated 

secondary antibodies were used: Goat anti-rabbit IgG (Southern Biotech 4030-05), goat anti-

mouse IgG (Southern Biotech 1030-05), goat anti-mouse κ light chain (Southern Biotech 

1050-05). 

Samples analyzed by quantitative immunoblot were prepared and run using the 

SDS-PAGE protocol described above. The protein was then transferred onto nitrocellulose 

membrane using a BioRad semi-dry transfer system with transfer buffer (25 mM Tris, 192 

mM glycine, 0.1% SDS, pH 8, 20% methanol) using standard methods and blotted as 

described. The following fluorescent secondary antibodies were used in place of the 

horseradish peroxidase-conjugated secondary antibodies: Goat anti-Rabbit IgG (H+L) 

Secondary Antibody, Alexa Fluor 594 conjugate (Thermo Fisher Scientific A-11012); Goat 

anti-Mouse IgG (H+L) Secondary Antibody, Alexa Fluor 594 conjugate (Thermo Fisher 

Scientific A-11005); IRDye 800CW Goat anti-Rabbit IgG (H+L) Secondary Antibody (Li-Cor, 

925-32211); and IRDye 800CW Goat anti-mouse IgG (H+L) Secondary Antibody (LI-COR, 

925-32210). 

2.4.6 Plasmid construction 

The sequence of human vimentin isoform 1 was amplified using PCR and the 

following primers:  
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 Forward: 5’ cgcggatccgccaccatgtccaccaggtccgtg 3’ 

 Reverse: 5’ cgtctagattcaaggtcatcgtgatgctga 3’ 

The resulting PCR product and pcDNA3.1(+)/myc-His A vector (Invitrogen) were 

digested with BamHI and XbaI (New England Biolabs) and the vector treated with calf 

intestinal alkaline phosphatase (New England Biolabs) according to the manufacturer’s 

instructions. PCR product and vector were mixed in a 3:1 molar ratio and incubated with 

T4 DNA ligase (New England Biolabs) in the provided buffer for 1 hour. This reaction was 

transformed into E. coli strain DH5α and the resulting colonies were cultured, 

miniprepped and sequenced using standard methods. The OGT-myc/6xHis and OGA-myc 

constructs have been described previously171.  

The sequence of mEmerald-vimentin-N-18 (Addgene plasmid #54301) was 

amplified using primers complementary to vimentin and GFP (Forward: 5’ 

caccgccaccatgtccaccaggtccgtg 3’; Reverse: 5’ cgcaacgaattctcaatgtccaccaggtccgt). The 

resulting PCR product was cloned into a pENTR vector using the pENTR Directional 

TOPO cloning kit (Fisher Scientific #K240020) according to the manufacturer’s instructions. 

This vector was used in a Gateway LR Clonase II Enzyme reaction, according to 

manufacturer’s instructions (Invitrogen), with pLenti CMV Neo DEST (705-1) (Addgene 

plasmid #17392), or pLenti CMV/TO Hygro DEST (Addgene plasmid # 17291).  Vimentin 

mutants were created from WT expression constructs via standard site-directed 

mutagenesis protocols using Agilent online primer design tools, oligonucleotides 
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synthesized by IDT, and Phusion polymerase according to the manufacturer’s instructions 

(Thermo Fisher). 

2.4.7 Transfections 

30 µl of Trans-IT-293 transfection reagent (Mirus) was added to 750 µl of Opti-MEM 

medium (Life Technologies), vortexed and centrifuged briefly, and incubated at room 

temperature for 15 minutes. Then, 10 µg DNA was added to the mixture and vortexing and 

centrifuging were repeated, followed by an additional 15 minutes at room temperature. 

The entire reaction was added drop-wise to adherent cells. 

2.4.8 Immunoprecipitation (IP) 

Samples were diluted to 1 mg/ml total protein concentration in IP buffer (150 mM 

NaCl, 20 mM Tris pH 7.4, 1% Triton-X100, 0.1% SDS) and 3 µg of antibody was added for 

each 1 mg of protein used. IPs were incubated at 4 ºC overnight with gentle agitation. The 

next day, washed protein-A/G agarose beads (Thermo) were added to the tubes and 

rotated at room temperature for 1.5 hours. The beads were then isolated by centrifuging at 

600 g for 1 minute and the supernatants were discarded. Beads were washed four times 

with 1 ml of IP buffer and eluted with three times the bead volume of elution buffer (8M 

urea, 150 mM NaCl; if the samples were to be further purified by nickel, this buffer also 

contained 10 mM imidazole). 
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2.4.9 Differential extraction 

Differential extraction was performed essentially as described163. Briefly, 293T/17 

cells were grown to confluency, treated with GlcNDAz precursor and UV-crosslinked as 

above, and washed three times on the plate with PBS containing 2 mM MgCl2 at room 

temperature. After removing PBS, attached cells were incubated in 1 ml of low-detergent 

buffer (10 mM MOPS pH 7, 10 mM MgCl2, 1 mM EGTA, 0.15% Triton X-100, plus 7.5 µl 

saturated phenylmethane sulfonyl fluoride (PMSF) solution in ethanol, added fresh, in 1x 

PBS) for five minutes at room temperature with gentle agitation. The buffer was removed 

and cleared by benchtop centrifugation, and the resulting supernatant was reserved as the 

soluble cell fraction. Plates were then incubated on ice in 1 ml of ice-cold high-detergent 

buffer (10 mM MOPS pH 7, 10 mM MgCl2, 1% Triton X-100, plus 7.5 µl saturated PMSF 

solution and 50 mg Benzonase, added fresh, in 1x PBS) for 3 minutes. Then, 250 µl of ice-

cold 5 M NaCl was added, cells were resuspended by pipetting, and samples were cleared 

by centrifugation. The resulting supernatant was saved as the cytoskeletal fraction, 

including intermediate vimentin assembly states. Finally, the pellet was resuspended by 

pipetting in 250 µl of 8 M urea in PBS to solubilize the remaining material (e.g., assembled 

IFs)163. 

2.4.10 Buffer exchange 

Zeba spin desalting columns (Thermo Fisher, 89890) were washed with 1 mL of IP 

buffer (150 mM NaCl, 20 mM Tris pH 7.4, 1% Triton-X100, 0.1% SDS) and centrifuged at 
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1000 g for 2 minutes three times, according to manufacturer’s instructions. Sample was 

then applied to the center of the column and 40 µL of IP buffer was applied after the 

sample had absorbed into the resin. Then the column was centrifuged for 2 minutes at 1000 

g and sample was collected in 1.5 mL centrifuge tube. 

2.4.11 Mass spectrometry-based proteomics 

293T/17 cells stably expressing AGX1(F383G)79 were transfected with a vimentin-

myc-6xHis construct, treated with GlcNDAz precursor, and UV-crosslinked as above. 

Crosslinked and uncrosslinked vimentin-myc-6xHis was isolated first through anti-myc IP, 

as above. Samples were eluted from the protein A/G beads in 8 M urea, 150 mM NaCl and 

10 mM imidazole in PBS and incubated with nickel-NTA resin (Qiagen) rotating at room 

temperature for 2 hours. The resin was washed three times with the same buffer and eluted 

with 8 M urea, 150 mM NaCl and 250 mM imidazole in PBS for 15 minutes. Eluents were 

separated by SDS-PAGE and stained with InstantBlue gel stain (Thermo Fisher). Bands 

corresponding to crosslinks were excised by hand and analyzed by in-gel digest and 

MS/MS proteomics by the Duke Proteomics and Metabolomics Shared Resource. For more 

details, please see https://genome.duke.edu/cores-and-services/proteomics-and-

metabolomics/protein-characterization. 
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2.4.12 Generation and validation of vimentin-/- cells by CRISPR/Cas9 
deletion 

Three single guide RNA (sgRNA) sequences targeting the human vimentin locus 

were designed and validated via the Surveyor assay192 by the Duke Functional Genomics 

facility: 

 

 Vim-1: 5’ GGACGAGGACACGGACCTGG 3’ 

 Vim-2: 5’ CATCCTGCGGTAGGAGGACG 3’ 

 Vim-3: 5’ GGACACGGACCTGGTGGACA 3’ 

 

An sgRNA targeting the AAVS1 “safe harbor” locus193 was used as a control.  

First, HeLa or 293T/17 cells were added to a 6-well plate at ~40-60% confluency and 

allowed to attach for 24 hours. Then, cells were infected by adding 50 µl of a Cas9 

lentivirus (Addgene plasmid #52961), produced by the Duke Functional Genomics Facility, 

in DMEM plus 8 µg/ml polybrene drop-wise to each well. Plates were centrifuged at 700 g 

for 30 minutes and incubated under standard conditions for 24 hours. Then, the medium 

was changed to DMEM without polybrene and the cells were allowed to recover for 3 days. 

Cells were selected and maintained with blasticidin (5 µg/ml for 293T/17, 3 µg/ml for 

HeLa) for several passages before infection with sgRNA viruses.  

HeLa or 293T/17 cells stably transduced with lentiviral Cas9 were added to a 6-well 

plate at ~40-60% confluency and allowed to attach for 24 hours. Then, cells were infected 
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with lentivirus produced by the Duke Functional Genomics Facility in DMEM plus 8 µg/ml 

polybrene, and 50 µl of virus was added drop-wise to each well. Plates were centrifuged at 

700 g for 30 minutes and incubated under standard conditions for 24 hours. Then, the 

medium was changed to DMEM without polybrene and the cells were allowed to recover 

for 3 days. Cells were selected and maintained with puromycin (0.5 µg/ml for 293T/17, 1.5 

µg/ml for HeLa) for several passages. Single cells were sorted into 96-well plates by a DiVa 

fluorescence-activated cell sorter (BD Biosciences) at the Duke Cancer Institute Flow 

Cytometry Shared Resource (DCI FCSR) to obtain individual clones. Clones were screened 

for successful vimentin deletion both by IP/IB with a monoclonal vimentin antibody (V9, 

Sigma) and quantitative RT-PCR (qPCR).  

For qPCR, cellular mRNA was extracted with an RNeasy kit according to the 

manufacturer’s instructions (Qiagen). RNA was used to generate cDNA using SuperScript 

II reverse transcriptase according to the manufacturer’s instructions (Thermo Fisher 

#18064014). cDNA was diluted five-fold, and triplicate reactions were performed using Sir 

Master Mix (Life Tech-Power Sybr no.4367659) according to manufacturer’s instructions. 

Reactions were performed on a StepOnePlus Real-Time PCR system (Applied Biosystems).  

The following qPCR primers and cycling conditions were used:  

Vimentin 

Forward: 5’-AGTGTGGCTGCCAAGAACCT 3’ 

Reverse: 5’-GAGGGACTGCACCTGTCTCC 3’ 
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Actin 

Forward: 5’-CACTCTTCCAGCCTTCCTTC 3’ 

Reverse: 5’-GGATGTCCACGTCACACTTC 3’ 

 

2.4.13 Creation of vimentin-mEmerald lentivirus and reconstitution of 
vimentin-/- cells 

1.2 x 106 293T cells were plated at ~60-70% confluency in a 6 cm dish 24 hours prior 

to transfection. Cells were transfected as above with: 

 • 1 µg vimentin expression construct (lentivector, produced as described 

above) 

 • 900 ng psPAX2 (packaging plasmid; Addgene plasmid # 12260) 

 • 100 ng pMD2.G (VSV-G/ENV plasmid; Addgene plasmid # 12259) 

   

12-18 hours post-transfection, the medium was changed to 4 ml of DMEM with 30% 

FBS. At 48 hours post-transfection, the medium containing the virus was harvested and 

replaced with fresh DMEM. At 72 hours post-transfection, the virus-containing medium 

was again harvested, combined with the previous medium, and filtered through a 0.45 µm 

PVDF filter. Filtered supernatants were then used to infect target cells as described above. 

HeLa cells were selected and passaged in 500 µg/ml G418, and 293T cells with 100 µg/ml 

hygromycin. Cells were sorted on a DiVa fluorescence-activated cell sorter (BD Biosciences) 
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at the DCI FCSR to obtain the top third of highest-expressing cells, as judged by GFP 

fluorescence (vimentin-mEmerald signal). 

2.4.14 Filament imaging 

Imaging of vimentin-mEmerald was performed using a confocal laser scanning 

microscope (LSM 880; Zeiss) equipped with an automatic stage, Airyscan detector 

(Hamamatsu) and diode (405 nm), argon ion (488 nm), double solid-state (561 nm), and 

helium-neon (633 nm) lasers. Images were acquired using a 60x/1.4 NA oil objective (Zeiss) 

and deconvolved using automatic Airyscan Processing in the Zen Software (Zeiss). 

2.4.15 Immunofluorescence 

Cells were rinsed twice with 37 ºC PBS and fixed with 1% formaldehyde (Sigma) in 

PBS for 10 minutes. Cells were permeabilized with PBS containing 0.1% Triton X-100 

(Sigma) for 10 minutes and blocked with TBS containing 5% BSA (Equitech-Bio) and 0.1% 

Triton X-100. A mouse antibody against vimentin (clone V9, Santa Cruz Biotech sc-57678) 

was diluted in TBS containing 5% BSA and 0.1% Triton X-100 and incubated with the 

samples overnight at 4˚C. Cells were washed three times with PBS and then incubated with 

a goat anti-rabbit (H+L) Alexa Fluor 647-conjugated secondary antibody (Thermo Fisher) 

diluted in TBST containing 5% BSA for 1 hour at room temperature. Coverslips were 

washed five times with PBS and mounted on slides using ProLong Diamond anti-fade 

mounting medium with DAPI (Thermo Fisher). Cells were imaged using a confocal laser 

scanning microscope (LSM 880; Zeiss) equipped with an automatic stage, Airyscan detector 
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(Hamamatsu) and diode (405 nm), argon ion (488 nm), double solid-state (561 nm), and 

helium-neon (633 nm) lasers. Images were acquired using a 60x/1.4 NA oil objective (Zeiss) 

and deconvolved using automatic Airyscan Processing in the Zen Software (Zeiss). 

2.4.16 Transwell migration assays 

Transwell migration assays were performed essentially as described194. Briefly, cells 

were plated at approximately 70% confluency and allowed to attach for 24 hours. Then, the 

medium was removed and replaced with DMEM containing penicillin/streptomycin but 

lacking FBS for 72 hours. 6.5 mm Transwell plates with 8.0-µm pore polycarbonate 

membrane inserts were collagen-coated by incubating individual inserts in 50 µg/ml 

collagen solution from bovine skin (Sigma-Aldrich, C4243-20ML) for 1 hour at 37 ºC, UV-

sterilized in a biosafety cabinet, and re-hydrated with FBS-free DMEM for 1 hour. FBS-

starved cells were trypsinized and counted, and 30,000 cells per replicate were added to 

each insert with either FBS-containing or FBS-free DMEM on the opposite side. Cells were 

permitted to migrate for 24 hours under standard culture conditions. The assay was 

stopped by fixing cells in ice-cold methanol for 10 minutes at -20 ºC. Then, inserts were 

stained with crystal violet solution (30% methanol, 0.1% crystal violet in PBS) overnight. 

After staining, inserts were washed three times in PBS and the non-migrated cells were 

gently removed with a cotton swab. Four non-overlapping fields of view per insert were 

imaged with a 10x objective of a Nikon TE200 inverted microscope. Cells were counted 
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manually and migration was expressed as a percentage of the appropriate control sample 

for each experiment. 

2.4.17 Statistical analysis 

Transwell migration assays were normalized to percent of control (i.e., WT 

vimentin) migration and analyzed by ANOVA, with p < 0.05 considered significant.  

For filament morphology quantification, the number of puncta-containing cells was 

normalized as a percent of total cells counted and analyzed by ANOVA, with p < 0.05 

considered significant. 

2.4.18 Chlamydia strains and elementary body preparations 

Chlamydia trachomatis serotype LGV-L2, strain 434/Bu (CTL2) was propagated in 

Vero cells. Infectious elementary bodies (EBs) were derived from Vero-infected cells at 44 

hours post-infection (hpi). Infected cells were rinsed twice with PBS, lysed in water for 10 

minutes, and diluted in buffer (7.2 mM K2HPO4, 3.8 mM KH2PO4, 218 mM sucrose, 4.9 mM 

L-glutamic acid, pH 7.4). Cell lysates were subsequently sonicated and stored at -80 ºC. 

2.4.19 Chlamydia infections 

Human cells were seeded at a density of 5 x 104 cells/well on glass coverslips (Bellco 

Glass, Inc.). Coverslips were pre-coated with 30 µg/ml type I collagen (Thermo Fisher) in 20 

mM acetic acid (Spectrum) for 5 minutes and rinsed twice with medium. Cells were 

maintained in medium containing 0.5 mg/ml G418 and rinsed three times with medium 

lacking G418 just prior to infections. CTL2 EBs were added at a multiplicity of infection of 
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three and infections were synchronized by centrifugation (1,000 g, 20 minutes) at 10 °C. The 

medium was replaced and infected cells were cultured under standard conditions for 30 

hours. To inhibit OGT or OGA activity, the medium of infected cells was replaced with 

medium containing DMSO (vehicle), 50 µM Ac45SGlcNAc, or 50 µM Thiamet-G at 10 hpi. 

2.4.20 Vimentin cleavage 

Vimentin-/- HeLa cells stably transduced with empty vector or WT, S49A or Y117L 

vimentin-mEmerald were mock-infected or infected with CTL2 Chlamydia (MOI = 0.5) for 

30 hours, washed twice with cold PBS, incubated in ice-cold buffer (50 mM Tris pH 7.4, 150 

mM NaCl, 1 mM EDTA, 1 mM PMSF, 1% Triton X-100, and protease inhibitors (Roche)) for 

30 minutes and then sonicated on ice for 10 seconds. Cell lysates were cleared by 

centrifugation at 8000 rpm for five minutes at 4˚C. Supernatants were diluted in SDS-PAGE 

sample buffer and heated to 95˚C for five minutes. Equal volumes of sample were analyzed 

by IB. Rabbit antibodies against GFP (ThermoFisher A11122) and MOMP (a gift from Ken 

Fields), a mouse anti-tubulin (Sigma-Aldrich, Clone B-5-1-2), and secondary anti-rabbit and 

anti-mouse antibodies (Li-Cor Biosciences) conjugated to infrared dye were diluted in PBS 

containing 5% nonfat milk (weight/volume) and 0.1% Tween-20, and sequentially 

incubated on the membrane prior to scanning with the Odyssey imaging system (Li-Cor 

Biosciences). 
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2.4.21 Immunofluorescence in Chlamydia infection experiments 

Human cells were rinsed twice with warm PBS and fixed with 3.7% formaldehyde 

in PBS for 20 minutes. Cells were quenched with 0.25% NH4Cl, permeabilized with PBS 

containing 0.1% Triton X-100 for 10 minutes and blocked with PBS containing 2% BSA and 

0.1% Triton X-100. A mouse antibody against MOMP (Santa Cruz, sc-57678) and a rabbit 

antibody against Cap1 (A. Subtil, Institut Pasteur) were diluted in PBS containing 2% BSA 

and 0.1% Triton X-100. The secondary antibodies goat-anti-mouse (H+L) Alexa Fluor 647 

(Thermo Fisher) and goat-anti-rabbit (H+L) Alexa Fluor 555 (Thermo Fisher) were diluted 

in PBS containing 2% BSA and 0.1% Triton X-100. Coverslips were washed five times with 

PBS and mounted on slides using Fluorsave mounting media (CalBiochem). 

Cells were imaged using a confocal laser scanning microscope (LSM 880; Zeiss 

equipped with an automatic stage, Airyscan detector (Hamamatsu) and diode (405 nm), 

argon ion (488 nm), double solid-state (561 nm), and helium-neon (633 nm) lasers. Images 

were acquired using a 60x/1.4 NA oil objective (Zeiss) and deconvolved using automatic 

Airyscan Processing in the Zen Software (Zeiss). 

2.4.22 Analysis of Chlamydia infection experiment images 

To quantify Chlamydia inclusion size, images were imported into ImageJ (NIH) and 

converted to 8-bit TIFF and binary image files to demarcate individual inclusions. The area 

of each Cap1-positive inclusion and the number of extra-inclusion bacteria were exported 

and plotted in the R software. Datasets were analyzed in R using Levene’s Test to assess 
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equal variance, followed by either a Student’s t-test or Welch’s t-test, with p < 0.05 

considered significant. 

2.4.23 Atomic Force Microscopy 

For all measurements, data were collected from single, interphase cells on 

coverslips placed face up on an inverted Nikon Diaphot 200 microscope with 

epifluorescence illumination (Southern Micro Instruments, Atlanta, GA), and imaged using 

a rhodamine HQ filter set (Chroma Technology, Rockingham, VT) and a 1.3 or 1.4 NA 100 

oil objective. Images were recorded using a high-speed Cooke PCO 1600 camera with C-

link and recorded with CamWare (Cooke Corporation, Romulus, MI).  

The atomic force microscope (AFM; Explorer, Veeco Instruments, Woodbury, NY) 

is situated on the manipulation stage of the optical epifluorescence microscope which 

enables simultaneous AFM manipulation and optical data acquisition. Both OMCL-

AC240TS-W2 (Olympus, Asylum Research, Santa Barbara, CA, Micro Cantilever) and 

RC150VB Biolever (Olympus, Asylum Research) AFM cantilevers (SiN) were used for 

manipulation. A detailed description of the setup and measurement can be found in prior 

publications195-196. Briefly, force data were determined through calibration of the lateral 

deflection signal and the lateral cantilever spring constant was calculated from 

cantilever/geometry and SiN materials constants. The AFM tip was controlled using the 

Nanomanipulater software (3rdTech, Durham, NC) and the point at which the cantilever 

tip made contact with each cell was determined by identifying the first deviation from the 
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straight-line portion of the force versus displacement curve (Asylum software). Data were 

fit with the Hertz model as previously described to determine Young’s modulus197. 

Poisson’s ratio was assumed to be 0.5. 

2.4.24 Wound healing 

For wound assays, cells were seeded on each side of a 2-well silicone Culture-Insert 

(Ibidi, 81176) situated on glass coverslips. When cells were 80-90% confluent, the silicone 

insert was removed and the cells were imaged on the Nikon Diaphot 200 microscope 

system, described above, migrating across the 500 µm gap for 12-16 hours. Individual cells 

at the wound edge were tracked using Fiji’s cell tracker and rates of migration were 

averaged for each plate.  
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3 Unbiased identification of OGT and OGA binding 
partners 

3.1 Introduction 

As discussed in detail in Chapter 1, O-GlcNAc is an essential post-translational 

modification in mammals and aberrant O-GlcNAcylation is implicated in myriad human 

pathologies, including diabetes and metabolic diseases (Chapter 1). However, the lack of a 

clear consensus sequence among mapped O-GlcNAcylation sites means that the substrate 

specificity of OGT and OGA remains a large unanswered question in the field of 

glycobiology. A prevailing general model is that OGT binds to cofactor proteins, which 

confer specificity by recruiting it to particular substrates or subcellular sites32, 198. In some 

cases, specific binding partners of OGT have already been shown to regulate its substrate 

specificity (Chapter 1). However there are many other substrates whose selection is still 

mysterious and may be driven by as-yet unidentified cofactors. Since the substrate 

specificity of these enzymes changes in response to different stimuli, it is likely that 

different binding partners associate with OGT/OGA, depending on the state of the cell. For 

example, when starved cells are stimulated with glucose, OGT binds the endogenous 

transcriptional coactivator host cell factor C1 (HCF-1) and PGC1α to regulate the 

expression of gluconeogenic genes57. Two recent studies also demonstrated that OGT is 

required to respond to changing glucose levels in particular hypothalamic neurons: OGT in 

the orexigenic Agouti-related protein (AgRP) neurons suppresses peripheral fat browning 

and thermogenesis during fasting199, whereas OGT in periventricular nucleus (PVN) 
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neurons triggers post-prandial satiety, preventing hyperphagia and obesity200. This work 

establishes hypothalamic OGT as a key nutrient-responsive regulator of metabolism and 

behavior. However, since it displays no intrinsic amino acid sequence specificity, it is 

unclear how OGT “chooses” to glycosylate the appropriate substrates in response to 

glucose fluctuations. The cofactor proteins governing nutrient-dependent OGT substrate 

selection in general, and the brain in particular, remain entirely unknown. New approaches 

are needed to understand the molecular mechanism of OGT regulation by 

pathophysiologically important signals, such as glucose fluctuations. 

3.2 Strategy 

To address this challenge, we took advantage of new proximity labeling techniques 

in order to develop a method to tag, purify, and identify endogenous OGT cofactor 

proteins from live cells in a stimulus-dependent manner. Recently, several proximity 

labeling fusion tags have been developed to accurately define organelle proteomes as well 

as identify protein-protein interactions in live cells. The most commonly used are BioID201 

and, more recently, ascorbate peroxidase (APEX)202.  

BioID-based proximity labeling employs a promiscuous mutant of the E. coli biotin 

ligase BirA, which biotinylates proteins in two steps. First, it catalyzes the conversion of 

biotin to a reactive biotinoyl-5’-AMP in the presence of ATP. Wild type BirA has a high 

affinity to biotinoyl-5’-AMP and sequesters it in the active site until its substrate becomes 

available203-204. In the second step, the amino group of the target lysine attacks the mixed 
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anhydride of the bio-5’-AMP bound within BirA’s active site to form an amide bond 

between biotin and the lysine side chain that remains intact for the life of the protein203-204. 

However, the extreme substrate specificity of BirA had to be addressed in order for it to be 

applicable in an unbiased proximity labeling strategy. To achieve promiscuous labeling, 

arginine 118 in the active site of BirA was mutated to glycine, which significantly reduces 

its affinity for biotin-5’-AMP. This allows the highly reactive biotinoyl-5’-AMP to be 

released from the active site and nonspecifically biotinylate nearby proteins on lysine 

residues201, 205. The mutated form of BirA has been dubbed BioID in order to distinguish it 

from WT and other mutated forms of BirA. Recent studies have applied this technology in 

a variety of ways to map local interactions and identify protein-protein interactions206.  

Despite its varied uses, however, there are several potential drawbacks to using 

BioID to identify OGT binding partners. First, it requires an extended incubation time with 

the biotin substrate as well as an extended labeling time of 15-24 hours201. This time-scale 

would likely be too broad to capture changes in protein-protein interactions due to the 

rapid, transient nature of stimulus-induced associations. For example, O-GlcNAc changes 

in some signaling are observed in a few hours after stimulation54. Additionally, the 

extended labeling period increases the chances that the biotinylation of proteins not 

endogenously modified would induce artificial interactions or perturb normal protein 

function in the cell. Furthermore, the half-life of BioID generated biotin-5’-AMP radicals is 

on the order of minutes in aqueous solution, which allows for a high probability of non-
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specific labeling. BioID activity also has a narrow temperature range, preventing its use in 

electron microscopy (EM) to eliminate the possibility of false-positives as a result of the 

mis-localization of the fusion protein. These characteristics make BioID much more suitable 

for capturing entire changes in protein complexes over a longer period of time than to 

identifying the rapid changes induced by specific stimuli.  

In contrast, the engineered APEX enzyme, derived from plants, catalyzes the 

creation of a short-lived radical in the presence of hydrogen peroxide. Under assay 

conditions developed by the Ting lab, proteins that associate with the APEX-tagged 

enzymes are biotinylated in live cells. These proteins can then be isolated through 

streptavidin purification and identified by mass spectrometry. When cells are briefly 

treated with cell-permeable biotin-phenol and H2O2, APEX generates highly reactive biotin-

phenoxyl radicals in situ, which react rapidly with proteins or other biomolecules, 

covalently attaching biotin to them. Crucially, because the phenoxyl radical is so short-

lived, it diffuses < 50 nm from APEX before quenching. Therefore, fusion of APEX to a 

protein of interest permits the proximity ligation of biotin to other proteins within a short 

radius, with negligible background from distant proteins. Additionally, APEX requires less 

than one-hour incubation with the biotin substrate, the labeling time with H2O2 is 1 minute 

or less, and APEX is active in the reducing environment of the cellular cytosol. All these 

characteristics make APEX an appealing candidate to help identify novel OGT binding 

partners. 
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3.3 Results 

3.3.1 Glucose availability as a stimulus 

In order to ensure the OGT and OGA APEX fusion constructs were faithfully 

reporting on endogenous interactions, we first attempted to validate previously 

characterized binding partners of OGT that changed under specific stimulus conditions. 

We chose glucose availability as a stimulus due to the extensive crosstalk between OGT 

and nutrient sensing, as well as several previously characterized interactions that change in 

response to glucose stimulation57. Several labs have shown that interactions between HCF-

1, PGC1α, and OGT change with glucose concentration57, 207.  

To confirm these results, we first glucose-starved HEK 293T cells for 24 hours and 

then re-fed with media containing 4500 mg/L glucose for 6 hours. These cells were 

harvested and IP-ed with an anti-OGT antibody and analyzed by IB. As seen in Figure 23, 

we observed the reported increased association of OGT with HCF-1 and PGC1α after 

glucose feeding and decreased association in starved cells. We also replicated these results 

in both HeLa and HT-22 mouse hippocampal neuronal cell line, though with a shorter 

starvation period due to their extreme sensitivity to nutrient deprivation, demonstrating 

this is a viable assay to assess whether APEX-OGT fusion constructs are faithfully 

replicating and identifying endogenous interactions.  
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Figure 23: OGT interactions change depending on glucose levels 

293T cells were exposed to 0 (starved) or 25 (no change) mM glucose for 24 hours. Starved 
cells were then exposed to 25 mM glucose (refed) or not for 6 hours after which cells were 
harvested, lysed, and IP-ed with an anti-OGT antibody or an IgG control. IPs were 
analyzed by IB as indicated.  
 

3.3.2 Construct design, expression, and activity 

We designed primers for both N- and C-terminally APEX tagged versions of OGT 

and OGA expression constructs due to concerns about APEX potentially blocking 

endogenous binding partners. Initially, we used a twelve-amino acid linker between 
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OGT/OGA and APEX. These constructs were cloned into a small Invitrogen carrier vector 

pENTR, in order to take advantage of the Gateway cloning system (Thermo Fischer 

Scientific). This system allows quick and efficient construct creation that ensures low 

backbone mutation.  

During preliminary experiments, APEX-OGT (N-terminal tag) showed some 

successful labeling (Figure 24). However, the activity was minimal when compared against 

the mito-APEX control developed by the Ting lab (Figure 25). Further analysis 

demonstrated very low expression of the transfected constructs, though N-terminally 

tagged constructs had higher expression (Figure 25).  

 

Figure 24: Biotin labeling of APEX-OGT construct 

293T cells were transfected with OGT-APEX2, exposed to 0 (-) or 25 (+) mM glucose for 24 
hours, incubated with biotin-phenol for 30 minutes, and then exposed to H2O2 (or vehicle 
control) for 1 minute to trigger proximity ligation. Lysates were analyzed by immunoblot, 
with molecular weight markers indicated at left (in kDa). Tubulin is a loading control. 
Bands in -H2O2 samples may be endogenously biotinylated proteins. Biotinylated proteins 
were captured from the lysates described via streptavidin affinity chromatography 
(“pulldown”) and analyzed by immunoblot.  Blots of pulldowns (top) demonstrate specific 
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labeling of HCF1 in glucose-replete cells. Blots of input material (bottom) demonstrate even 
loading. 

 

Figure 25: Labeling and expression analysis of APEX-tagged OGT constructs 

293T cells were transfected with APEX-OGT, OGT-APEX, empty vector, or the APEX2 with 
a mitochondrial localizing sequence described by the Ting lab208. 24 hours after transfection, 
cells were incubated with biotin-phenol for 30 minutes, and then exposed to H2O2 (or 
vehicle control) for 1 minute to trigger proximity ligation. Lysates were analyzed by IB, 
with molecular weight markers indicated at left (in kDa). Tubulin is a loading control.  
 

Due to both low expression and low activity of these constructs, we made new C-

terminal fusion constructs using a newer version of APEX, APEX2 which has additional 

mutations that increase the activity with biotin-phenol208, and the linker used by the Ting 

lab in their mito-APEX construct. Initial experiments with the OGA-APEX (C-terminal tag) 

construct demonstrate ample biotin labeling that is isolatable through streptavidin 
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pulldown (Figure 26). In the future, the Boyce lab will continue to validate the activity of 

both OGA and OGT APEX-tagged constructs to ensure that the constructs retain their 

native functions and interactions while providing enough labeling to isolate and identify 

binding partners.  

  

 

Figure 26: Biotin labeling analysis of OGA-APEX2 

293T cells were transfected with OGA-APEX2 or the APEX2 with a mitochondrial 
localizing sequence described by the Ting lab (APEX2)208, incubated with biotin-phenol for 
30 minutes, and then exposed to H2O2 (or vehicle control) for 1 minute to trigger proximity 
ligation. Lysates were analyzed by IB (input), with molecular weight markers indicated at 
left (in kDa). Biotinylated proteins were captured from the lysates described previously via 
streptavidin affinity chromatography (“pulldown”) and analyzed by IB.  

 

3.3.3 Preliminary testing 

In a pilot experiment, we showed that APEX2-OGT-expressing cells exhibit biotin 

labeling, and that the pattern of biotinylated proteins changes in response to glucose 

deprivation (Figure 24). Moreover, we found that the endogenous transcriptional 
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coactivator HCF1 was biotinylated specifically in glucose-replete cells (Figure 24), 

consistent with the prior demonstration of a glucose-dependent HCF1/OGT association in 

another system57 and replicated by our lab. We concluded that our proximity ligation assay 

can identify glucose-dependent OGT binding partners in living cells. 

3.4 Discussion 

We anticipate that this approach, combined with biotin purification and 

identification by mass spectrometry, using glucose deprivation and re-feeding in cells as a 

model stimulus, will address a critical, unresolved question in the field and provide 

valuable insight into the regulation of OGT and OGA. We propose profiling candidate 

OGT-associated cofactor proteins in an OGT-APEX2-expressing HT22 hippocampal cell 

line209 exposed to 0, 5 or 25 mM glucose, to recapitulate starvation, normoglycemia and 

hyperglycemia. Future members of the Boyce lab will streptavidin-purify biotinylated 

proteins from three biological replicates of each condition and identify glucose-dependent 

protein biotinylation via label-free quantitative proteomics services from the Duke 

Proteomics Core Facility. Importantly, we will confirm the physiological relevance of the 

interactions we identify via anti-OGT immunoprecipitation and cofactor immune-blots 

using hypothalamus extracts from control or hyperglycemic rodent brains, provided by our 

collaborator Dr. Susan Gurley at OHSU.  
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3.5 Materials and methods 

3.5.1 Chemicals and enzymes 

All chemicals were purchased from Sigma unless otherwise noted. 

3.5.2 Cloning 

The sequence of OGT and OGA were amplified using Gibson assembly primers 

complementary to each sequence and APEX2 (Addgene plasmid #72480). A complete list of 

primers for each construct is below.  

APEX2-OGT 

Forward: 5’- tacaaaaaagcaggctccgcggccgGCCACCATGCTGGCCACC  

Reverse: 5’- cctttgccttcgaattcGGCATCAGCAAACCCAAGCTC  

Forward: 5’- tgctgatgccgaattcgaaggcaaaggcagcggcagcgaactcgag 

ATGGCGTCTTCCGTGGGC 

Reverse: 5’- ccagaatccgcggatcgtagaattcTGCTGACTCAGTGACTTCAACAG 

OGT-APEX2 

Forward: 5’- tacaaaaaagcaggctccgcggccgGCCACCATGGCGTCTTCC  

Reverse: 5’- cctttgccttcgaattcTGCTGACTCAGTGACTTCAAC 

Forward: 5’- tgagtcagcagaattcgaaggcaaaggcagcggcagcgaactcgag 

ATGCTGGCCACCCGCGTG 

Reverse: 5’- ccagaatccgcggatcgtagaattcGGCATCAGCAAACCCAAGCTCG 

APEX2-OGA 



 

 94 

Forward: 5’- tacaaaaaagcaggctccgcggccgGCCACCATGCTGGCCACC 

Reverse: 5’- cctttgccttcgaattcGGCATCAGCAAACCCAAGCTC 

Forward: 5’-tgctgatgccgaattcgaaggcaaaggcagcggcagcgaactcgag 

ATGGTGCAGAAGGAGAGTC 

Reverse: 5’- ccagaatccgcggatcgtagaattcCAGGCTCCGACCAAGTATAAC 

OGA-APEX2 

Forward: 5’- tacaaaaaagcaggctccgcggccgGCCACCATGGTGCAGAAG  

Reverse: 5’- cctttgccttcgaattcCAGGCTCCGACCAAGTATAAC 

Forward: 5’- tcggagcctggaattcgaaggcaaaggcagcggcagcgaactcgag 

ATGCTGGCCACCCGCGTG 

Reverse: 5’- ccagaatccgcggatcgtagaattcGGCATCAGCAAACCCAAGCTCG 

The resulting PCR products and pENTR (Invitrogen) were digested with EagI and 

EcoRI (New England Biolabs) and the vector treated with calf intestinal alkaline 

phosphatase (New England Biolabs) according to the manufacturer’s instructions. PCR 

product and vector were mixed and incubated according to manufacturer’s instructions 

(New England Biolabs Gibson Assembly Cloning kit, E5510S) in the provided buffer. This 

reaction was transformed into E. coli strain DH5α and the resulting colonies were 

sequenced for successful constructs. This vector was used in a Gateway LR Clonase II 

Enzyme reaction, according to manufacturer’s instructions (Invitrogen), with pDONR 22 

Destination vector (ThermoFisher).  



 

 95 

3.5.3 Transfections 

30 µl of Trans-IT-293 transfection reagent (Mirus) was added to 750 µl of Opti-MEM 

medium (Life Technologies), vortexed and centrifuged briefly, and incubated at room 

temperature for 15 minutes. Then, 10 µg DNA was added to the mixture and vortexing and 

centrifuging were repeated, followed by an additional 15 minutes at room temperature. 

The entire reaction was added drop-wise to adherent cells. 

3.5.4 Mammalian cell culture 

Cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS), 100 units/ml penicillin and 100 µg/ml 

streptomycin and kept at 37 °C with 5% CO2. 

3.5.5 Biotin labeling 

Cells were transfected with 10 µg of OGT or OGA-APEX2 DNA for 24 hours and 

then the media was changed from DMEM to glucose-free DMEM. After 24 hours, the cells 

were re-fed with DMEM containing 10 mM glucose for 6 hours and then fresh DMEM 

containing 500 µM biotin-phenol was added and incubated at 37 °C under 5% CO2 for 30 

minutes. To label, cells were washed gently with PBS then 1 mM H2O2 in DPBS was added 

to each plate and gently agitated for 1 min. The reaction was quenched by washing the cells 

twice with 10 mM sodium ascorbate, 5 mM Trolox, and 10 mM sodium azide in PBS. To 

harvest, cells were washed twice with PBS and resuspended in lysis buffer (8 M urea or 1% 

Triton, 1% SDS, 150 mM NaCl, 20 mM Tris pH 7.4, with new protease inhibitor cocktail and 
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PUGNAc). After sonication and centrifugation, the concentrations of protein samples were 

obtained via bicinchoninic acid (BCA) assay according to the manufacturer’s instructions 

(Thermo). 

3.5.6 Immunoprecipitation (IP) 

Samples were diluted to 1 mg/ml total protein concentration in IP buffer (150 mM 

NaCl, 20 mM Tris pH 7.4, 1% Triton-X100, 0.1% SDS) and 3 µg of antibody was added for 

each 1 mg of protein used. IPs were incubated at 4 ºC overnight with gentle agitation. The 

next day, washed protein-A/G agarose beads (Thermo) were added to the tubes and 

rotated at room temperature for 1.5 hours. The beads were then isolated by centrifuging at 

600 g for 1 minute and the supernatants were discarded. Beads were washed four times 

with 1 ml of IP buffer and eluted with three times the bead volume of elution buffer (8M 

urea, 150 mM NaCl). 

3.5.7 Streptavidin purification 

The concentrations of protein samples were obtained via bicinchoninic acid (BCA) 

assay according to the manufacturer’s instructions (Thermo) and protein concentration was 

normalized across all samples within each experiment. Samples were diluted to 12 mg/mL 

in IP buffer (150 mM NaCl, 20 mM Tris pH 7.4, 1% Triton-X100, 0.1% SDS) and 50 µL of 

packed streptavidin beads (Thermo 29204) were added and samples were incubated 

rotating for 2 hours at room temperature.  Then, the beads were washed three times with 

each of the following buffers:  4 M guanidine in PBS, 5 M NaCl in H2O, 6 M urea in PBS, 1% 
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SDS in PBS, sterile PBS.   One-third the volume of 4X SDS-PAGE loading buffer was added 

and the sample was heated to 95 ºC for 3 minutes (except in the case of samples prepared in 

8 M urea). 

3.5.8 Immunoblotting (IB) 

The concentrations of protein samples were obtained via bicinchoninic acid (BCA) 

assay according to the manufacturer’s instructions (Thermo) and protein concentration was 

normalized across all samples within each experiment. One-third the volume of 4X SDS-

PAGE loading buffer was added and the sample was heated to 95 ºC for 3 minutes (except 

in the case of samples prepared in 8 M urea). Samples were then loaded onto a 

polyacrylamide gel and run at 165 V. The protein was then transferred onto PVDF 

membrane using a BioRad semi-dry transfer system with transfer buffer (25 mM Tris, 192 

mM glycine, 0.1% SDS, pH 8, 20% methanol) using standard methods.  

After transfer, membranes were blocked in 5% bovine serum albumin (BSA) in Tris-

buffered saline with Tween (TBST; Tris-buffered saline, 0.1% Tween-20) overnight at 4 ºC 

with gentle rocking. Primary antibody dilutions were prepared in TBST+BSA and 

incubated overnight with gentle shaking at 4 ºC. The next day, membranes were washed 

three times with TBST and incubated with the appropriate secondary antibody for 1.5 

hours at room temperature. Membranes were again washed three times with TBST, 

developed with Advansta enhanced chemiluminescence reagent, and exposed to film. The 

following primary antibodies were used: Anti-O-GlcNAc RL2 (Santa Cruz sc-59624), anti- 
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PGC1α (Santa Cruz sc-13067), anti-tubulin (Sigma T6074), anti-HCF1 (Bethyl laboratories 

A301-399A), anti-OGT H-300 (Santa Cruz sc-32921), anti-OGA (Sigma-Aldrich 

SAB4200267), anti-biotin (Sigma-Aldrich B7653). The following horseradish peroxidase-

conjugated secondary antibodies were used: Goat anti-rabbit IgG (Southern Biotech 4030-

05), goat anti-mouse IgG (Southern Biotech 1030-05), goat anti-mouse κ light chain 

(Southern Biotech 1050-05). 
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4. Conclusions and Future work 

4.1 Conclusions 

O-GlcNAcylation is a major mode of cell signaling with broad 

pathophysiological significance. Nevertheless, major questions such as the substrate 

specificity of OGT/OGA and the biochemical effects that O-GlcNAc has on most 

substrates are still largely obscure. The regulation of protein−protein interactions is only 

one of several mechanisms by which O-GlcNAc influences protein function, but this 

mode of regulation is widespread within the cell, common among diverse signaling 

pathways, and conserved across evolution. Here, we provide evidence that site-specific 

glycosylation of the vimentin head domain regulates its homotypic protein-protein 

interactions in human cells and is required for both IF morphology and cell migration. In 

addition, site-specific O-GlcNAcylation of vimentin is exploited by an intracellular 

pathogen to promote its own replication, underlining the importance of IF dynamics in 

disease states. Because many IF proteins are O-GlcNAc-modified, our results may 

provide new insight into the regulation of both vimentin in particular and the IF 

cytoskeleton in general. 

In addition, we have developed a method to tag, purify, and identify 

endogenous OGT and OGA cofactor proteins from live cells in a stimulus-dependent 

manner. This will enable a greater understanding of OGT and OGA substrate specificity 

and how it is regulated by specific signals in the cell.  
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4.2 Future work 

Our work may have broad implications for other IF proteins. Numerous IF 

proteins are dynamically glycosylated in vivo, and the S49 residue of vimentin is 

conserved both among vertebrate vimentin orthologs and in human desmin, another 

type III IF protein. Therefore, site-specific O-GlcNAcylation may be a general mode of 

regulating IF dynamics and function. In the future, pharmacological modulation of O-

GlcNAcylation may provide a way to manipulate filament form and function for 

therapeutic benefit in diseases of dysregulated IFs, ranging from neurodegeneration and 

cardiomyopathy to cancer. 

 



 

 101 

References  

1. Hanover, J. A.; Krause, M. W.; Love, D. C., The hexosamine signaling pathway: 
O-GlcNAc cycling in feast or famine. Biochimica et biophysica acta 2010, 1800 (2), 80-95. 

2. Hart, G. W.; Slawson, C.; Ramirez-Correa, G.; Lagerlof, O., Cross talk between O-
GlcNAcylation and phosphorylation: roles in signaling, transcription, and chronic 
disease. Annual review of biochemistry 2011, 80, 825-58. 

3. Hart, G. W., Three Decades of Research on O-GlcNAcylation - A Major Nutrient 
Sensor That Regulates Signaling, Transcription and Cellular Metabolism. Front 
Endocrinol (Lausanne) 2014, 5, 183. 

4. Olszewski, N. E.; West, C. M.; Sassi, S. O.; Hartweck, L. M., O-GlcNAc protein 
modification in plants: Evolution and function. Biochimica et biophysica acta 2010, 1800 (2), 
49-56. 

5. Oh, H. J.; Moon, H. Y.; Cheon, S. A.; Hahn, Y.; Kang, H. A., Functional analysis of 
recombinant human and Yarrowia lipolytica O-GlcNAc transferases expressed in 
Saccharomyces cerevisiae. J Microbiol 2016, 54 (10), 667-74. 

6. McClain, D. A., Hexosamines as mediators of nutrient sensing and regulation in 
diabetes. J Diabetes Complications 2002, 16 (1), 72-80. 

7. Parker, G. J.; Lund, K. C.; Taylor, R. P.; McClain, D. A., Insulin resistance of 
glycogen synthase mediated by o-linked N-acetylglucosamine. The Journal of biological 
chemistry 2003, 278 (12), 10022-7. 

8. Robertson, L. A.; Moya, K. L.; Breen, K. C., The potential role of tau protein O-
glycosylation in Alzheimer's disease. J Alzheimers Dis 2004, 6 (5), 489-95. 

9. Arnold, C. S.; Johnson, G. V.; Cole, R. N.; Dong, D. L.; Lee, M.; Hart, G. W., The 
microtubule-associated protein tau is extensively modified with O-linked N-
acetylglucosamine. The Journal of biological chemistry 1996, 271 (46), 28741-4. 

10. Chatham, J. C.; Marchase, R. B., The role of protein O-linked beta-N-
acetylglucosamine in mediating cardiac stress responses. Biochimica et biophysica acta 
2010, 1800 (2), 57-66. 



 

 102 

11. Fulop, N.; Marchase, R. B.; Chatham, J. C., Role of protein O-linked N-acetyl-
glucosamine in mediating cell function and survival in the cardiovascular system. 
Cardiovasc Res 2007, 73 (2), 288-97. 

12. Erickson, J. R., Mechanisms of CaMKII Activation in the Heart. Front Pharmacol 
2014, 5, 59. 

13. Ngoh, G. A.; Facundo, H. T.; Zafir, A.; Jones, S. P., O-GlcNAc signaling in the 
cardiovascular system. Circ Res 2010, 107 (2), 171-85. 

14. Darley-Usmar, V. M.; Ball, L. E.; Chatham, J. C., Protein O-linked beta-N-
acetylglucosamine: a novel effector of cardiomyocyte metabolism and function. J Mol 
Cell Cardiol 2012, 52 (3), 538-49. 

15. Erickson, J. R.; Pereira, L.; Wang, L.; Han, G.; Ferguson, A.; Dao, K.; Copeland, R. 
J.; Despa, F.; Hart, G. W.; Ripplinger, C. M.; Bers, D. M., Diabetic hyperglycaemia 
activates CaMKII and arrhythmias by O-linked glycosylation. Nature 2013, 502 (7471), 
372-6. 

16. Chou, T. Y.; Hart, G. W.; Dang, C. V., c-Myc is glycosylated at threonine 58, a 
known phosphorylation site and a mutational hot spot in lymphomas. The Journal of 
biological chemistry 1995, 270 (32), 18961-5. 

17. Chou, T. Y.; Dang, C. V.; Hart, G. W., Glycosylation of the c-Myc transactivation 
domain. Proceedings of the National Academy of Sciences of the United States of America 1995, 
92 (10), 4417-21. 

18. Shaw, P.; Freeman, J.; Bovey, R.; Iggo, R., Regulation of specific DNA binding by 
p53: evidence for a role for O-glycosylation and charged residues at the carboxy-
terminus. Oncogene 1996, 12 (4), 921-30. 

19. Ma, Z.; Vosseller, K., O-GlcNAc in cancer biology. Amino Acids 2013, 45 (4), 719-
33. 

20. Slawson, C.; Hart, G. W., O-GlcNAc signalling: implications for cancer cell 
biology. Nat Rev Cancer 2011, 11 (9), 678-84. 



 

 103 

21. Singh, J. P.; Zhang, K.; Wu, J.; Yang, X., O-GlcNAc signaling in cancer 
metabolism and epigenetics. Cancer Lett 2015, 356 (2 Pt A), 244-50. 

22. Yi, W.; Clark, P. M.; Mason, D. E.; Keenan, M. C.; Hill, C.; Goddard, W. A., 3rd; 
Peters, E. C.; Driggers, E. M.; Hsieh-Wilson, L. C., Phosphofructokinase 1 glycosylation 
regulates cell growth and metabolism. Science (New York, N.Y.) 2012, 337 (6097), 975-80. 

23. Liu, Y.; Li, X.; Yu, Y.; Shi, J.; Liang, Z.; Run, X.; Li, Y.; Dai, C. L.; Grundke-Iqbal, I.; 
Iqbal, K.; Liu, F.; Gong, C. X., Developmental regulation of protein O-GlcNAcylation, O-
GlcNAc transferase, and O-GlcNAcase in mammalian brain. PLoS One 2012, 7 (8), 
e43724. 

24. Shafi, R.; Iyer, S. P.; Ellies, L. G.; O'Donnell, N.; Marek, K. W.; Chui, D.; Hart, G. 
W.; Marth, J. D., The O-GlcNAc transferase gene resides on the X chromosome and is 
essential for embryonic stem cell viability and mouse ontogeny. Proceedings of the 
National Academy of Sciences of the United States of America 2000, 97 (11), 5735-9. 

25. Yang, Y. R.; Song, M.; Lee, H.; Jeon, Y.; Choi, E. J.; Jang, H. J.; Moon, H. Y.; Byun, 
H. Y.; Kim, E. K.; Kim, D. H.; Lee, M. N.; Koh, A.; Ghim, J.; Choi, J. H.; Lee-Kwon, W.; 
Kim, K. T.; Ryu, S. H.; Suh, P. G., O-GlcNAcase is essential for embryonic development 
and maintenance of genomic stability. Aging Cell 2012, 11 (3), 439-48. 

26. Hanover, J. A.; Yu, S.; Lubas, W. B.; Shin, S. H.; Ragano-Caracciola, M.; Kochran, 
J.; Love, D. C., Mitochondrial and nucleocytoplasmic isoforms of O-linked GlcNAc 
transferase encoded by a single mammalian gene. Arch Biochem Biophys 2003, 409 (2), 
287-97. 

27. Love, D. C.; Kochan, J.; Cathey, R. L.; Shin, S. H.; Hanover, J. A., Mitochondrial 
and nucleocytoplasmic targeting of O-linked GlcNAc transferase. Journal of cell science 
2003, 116 (Pt 4), 647-54. 

28. Kreppel, L. K.; Blomberg, M. A.; Hart, G. W., Dynamic glycosylation of nuclear 
and cytosolic proteins. Cloning and characterization of a unique O-GlcNAc transferase 
with multiple tetratricopeptide repeats. The Journal of biological chemistry 1997, 272 (14), 
9308-15. 

29. Wells, L.; Gao, Y.; Mahoney, J. A.; Vosseller, K.; Chen, C.; Rosen, A.; Hart, G. W., 
Dynamic O-glycosylation of nuclear and cytosolic proteins: further characterization of 



 

 104 

the nucleocytoplasmic beta-N-acetylglucosaminidase, O-GlcNAcase. The Journal of 
biological chemistry 2002, 277 (3), 1755-61. 

30. Jinek, M.; Rehwinkel, J.; Lazarus, B. D.; Izaurralde, E.; Hanover, J. A.; Conti, E., 
The superhelical TPR-repeat domain of O-linked GlcNAc transferase exhibits structural 
similarities to importin alpha. Nat Struct Mol Biol 2004, 11 (10), 1001-7. 

31. Lazarus, M. B.; Nam, Y.; Jiang, J.; Sliz, P.; Walker, S., Structure of human O-
GlcNAc transferase and its complex with a peptide substrate. Nature 2011, 469 (7331), 
564-7. 

32. Kreppel, L. K.; Hart, G. W., Regulation of a cytosolic and nuclear O-GlcNAc 
transferase. Role of the tetratricopeptide repeats. The Journal of biological chemistry 1999, 
274 (45), 32015-22. 

33. Yang, X.; Zhang, F.; Kudlow, J. E., Recruitment of O-GlcNAc transferase to 
promoters by corepressor mSin3A: coupling protein O-GlcNAcylation to transcriptional 
repression. Cell 2002, 110 (1), 69-80. 

34. Vella, P.; Scelfo, A.; Jammula, S.; Chiacchiera, F.; Williams, K.; Cuomo, A.; 
Roberto, A.; Christensen, J.; Bonaldi, T.; Helin, K.; Pasini, D., Tet proteins connect the O-
linked N-acetylglucosamine transferase Ogt to chromatin in embryonic stem cells. Mol 
Cell 2013, 49 (4), 645-56. 

35. Iyer, S. P.; Hart, G. W., Roles of the tetratricopeptide repeat domain in O-GlcNAc 
transferase targeting and protein substrate specificity. The Journal of biological chemistry 
2003, 278 (27), 24608-16. 

36. Lubas, W. A.; Hanover, J. A., Functional expression of O-linked GlcNAc 
transferase. Domain structure and substrate specificity. The Journal of biological chemistry 
2000, 275 (15), 10983-8. 

37. Comer, F. I.; Hart, G. W., Reciprocity between O-GlcNAc and O-phosphate on 
the carboxyl terminal domain of RNA polymerase II. Biochemistry 2001, 40 (26), 7845-52. 

38. Cheung, W. D.; Sakabe, K.; Housley, M. P.; Dias, W. B.; Hart, G. W., O-linked 
beta-N-acetylglucosaminyltransferase substrate specificity is regulated by myosin 



 

 105 

phosphatase targeting and other interacting proteins. The Journal of biological chemistry 
2008, 283 (49), 33935-41. 

39. Li, B.; Li, H.; Hu, C. W.; Jiang, J., Structural insights into the substrate binding 
adaptability and specificity of human O-GlcNAcase. Nat Commun 2017, 8 (1), 666. 

40. Alonso, J.; Schimpl, M.; van Aalten, D. M., O-GlcNAcase: promiscuous 
hexosaminidase or key regulator of O-GlcNAc signaling? The Journal of biological 
chemistry 2014, 289 (50), 34433-9. 

41. Elsen, N. L.; Patel, S. B.; Ford, R. E.; Hall, D. L.; Hess, F.; Kandula, H.; Kornienko, 
M.; Reid, J.; Selnick, H.; Shipman, J. M.; Sharma, S.; Lumb, K. J.; Soisson, S. M.; Klein, D. 
J., Insights into activity and inhibition from the crystal structure of human O-GlcNAcase. 
Nature chemical biology 2017, 13 (6), 613-615. 

42. Roth, C.; Chan, S.; Offen, W. A.; Hemsworth, G. R.; Willems, L. I.; King, D. T.; 
Varghese, V.; Britton, R.; Vocadlo, D. J.; Davies, G. J., Structural and functional insight 
into human O-GlcNAcase. Nature chemical biology 2017, 13 (6), 610-612. 

43. Li, B.; Li, H.; Lu, L.; Jiang, J., Structures of human O-GlcNAcase and its 
complexes reveal a new substrate recognition mode. Nat Struct Mol Biol 2017, 24 (4), 362-
369. 

44. Bond, M. R.; Hanover, J. A., O-GlcNAc cycling: a link between metabolism and 
chronic disease. Annu Rev Nutr 2013, 33, 205-29. 

45. Ruan, H. B.; Singh, J. P.; Li, M. D.; Wu, J.; Yang, X., Cracking the O-GlcNAc code 
in metabolism. Trends Endocrinol Metab 2013, 24 (6), 301-9. 

46. Bond, M. R.; Hanover, J. A., A little sugar goes a long way: the cell biology of O-
GlcNAc. J Cell Biol 2015, 208 (7), 869-80. 

47. Mondoux, M. A.; Love, D. C.; Ghosh, S. K.; Fukushige, T.; Bond, M.; 
Weerasinghe, G. R.; Hanover, J. A.; Krause, M. W., O-linked-N-acetylglucosamine 
cycling and insulin signaling are required for the glucose stress response in 
Caenorhabditis elegans. Genetics 2011, 188 (2), 369-82. 



 

 106 

48. Keembiyehetty, C.; Love, D. C.; Harwood, K. R.; Gavrilova, O.; Comly, M. E.; 
Hanover, J. A., Conditional knock-out reveals a requirement for O-linked N-
Acetylglucosaminase (O-GlcNAcase) in metabolic homeostasis. The Journal of biological 
chemistry 2015, 290 (11), 7097-113. 

49. Roos, M. D.; Su, K.; Baker, J. R.; Kudlow, J. E., O glycosylation of an Sp1-derived 
peptide blocks known Sp1 protein interactions. Mol Cell Biol 1997, 17 (11), 6472-80. 

50. Yang, X.; Su, K.; Roos, M. D.; Chang, Q.; Paterson, A. J.; Kudlow, J. E., O-linkage 
of N-acetylglucosamine to Sp1 activation domain inhibits its transcriptional capability. 
Proceedings of the National Academy of Sciences of the United States of America 2001, 98 (12), 
6611-6. 

51. Lim, K.; Chang, H. I., O-GlcNAcylation of Sp1 interrupts Sp1 interaction with 
NF-Y. Biochem Biophys Res Commun 2009, 382 (3), 593-7. 

52. Latorre, P.; Varona, L.; Burgos, C.; Carrodeguas, J. A.; Lopez-Buesa, P., O-
GlcNAcylation mediates the control of cytosolic phosphoenolpyruvate carboxykinase 
activity via Pgc1alpha. PLoS One 2017, 12 (6), e0179988. 

53. Myers, S. A.; Peddada, S.; Chatterjee, N.; Friedrich, T.; Tomoda, K.; Krings, G.; 
Thomas, S.; Maynard, J.; Broeker, M.; Thomson, M.; Pollard, K.; Yamanaka, S.; 
Burlingame, A. L.; Panning, B., SOX2 O-GlcNAcylation alters its protein-protein 
interactions and genomic occupancy to modulate gene expression in pluripotent cells. 
Elife 2016, 5, e10647. 

54. Dentin, R.; Hedrick, S.; Xie, J.; Yates, J., 3rd; Montminy, M., Hepatic glucose 
sensing via the CREB coactivator CRTC2. Science (New York, N.Y.) 2008, 319 (5868), 1402-
5. 

55. Gewinner, C.; Hart, G.; Zachara, N.; Cole, R.; Beisenherz-Huss, C.; Groner, B., 
The coactivator of transcription CREB-binding protein interacts preferentially with the 
glycosylated form of Stat5. The Journal of biological chemistry 2004, 279 (5), 3563-72. 

56. Stark, G. R.; Darnell, J. E., Jr., The JAK-STAT pathway at twenty. Immunity 2012, 
36 (4), 503-14. 



 

 107 

57. Ruan, H. B.; Han, X.; Li, M. D.; Singh, J. P.; Qian, K.; Azarhoush, S.; Zhao, L.; 
Bennett, A. M.; Samuel, V. T.; Wu, J.; Yates, J. R., 3rd; Yang, X., O-GlcNAc 
transferase/host cell factor C1 complex regulates gluconeogenesis by modulating PGC-
1alpha stability. Cell metabolism 2012, 16 (2), 226-37. 

58. Wells, L.; Slawson, C.; Hart, G. W., The E2F-1 associated retinoblastoma-
susceptibility gene product is modified by O-GlcNAc. Amino Acids 2011, 40 (3), 877-83. 

59. Xiao, J.; Xu, S.; Li, C.; Xu, Y.; Xing, L.; Niu, Y.; Huan, Q.; Tang, Y.; Zhao, C.; 
Wagner, D.; Gao, C.; Chong, K., O-GlcNAc-mediated interaction between VER2 and 
TaGRP2 elicits TaVRN1 mRNA accumulation during vernalization in winter wheat. Nat 
Commun 2014, 5, 4572. 

60. Danyluk, J.; Kane, N. A.; Breton, G.; Limin, A. E.; Fowler, D. B.; Sarhan, F., 
TaVRT-1, a putative transcription factor associated with vegetative to reproductive 
transition in cereals. Plant Physiol 2003, 132 (4), 1849-60. 

61. Trevaskis, B.; Bagnall, D. J.; Ellis, M. H.; Peacock, W. J.; Dennis, E. S., MADS box 
genes control vernalization-induced flowering in cereals. Proceedings of the National 
Academy of Sciences of the United States of America 2003, 100 (22), 13099-104. 

62. Yan, L.; Loukoianov, A.; Tranquilli, G.; Helguera, M.; Fahima, T.; Dubcovsky, J., 
Positional cloning of the wheat vernalization gene VRN1. Proceedings of the National 
Academy of Sciences of the United States of America 2003, 100 (10), 6263-8. 

63. Fujiki, R.; Hashiba, W.; Sekine, H.; Yokoyama, A.; Chikanishi, T.; Ito, S.; Imai, Y.; 
Kim, J.; He, H. H.; Igarashi, K.; Kanno, J.; Ohtake, F.; Kitagawa, H.; Roeder, R. G.; Brown, 
M.; Kato, S., GlcNAcylation of histone H2B facilitates its monoubiquitination. Nature 
2011, 480 (7378), 557-60. 

64. Chen, Q.; Chen, Y.; Bian, C.; Fujiki, R.; Yu, X., TET2 promotes histone O-
GlcNAcylation during gene transcription. Nature 2013, 493 (7433), 561-4. 

65. Wang, P.; Peng, C.; Liu, X.; Liu, H.; Chen, Y.; Zheng, L.; Han, B.; Pei, H., OGT 
mediated histone H2B S112 GlcNAcylation regulates DNA damage response. J Genet 
Genomics 2015, 42 (9), 467-75. 



 

 108 

66. Gagnon, J.; Daou, S.; Zamorano, N.; Iannantuono, N. V.; Hammond-Martel, I.; 
Mashtalir, N.; Bonneil, E.; Wurtele, H.; Thibault, P.; Affar el, B., Undetectable histone O-
GlcNAcylation in mammalian cells. Epigenetics 2015, 10 (8), 677-91. 

67. Finlay, D. R.; Forbes, D. J., Reconstitution of biochemically altered nuclear pores: 
transport can be eliminated and restored. Cell 1990, 60 (1), 17-29. 

68. Holt, G. D.; Hart, G. W., The subcellular distribution of terminal N-
acetylglucosamine moieties. Localization of a novel protein-saccharide linkage, O-linked 
GlcNAc. The Journal of biological chemistry 1986, 261 (17), 8049-57. 

69. Kearse, K. P.; Hart, G. W., Lymphocyte activation induces rapid changes in 
nuclear and cytoplasmic glycoproteins. Proceedings of the National Academy of Sciences of 
the United States of America 1991, 88 (5), 1701-5. 

70. Snow, C. M.; Senior, A.; Gerace, L., Monoclonal antibodies identify a group of 
nuclear pore complex glycoproteins. J Cell Biol 1987, 104 (5), 1143-56. 

71. Sterne-Marr, R.; Blevitt, J. M.; Gerace, L., O-linked glycoproteins of the nuclear 
pore complex interact with a cytosolic factor required for nuclear protein import. J Cell 
Biol 1992, 116 (2), 271-80. 

72. Torres, C. R.; Hart, G. W., Topography and polypeptide distribution of terminal 
N-acetylglucosamine residues on the surfaces of intact lymphocytes. Evidence for O-
linked GlcNAc. The Journal of biological chemistry 1984, 259 (5), 3308-17. 

73. Hulsmann, B. B.; Labokha, A. A.; Gorlich, D., The permeability of reconstituted 
nuclear pores provides direct evidence for the selective phase model. Cell 2012, 150 (4), 
738-51. 

74. Labokha, A. A.; Gradmann, S.; Frey, S.; Hulsmann, B. B.; Urlaub, H.; Baldus, M.; 
Gorlich, D., Systematic analysis of barrier-forming FG hydrogels from Xenopus nuclear 
pore complexes. EMBO J 2013, 32 (2), 204-18. 

75. Mizuguchi-Hata, C.; Ogawa, Y.; Oka, M.; Yoneda, Y., Quantitative regulation of 
nuclear pore complex proteins by O-GlcNAcylation. Biochimica et biophysica acta 2013, 
1833 (12), 2682-2689. 



 

 109 

76. Zhu, Y.; Liu, T. W.; Madden, Z.; Yuzwa, S. A.; Murray, K.; Cecioni, S.; Zachara, 
N.; Vocadlo, D. J., Post-translational O-GlcNAcylation is essential for nuclear pore 
integrity and maintenance of the pore selectivity filter. J Mol Cell Biol 2016, 8 (1), 2-16. 

77. Ha, J. R.; Hao, L.; Venkateswaran, G.; Huang, Y. H.; Garcia, E.; Persad, S., beta-
catenin is O-GlcNAc glycosylated at Serine 23: implications for beta-catenin's subcellular 
localization and transactivator function. Experimental cell research 2014, 321 (2), 153-66. 

78. Olivier-Van Stichelen, S.; Dehennaut, V.; Buzy, A.; Zachayus, J. L.; Guinez, C.; 
Mir, A. M.; El Yazidi-Belkoura, I.; Copin, M. C.; Boureme, D.; Loyaux, D.; Ferrara, P.; 
Lefebvre, T., O-GlcNAcylation stabilizes beta-catenin through direct competition with 
phosphorylation at threonine 41. FASEB journal : official publication of the Federation of 
American Societies for Experimental Biology 2014, 28 (8), 3325-38. 

79. Yu, S. H.; Boyce, M.; Wands, A. M.; Bond, M. R.; Bertozzi, C. R.; Kohler, J. J., 
Metabolic labeling enables selective photocrosslinking of O-GlcNAc-modified proteins 
to their binding partners. Proceedings of the National Academy of Sciences of the United States 
of America 2012, 109 (13), 4834-9. 

80. Cheung, W. D.; Hart, G. W., AMP-activated protein kinase and p38 MAPK 
activate O-GlcNAcylation of neuronal proteins during glucose deprivation. The Journal of 
biological chemistry 2008, 283 (19), 13009-20. 

81. Chou, C. F.; Smith, A. J.; Omary, M. B., Characterization and dynamics of O-
linked glycosylation of human cytokeratin 8 and 18. The Journal of biological chemistry 
1992, 267 (6), 3901-6. 

82. Deng, Y.; Li, B.; Liu, F.; Iqbal, K.; Grundke-Iqbal, I.; Brandt, R.; Gong, C. X., 
Regulation between O-GlcNAcylation and phosphorylation of neurofilament-M and 
their dysregulation in Alzheimer disease. FASEB journal : official publication of the 
Federation of American Societies for Experimental Biology 2008, 22 (1), 138-45. 

83. Dong, D. L.; Xu, Z. S.; Chevrier, M. R.; Cotter, R. J.; Cleveland, D. W.; Hart, G. W., 
Glycosylation of mammalian neurofilaments. Localization of multiple O-linked N-
acetylglucosamine moieties on neurofilament polypeptides L and M. The Journal of 
biological chemistry 1993, 268 (22), 16679-87. 



 

 110 

84. Dong, D. L.; Xu, Z. S.; Hart, G. W.; Cleveland, D. W., Cytoplasmic O-GlcNAc 
modification of the head domain and the KSP repeat motif of the neurofilament protein 
neurofilament-H. The Journal of biological chemistry 1996, 271 (34), 20845-52. 

85. Kakade, P. S.; Budnar, S.; Kalraiya, R. D.; Vaidya, M. M., Functional Implications 
of O-GlcNAcylation-dependent Phosphorylation at a Proximal Site on Keratin 18. The 
Journal of biological chemistry 2016, 291 (23), 12003-13. 

86. King, I. A.; Hounsell, E. F., Cytokeratin 13 contains O-glycosidically linked N-
acetylglucosamine residues. The Journal of biological chemistry 1989, 264 (24), 14022-8. 

87. Ku, N. O.; Toivola, D. M.; Strnad, P.; Omary, M. B., Cytoskeletal keratin 
glycosylation protects epithelial tissue from injury. Nature cell biology 2010, 12 (9), 876-85. 

88. Ludemann, N.; Clement, A.; Hans, V. H.; Leschik, J.; Behl, C.; Brandt, R., O-
glycosylation of the tail domain of neurofilament protein M in human neurons and in 
spinal cord tissue of a rat model of amyotrophic lateral sclerosis (ALS). The Journal of 
biological chemistry 2005, 280 (36), 31648-58. 

89. Slawson, C.; Lakshmanan, T.; Knapp, S.; Hart, G. W., A mitotic 
GlcNAcylation/phosphorylation signaling complex alters the posttranslational state of 
the cytoskeletal protein vimentin. Molecular biology of the cell 2008, 19 (10), 4130-40. 

90. Srikanth, B.; Vaidya, M. M.; Kalraiya, R. D., O-GlcNAcylation determines the 
solubility, filament organization, and stability of keratins 8 and 18. The Journal of 
biological chemistry 2010, 285 (44), 34062-71. 

91. Tao, G. Z.; Kirby, C.; Whelan, S. A.; Rossi, F.; Bi, X.; MacLaren, M.; Gentalen, E.; 
O'Neill, R. A.; Hart, G. W.; Omary, M. B., Reciprocal keratin 18 Ser48 O-GlcNAcylation 
and Ser52 phosphorylation using peptide analysis. Biochem Biophys Res Commun 2006, 
351 (3), 708-12. 

92. Chernyatina, A. A.; Guzenko, D.; Strelkov, S. V., Intermediate filament structure: 
the bottom-up approach. Curr Opin Cell Biol 2015, 32, 65-72. 

93. Herrmann, H.; Aebi, U., Intermediate Filaments: Structure and Assembly. Cold 
Spring Harb Perspect Biol 2016, 8 (11). 



 

 111 

94. Koster, S.; Weitz, D. A.; Goldman, R. D.; Aebi, U.; Herrmann, H., Intermediate 
filament mechanics in vitro and in the cell: from coiled coils to filaments, fibers and 
networks. Curr Opin Cell Biol 2015, 32, 82-91. 

95. Leduc, C.; Etienne-Manneville, S., Intermediate filaments in cell migration and 
invasion: the unusual suspects. Curr Opin Cell Biol 2015, 32, 102-12. 

96. Lowery, J.; Kuczmarski, E. R.; Herrmann, H.; Goldman, R. D., Intermediate 
Filaments Play a Pivotal Role in Regulating Cell Architecture and Function. The Journal 
of biological chemistry 2015, 290 (28), 17145-53. 

97. Szeverenyi, I.; Cassidy, A. J.; Chung, C. W.; Lee, B. T.; Common, J. E.; Ogg, S. C.; 
Chen, H.; Sim, S. Y.; Goh, W. L.; Ng, K. W.; Simpson, J. A.; Chee, L. L.; Eng, G. H.; Li, B.; 
Lunny, D. P.; Chuon, D.; Venkatesh, A.; Khoo, K. H.; McLean, W. H.; Lim, Y. P.; Lane, E. 
B., The Human Intermediate Filament Database: comprehensive information on a gene 
family involved in many human diseases. Hum Mutat 2008, 29 (3), 351-60. 

98. Quinlan, R. A.; Hatzfeld, M.; Franke, W. W.; Lustig, A.; Schulthess, T.; Engel, J., 
Characterization of dimer subunits of intermediate filament proteins. J Mol Biol 1986, 192 
(2), 337-49. 

99. Aebi, U.; Cohn, J.; Buhle, L.; Gerace, L., The nuclear lamina is a meshwork of 
intermediate-type filaments. Nature 1986, 323 (6088), 560-4. 

100. Herrmann, H.; Haner, M.; Brettel, M.; Muller, S. A.; Goldie, K. N.; Fedtke, B.; 
Lustig, A.; Franke, W. W.; Aebi, U., Structure and assembly properties of the 
intermediate filament protein vimentin: the role of its head, rod and tail domains. J Mol 
Biol 1996, 264 (5), 933-53. 

101. Kreplak, L.; Bar, H.; Leterrier, J. F.; Herrmann, H.; Aebi, U., Exploring the 
mechanical behavior of single intermediate filaments. J Mol Biol 2005, 354 (3), 569-77. 

102. Goldman, R. D.; Grin, B.; Mendez, M. G.; Kuczmarski, E. R., Intermediate 
filaments: versatile building blocks of cell structure. Curr Opin Cell Biol 2008, 20 (1), 28-
34. 



 

 112 

103. Janmey, P. A.; Euteneuer, U.; Traub, P.; Schliwa, M., Viscoelastic properties of 
vimentin compared with other filamentous biopolymer networks. J Cell Biol 1991, 113 
(1), 155-60. 

104. Fudge, D. S.; Gardner, K. H.; Forsyth, V. T.; Riekel, C.; Gosline, J. M., The 
mechanical properties of hydrated intermediate filaments: insights from hagfish slime 
threads. Biophys J 2003, 85 (3), 2015-27. 

105. Guzman, C.; Jeney, S.; Kreplak, L.; Kasas, S.; Kulik, A. J.; Aebi, U.; Forro, L., 
Exploring the mechanical properties of single vimentin intermediate filaments by atomic 
force microscopy. J Mol Biol 2006, 360 (3), 623-30. 

106. Mendez, M. G.; Kojima, S.; Goldman, R. D., Vimentin induces changes in cell 
shape, motility, and adhesion during the epithelial to mesenchymal transition. FASEB 
journal : official publication of the Federation of American Societies for Experimental Biology 
2010, 24 (6), 1838-51. 

107. Goldman, R. D.; Cleland, M. M.; Murthy, S. N.; Mahammad, S.; Kuczmarski, E. 
R., Inroads into the structure and function of intermediate filament networks. J Struct 
Biol 2012, 177 (1), 14-23. 

108. Miller, R. K.; Vikstrom, K.; Goldman, R. D., Keratin incorporation into 
intermediate filament networks is a rapid process. J Cell Biol 1991, 113 (4), 843-55. 

109. Vikstrom, K. L.; Borisy, G. G.; Goldman, R. D., Dynamic aspects of intermediate 
filament networks in BHK-21 cells. Proceedings of the National Academy of Sciences of the 
United States of America 1989, 86 (2), 549-53. 

110. Ho, C. L.; Martys, J. L.; Mikhailov, A.; Gundersen, G. G.; Liem, R. K., Novel 
features of intermediate filament dynamics revealed by green fluorescent protein 
chimeras. Journal of cell science 1998, 111 ( Pt 13), 1767-78. 

111. Martys, J. L.; Ho, C. L.; Liem, R. K.; Gundersen, G. G., Intermediate filaments in 
motion: observations of intermediate filaments in cells using green fluorescent protein-
vimentin. Molecular biology of the cell 1999, 10 (5), 1289-95. 

112. Vikstrom, K. L.; Lim, S. S.; Goldman, R. D.; Borisy, G. G., Steady state dynamics 
of intermediate filament networks. J Cell Biol 1992, 118 (1), 121-9. 



 

 113 

113. Noding, B.; Herrmann, H.; Koster, S., Direct observation of subunit exchange 
along mature vimentin intermediate filaments. Biophys J 2014, 107 (12), 2923-31. 

114. Yoon, M.; Moir, R. D.; Prahlad, V.; Goldman, R. D., Motile properties of vimentin 
intermediate filament networks in living cells. J Cell Biol 1998, 143 (1), 147-57. 

115. Helfand, B. T.; Chang, L.; Goldman, R. D., The dynamic and motile properties of 
intermediate filaments. Annu Rev Cell Dev Biol 2003, 19, 445-67. 

116. Helfand, B. T.; Mendez, M. G.; Murthy, S. N.; Shumaker, D. K.; Grin, B.; 
Mahammad, S.; Aebi, U.; Wedig, T.; Wu, Y. I.; Hahn, K. M.; Inagaki, M.; Herrmann, H.; 
Goldman, R. D., Vimentin organization modulates the formation of lamellipodia. 
Molecular biology of the cell 2011, 22 (8), 1274-89. 

117. Ben-Ze'ev, A., Differential control of cytokeratins and vimentin synthesis by cell-
cell contact and cell spreading in cultured epithelial cells. J Cell Biol 1984, 99 (4 Pt 1), 
1424-33. 

118. Ivaska, J.; Pallari, H. M.; Nevo, J.; Eriksson, J. E., Novel functions of vimentin in 
cell adhesion, migration, and signaling. Experimental cell research 2007, 313 (10), 2050-62. 

119. Yamaguchi, T.; Goto, H.; Yokoyama, T.; Sillje, H.; Hanisch, A.; Uldschmid, A.; 
Takai, Y.; Oguri, T.; Nigg, E. A.; Inagaki, M., Phosphorylation by Cdk1 induces Plk1-
mediated vimentin phosphorylation during mitosis. J Cell Biol 2005, 171 (3), 431-6. 

120. Eckes, B.; Colucci-Guyon, E.; Smola, H.; Nodder, S.; Babinet, C.; Krieg, T.; Martin, 
P., Impaired wound healing in embryonic and adult mice lacking vimentin. Journal of cell 
science 2000, 113 ( Pt 13), 2455-62. 

121. Rogel, M. R.; Soni, P. N.; Troken, J. R.; Sitikov, A.; Trejo, H. E.; Ridge, K. M., 
Vimentin is sufficient and required for wound repair and remodeling in alveolar 
epithelial cells. FASEB journal : official publication of the Federation of American Societies for 
Experimental Biology 2011, 25 (11), 3873-83. 

122. Menko, A. S.; Bleaken, B. M.; Libowitz, A. A.; Zhang, L.; Stepp, M. A.; Walker, J. 
L., A central role for vimentin in regulating repair function during healing of the lens 
epithelium. Molecular biology of the cell 2014, 25 (6), 776-90. 



 

 114 

123. Nekrasova, O. E.; Mendez, M. G.; Chernoivanenko, I. S.; Tyurin-Kuzmin, P. A.; 
Kuczmarski, E. R.; Gelfand, V. I.; Goldman, R. D.; Minin, A. A., Vimentin intermediate 
filaments modulate the motility of mitochondria. Molecular biology of the cell 2011, 22 (13), 
2282-9. 

124. Buehler, M. J., Mechanical players-The role of intermediate filaments in cell 
mechanics and organization. Biophys J 2013, 105 (8), 1733-4. 

125. Guo, M.; Ehrlicher, A. J.; Mahammad, S.; Fabich, H.; Jensen, M. H.; Moore, J. R.; 
Fredberg, J. J.; Goldman, R. D.; Weitz, D. A., The role of vimentin intermediate filaments 
in cortical and cytoplasmic mechanics. Biophys J 2013, 105 (7), 1562-8. 

126. Eckes, B.; Dogic, D.; Colucci-Guyon, E.; Wang, N.; Maniotis, A.; Ingber, D.; 
Merckling, A.; Langa, F.; Aumailley, M.; Delouvee, A.; Koteliansky, V.; Babinet, C.; 
Krieg, T., Impaired mechanical stability, migration and contractile capacity in vimentin-
deficient fibroblasts. Journal of cell science 1998, 111 ( Pt 13), 1897-907. 

127. Omary, M. B., "IF-pathies": a broad spectrum of intermediate filament-associated 
diseases. J Clin Invest 2009, 119 (7), 1756-62. 

128. Omary, M. B.; Coulombe, P. A.; McLean, W. H., Intermediate filament proteins 
and their associated diseases. N Engl J Med 2004, 351 (20), 2087-100. 

129. Satelli, A.; Li, S., Vimentin in cancer and its potential as a molecular target for 
cancer therapy. Cell Mol Life Sci 2011, 68 (18), 3033-46. 

130. Nieto, M. A., The ins and outs of the epithelial to mesenchymal transition in 
health and disease. Annu Rev Cell Dev Biol 2011, 27, 347-76. 

131. Wei, J.; Xu, G.; Wu, M.; Zhang, Y.; Li, Q.; Liu, P.; Zhu, T.; Song, A.; Zhao, L.; Han, 
Z.; Chen, G.; Wang, S.; Meng, L.; Zhou, J.; Lu, Y.; Wang, S.; Ma, D., Overexpression of 
vimentin contributes to prostate cancer invasion and metastasis via src regulation. 
Anticancer Res 2008, 28 (1A), 327-34. 

132. Zhu, Q. S.; Rosenblatt, K.; Huang, K. L.; Lahat, G.; Brobey, R.; Bolshakov, S.; 
Nguyen, T.; Ding, Z.; Belousov, R.; Bill, K.; Luo, X.; Lazar, A.; Dicker, A.; Mills, G. B.; 
Hung, M. C.; Lev, D., Vimentin is a novel AKT1 target mediating motility and invasion. 
Oncogene 2011, 30 (4), 457-70. 



 

 115 

133. Vuoriluoto, K.; Haugen, H.; Kiviluoto, S.; Mpindi, J. P.; Nevo, J.; Gjerdrum, C.; 
Tiron, C.; Lorens, J. B.; Ivaska, J., Vimentin regulates EMT induction by Slug and 
oncogenic H-Ras and migration by governing Axl expression in breast cancer. Oncogene 
2011, 30 (12), 1436-48. 

134. Geisler, F.; Leube, R. E., Epithelial Intermediate Filaments: Guardians against 
Microbial Infection? Cells 2016, 5 (3). 

135. Mak, T. N.; Bruggemann, H., Vimentin in Bacterial Infections. Cells 2016, 5 (2). 

136. Kumar, Y.; Valdivia, R. H., Actin and intermediate filaments stabilize the 
Chlamydia trachomatis vacuole by forming dynamic structural scaffolds. Cell Host 
Microbe 2008, 4 (2), 159-69. 

137. Jorgensen, I.; Bednar, M. M.; Amin, V.; Davis, B. K.; Ting, J. P.; McCafferty, D. G.; 
Valdivia, R. H., The Chlamydia protease CPAF regulates host and bacterial proteins to 
maintain pathogen vacuole integrity and promote virulence. Cell Host Microbe 2011, 10 
(1), 21-32. 

138. Snavely, E. A.; Kokes, M.; Dunn, J. D.; Saka, H. A.; Nguyen, B. D.; Bastidas, R. J.; 
McCafferty, D. G.; Valdivia, R. H., Reassessing the role of the secreted protease CPAF in 
Chlamydia trachomatis infection through genetic approaches. Pathog Dis 2014, 71 (3), 
336-51. 

139. Bednar, M. M.; Jorgensen, I.; Valdivia, R. H.; McCafferty, D. G., Chlamydia 
protease-like activity factor (CPAF): characterization of proteolysis activity in vitro and 
development of a nanomolar affinity CPAF zymogen-derived inhibitor. Biochemistry 
2011, 50 (35), 7441-3. 

140. Garg, A.; Barnes, P. F.; Porgador, A.; Roy, S.; Wu, S.; Nanda, J. S.; Griffith, D. E.; 
Girard, W. M.; Rawal, N.; Shetty, S.; Vankayalapati, R., Vimentin expressed on 
Mycobacterium tuberculosis-infected human monocytes is involved in binding to the 
NKp46 receptor. J Immunol 2006, 177 (9), 6192-8. 

141. Mahesh, P. P.; Retnakumar, R. J.; Mundayoor, S., Downregulation of vimentin in 
macrophages infected with live Mycobacterium tuberculosis is mediated by Reactive 
Oxygen Species. Sci Rep 2016, 6, 21526. 



 

 116 

142. Bryant, A. E.; Bayer, C. R.; Huntington, J. D.; Stevens, D. L., Group A 
streptococcal myonecrosis: increased vimentin expression after skeletal-muscle injury 
mediates the binding of Streptococcus pyogenes. J Infect Dis 2006, 193 (12), 1685-92. 

143. Icenogle, L. M.; Hengel, S. M.; Coye, L. H.; Streifel, A.; Collins, C. M.; Goodlett, 
D. R.; Moseley, S. L., Molecular and biological characterization of Streptococcal SpyA-
mediated ADP-ribosylation of intermediate filament protein vimentin. The Journal of 
biological chemistry 2012, 287 (25), 21481-91. 

144. Lin, A. E.; Beasley, F. C.; Keller, N.; Hollands, A.; Urbano, R.; Troemel, E. R.; 
Hoffman, H. M.; Nizet, V., A group A Streptococcus ADP-ribosyltransferase toxin 
stimulates a protective interleukin 1beta-dependent macrophage immune response. 
MBio 2015, 6 (2), e00133. 

145. Murli, S.; Watson, R. O.; Galan, J. E., Role of tyrosine kinases and the tyrosine 
phosphatase SptP in the interaction of Salmonella with host cells. Cell Microbiol 2001, 3 
(12), 795-810. 

146. Guignot, J.; Servin, A. L., Maintenance of the Salmonella-containing vacuole in 
the juxtanuclear area: a role for intermediate filaments. Microb Pathog 2008, 45 (5-6), 415-
22. 

147. Esue, O.; Carson, A. A.; Tseng, Y.; Wirtz, D., A direct interaction between actin 
and vimentin filaments mediated by the tail domain of vimentin. The Journal of biological 
chemistry 2006, 281 (41), 30393-9. 

148. Bhattacharya, R.; Gonzalez, A. M.; Debiase, P. J.; Trejo, H. E.; Goldman, R. D.; 
Flitney, F. W.; Jones, J. C., Recruitment of vimentin to the cell surface by beta3 integrin 
and plectin mediates adhesion strength. Journal of cell science 2009, 122 (Pt 9), 1390-400. 

149. Tsuruta, D.; Jones, J. C., The vimentin cytoskeleton regulates focal contact size 
and adhesion of endothelial cells subjected to shear stress. Journal of cell science 2003, 116 
(Pt 24), 4977-84. 

150. Hendrix, M. J.; Seftor, E. A.; Chu, Y. W.; Trevor, K. T.; Seftor, R. E., Role of 
intermediate filaments in migration, invasion and metastasis. Cancer Metastasis Rev 1996, 
15 (4), 507-25. 



 

 117 

151. McInroy, L.; Maatta, A., Down-regulation of vimentin expression inhibits 
carcinoma cell migration and adhesion. Biochem Biophys Res Commun 2007, 360 (1), 109-
14. 

152. Richardson, A. M.; Havel, L. S.; Koyen, A. E.; Konen, J. M.; Shupe, J.; Wiles, W. G. 
t.; Martin, W. D.; Grossniklaus, H. E.; Sica, G.; Gilbert-Ross, M.; Marcus, A. I., Vimentin 
Is Required for Lung Adenocarcinoma Metastasis via Heterotypic Tumor Cell-Cancer-
Associated Fibroblast Interactions during Collective Invasion. Clin Cancer Res 2018, 24 
(2), 420-432. 

153. Muller, M.; Bhattacharya, S. S.; Moore, T.; Prescott, Q.; Wedig, T.; Herrmann, H.; 
Magin, T. M., Dominant cataract formation in association with a vimentin assembly 
disrupting mutation. Hum Mol Genet 2009, 18 (6), 1052-7. 

154. Matsuyama, M.; Tanaka, H.; Inoko, A.; Goto, H.; Yonemura, S.; Kobori, K.; 
Hayashi, Y.; Kondo, E.; Itohara, S.; Izawa, I.; Inagaki, M., Defect of mitotic vimentin 
phosphorylation causes microophthalmia and cataract via aneuploidy and senescence in 
lens epithelial cells. The Journal of biological chemistry 2013, 288 (50), 35626-35. 

155. Snider, N. T.; Omary, M. B., Post-translational modifications of intermediate 
filament proteins: mechanisms and functions. Nat Rev Mol Cell Biol 2014, 15 (3), 163-77. 

156. Wang, Z.; Pandey, A.; Hart, G. W., Dynamic interplay between O-linked N-
acetylglucosaminylation and glycogen synthase kinase-3-dependent phosphorylation. 
Mol Cell Proteomics 2007, 6 (8), 1365-79. 

157. Ishihara, K.; Takahashi, I.; Tsuchiya, Y.; Hasegawa, M.; Kamemura, K., 
Characteristic increase in nucleocytoplasmic protein glycosylation by O-GlcNAc in 3T3-
L1 adipocyte differentiation. Biochem Biophys Res Commun 2010, 398 (3), 489-94. 

158. Farach, A. M.; Galileo, D. S., O-GlcNAc modification of radial glial vimentin 
filaments in the developing chick brain. Brain Cell Biol 2008, 36 (5-6), 191-202. 

159. Phoomak, C.; Vaeteewoottacharn, K.; Silsirivanit, A.; Saengboonmee, C.; 
Seubwai, W.; Sawanyawisuth, K.; Wongkham, C.; Wongkham, S., High glucose levels 
boost the aggressiveness of highly metastatic cholangiocarcinoma cells via O-
GlcNAcylation. Sci Rep 2017, 7, 43842. 



 

 118 

160. Yuzwa, S. A.; Shan, X.; Macauley, M. S.; Clark, T.; Skorobogatko, Y.; Vosseller, K.; 
Vocadlo, D. J., Increasing O-GlcNAc slows neurodegeneration and stabilizes tau against 
aggregation. Nature chemical biology 2012, 8 (4), 393-9. 

161. Tarbet, H. J.; Toleman, C. A.; Boyce, M., A Sweet Embrace: Control of Protein-
Protein Interactions by O-Linked beta-N-Acetylglucosamine. Biochemistry 2018, 57 (1), 
13-21. 

162. Gloster, T. M.; Zandberg, W. F.; Heinonen, J. E.; Shen, D. L.; Deng, L.; Vocadlo, D. 
J., Hijacking a biosynthetic pathway yields a glycosyltransferase inhibitor within cells. 
Nature chemical biology 2011, 7 (3), 174-81. 

163. Herrmann, H.; Kreplak, L.; Aebi, U., Isolation, characterization, and in vitro 
assembly of intermediate filaments. Methods Cell Biol 2004, 78, 3-24. 

164. Ridge, K. M.; Shumaker, D.; Robert, A.; Hookway, C.; Gelfand, V. I.; Janmey, P. 
A.; Lowery, J.; Guo, M.; Weitz, D. A.; Kuczmarski, E.; Goldman, R. D., Methods for 
Determining the Cellular Functions of Vimentin Intermediate Filaments. Methods 
Enzymol 2016, 568, 389-426. 

165. Durham, H. D., The effect of beta,beta'-iminodipropionitrile (IDPN) on 
cytoskeletal organization in cultured human skin fibroblasts. Cell Biol Int Rep 1986, 10 (8), 
599-610. 

166. Rodriguez, A. C.; Yu, S. H.; Li, B.; Zegzouti, H.; Kohler, J. J., Enhanced transfer of 
a photocross-linking N-acetylglucosamine (GlcNAc) analog by an O-GlcNAc transferase 
mutant with converted substrate specificity. The Journal of biological chemistry 2015, 290 
(37), 22638-48. 

167. Ise, H.; Kobayashi, S.; Goto, M.; Sato, T.; Kawakubo, M.; Takahashi, M.; Ikeda, U.; 
Akaike, T., Vimentin and desmin possess GlcNAc-binding lectin-like properties on cell 
surfaces. Glycobiology 2010, 20 (7), 843-64. 

168. Ise, M.; Ise, H.; Shiba, Y.; Kobayashi, S.; Goto, M.; Takahashi, M.; Akaike, T.; 
Ikeda, U., Targeting N-acetylglucosamine-bearing polymer-coated liposomes to vascular 
smooth muscle cells. J Artif Organs 2011, 14 (4), 301-9. 



 

 119 

169. Kim, S. J.; Ise, H.; Goto, M.; Akaike, T., Interactions of vimentin- or desmin-
expressing liver cells with N-acetylglucosamine-bearing polymers. Biomaterials 2012, 33 
(7), 2154-64. 

170. Komura, K.; Ise, H.; Akaike, T., Dynamic behaviors of vimentin induced by 
interaction with GlcNAc molecules. Glycobiology 2012, 22 (12), 1741-59. 

171. Boyce, M.; Carrico, I. S.; Ganguli, A. S.; Yu, S. H.; Hangauer, M. J.; Hubbard, S. C.; 
Kohler, J. J.; Bertozzi, C. R., Metabolic cross-talk allows labeling of O-linked beta-N-
acetylglucosamine-modified proteins via the N-acetylgalactosamine salvage pathway. 
Proceedings of the National Academy of Sciences of the United States of America 2011, 108 (8), 
3141-6. 

172. Palaniappan, K. K.; Hangauer, M. J.; Smith, T. J.; Smart, B. P.; Pitcher, A. A.; 
Cheng, E. H.; Bertozzi, C. R.; Boyce, M., A chemical glycoproteomics platform reveals O-
GlcNAcylation of mitochondrial voltage-dependent anion channel 2. Cell Rep 2013, 5 (2), 
546-52. 

173. Chen, P. H.; Smith, T. J.; Wu, J.; Siesser, P. F.; Bisnett, B. J.; Khan, F.; Hogue, M.; 
Soderblom, E.; Tang, F.; Marks, J. R.; Major, M. B.; Swarts, B. M.; Boyce, M.; Chi, J. T., 
Glycosylation of KEAP1 links nutrient sensing to redox stress signaling. EMBO J 2017, 36 
(15), 2233-2250. 

174. Hookway, C.; Ding, L.; Davidson, M. W.; Rappoport, J. Z.; Danuser, G.; Gelfand, 
V. I., Microtubule-dependent transport and dynamics of vimentin intermediate 
filaments. Molecular biology of the cell 2015, 26 (9), 1675-86. 

175. Meier, M.; Padilla, G. P.; Herrmann, H.; Wedig, T.; Hergt, M.; Patel, T. R.; 
Stetefeld, J.; Aebi, U.; Burkhard, P., Vimentin coil 1A-A molecular switch involved in the 
initiation of filament elongation. J Mol Biol 2009, 390 (2), 245-61. 

176. Jiu, Y.; Peranen, J.; Schaible, N.; Cheng, F.; Eriksson, J. E.; Krishnan, R.; 
Lappalainen, P., Vimentin intermediate filaments control actin stress fiber assembly 
through GEF-H1 and RhoA. Journal of cell science 2017, 130 (5), 892-902. 

177. Gao, Y.; Sztul, E., A novel interaction of the Golgi complex with the vimentin 
intermediate filament cytoskeleton. J Cell Biol 2001, 152 (5), 877-94. 



 

 120 

178. Tsai, Y. C.; Tsai, S. H.; Chang, E. Y.; Hee, S. W.; Chen, W. H.; Lee, S. C.; Chuang, 
L. M., Cytoskeletal protein vimentin interacts with and regulates peroxisome 
proliferator-activated receptor gamma via a proteasomal degradation process. J Cell 
Biochem 2013, 114 (7), 1559-67. 

179. Mendez, M. G.; Restle, D.; Janmey, P. A., Vimentin enhances cell elastic behavior 
and protects against compressive stress. Biophys J 2014, 107 (2), 314-323. 

180. Wang, N.; Stamenovic, D., Contribution of intermediate filaments to cell 
stiffness, stiffening, and growth. Am J Physiol Cell Physiol 2000, 279 (1), C188-94. 

181. Haase, K.; Pelling, A. E., Investigating cell mechanics with atomic force 
microscopy. J R Soc Interface 2015, 12 (104), 20140970. 

182. Shikhman, A. R.; Greenspan, N. S.; Cunningham, M. W., A subset of mouse 
monoclonal antibodies cross-reactive with cytoskeletal proteins and group A 
streptococcal M proteins recognizes N-acetyl-beta-D-glucosamine. J Immunol 1993, 151 
(7), 3902-13. 

183. Eriksson, J. E.; He, T.; Trejo-Skalli, A. V.; Harmala-Brasken, A. S.; Hellman, J.; 
Chou, Y. H.; Goldman, R. D., Specific in vivo phosphorylation sites determine the 
assembly dynamics of vimentin intermediate filaments. Journal of cell science 2004, 117 (Pt 
6), 919-32. 

184. Chan, W.; Kozma, R.; Yasui, Y.; Inagaki, M.; Leung, T.; Manser, E.; Lim, L., 
Vimentin intermediate filament reorganization by Cdc42: involvement of PAK and p70 
S6 kinase. Eur J Cell Biol 2002, 81 (12), 692-701. 

185. Chou, Y. H.; Bischoff, J. R.; Beach, D.; Goldman, R. D., Intermediate filament 
reorganization during mitosis is mediated by p34cdc2 phosphorylation of vimentin. Cell 
1990, 62 (6), 1063-71. 

186. Eriksson, J. E.; Brautigan, D. L.; Vallee, R.; Olmsted, J.; Fujiki, H.; Goldman, R. D., 
Cytoskeletal integrity in interphase cells requires protein phosphatase activity. 
Proceedings of the National Academy of Sciences of the United States of America 1992, 89 (22), 
11093-7. 



 

 121 

187. Goto, H.; Tanabe, K.; Manser, E.; Lim, L.; Yasui, Y.; Inagaki, M., Phosphorylation 
and reorganization of vimentin by p21-activated kinase (PAK). Genes Cells 2002, 7 (2), 91-
7. 

188. Sihag, R. K.; Inagaki, M.; Yamaguchi, T.; Shea, T. B.; Pant, H. C., Role of 
phosphorylation on the structural dynamics and function of types III and IV 
intermediate filaments. Experimental cell research 2007, 313 (10), 2098-109. 

189. Shoeman, R. L.; Hartig, R.; Berthel, M.; Traub, P., Deletion mutagenesis of the 
amino-terminal head domain of vimentin reveals dispensability of large internal regions 
for intermediate filament assembly and stability. Experimental cell research 2002, 279 (2), 
344-53. 

190. Guharoy, M.; Szabo, B.; Contreras Martos, S.; Kosol, S.; Tompa, P., Intrinsic 
structural disorder in cytoskeletal proteins. Cytoskeleton (Hoboken) 2013, 70 (10), 550-71. 

191. Butkinaree, C.; Park, K.; Hart, G. W., O-linked beta-N-acetylglucosamine (O-
GlcNAc): Extensive crosstalk with phosphorylation to regulate signaling and 
transcription in response to nutrients and stress. Biochimica et biophysica acta 2010, 1800 
(2), 96-106. 

192. Ran, F. A.; Hsu, P. D.; Wright, J.; Agarwala, V.; Scott, D. A.; Zhang, F., Genome 
engineering using the CRISPR-Cas9 system. Nat Protoc 2013, 8 (11), 2281-2308. 

193. Sadelain, M.; Papapetrou, E. P.; Bushman, F. D., Safe harbours for the integration 
of new DNA in the human genome. Nat Rev Cancer 2011, 12 (1), 51-8. 

194. Justus, C. R.; Leffler, N.; Ruiz-Echevarria, M.; Yang, L. V., In vitro cell migration 
and invasion assays. J Vis Exp 2014,  (88). 

195. Guthold, M.; Liu, W.; Sparks, E. A.; Jawerth, L. M.; Peng, L.; Falvo, M.; Superfine, 
R.; Hantgan, R. R.; Lord, S. T., A comparison of the mechanical and structural properties 
of fibrin fibers with other protein fibers. Cell Biochem Biophys 2007, 49 (3), 165-81. 

196. Liu, W.; Jawerth, L. M.; Sparks, E. A.; Falvo, M. R.; Hantgan, R. R.; Superfine, R.; 
Lord, S. T.; Guthold, M., Fibrin fibers have extraordinary extensibility and elasticity. 
Science (New York, N.Y.) 2006, 313 (5787), 634. 



 

 122 

197. Byfield, F. J.; Wen, Q.; Levental, I.; Nordstrom, K.; Arratia, P. E.; Miller, R. T.; 
Janmey, P. A., Absence of filamin A prevents cells from responding to stiffness gradients 
on gels coated with collagen but not fibronectin. Biophys J 2009, 96 (12), 5095-102. 

198. Vocadlo, D. J., O-GlcNAc processing enzymes: catalytic mechanisms, substrate 
specificity, and enzyme regulation. Curr Opin Chem Biol 2012, 16 (5-6), 488-97. 

199. Ruan, H. B.; Dietrich, M. O.; Liu, Z. W.; Zimmer, M. R.; Li, M. D.; Singh, J. P.; 
Zhang, K.; Yin, R.; Wu, J.; Horvath, T. L.; Yang, X., O-GlcNAc transferase enables AgRP 
neurons to suppress browning of white fat. Cell 2014, 159 (2), 306-17. 

200. Lagerlof, O.; Slocomb, J. E.; Hong, I.; Aponte, Y.; Blackshaw, S.; Hart, G. W.; 
Huganir, R. L., The nutrient sensor OGT in PVN neurons regulates feeding. Science (New 
York, N.Y.) 2016, 351 (6279), 1293-6. 

201. Choi-Rhee, E.; Schulman, H.; Cronan, J. E., Promiscuous protein biotinylation by 
Escherichia coli biotin protein ligase. Protein Sci 2004, 13 (11), 3043-50. 

202. Martell, J. D.; Deerinck, T. J.; Sancak, Y.; Poulos, T. L.; Mootha, V. K.; Sosinsky, G. 
E.; Ellisman, M. H.; Ting, A. Y., Engineered ascorbate peroxidase as a genetically 
encoded reporter for electron microscopy. Nat Biotechnol 2012, 30 (11), 1143-8. 

203. Chapman-Smith, A.; Cronan, J. E., Jr., The enzymatic biotinylation of proteins: a 
post-translational modification of exceptional specificity. Trends Biochem Sci 1999, 24 (9), 
359-63. 

204. Lane, M. D.; Rominger, K. L.; Young, D. L.; Lynen, F., The Enzymatic Synthesis 
of Holotranscarboxylase from Apotranscarboxylase and (+)-Biotin. Ii. Investigation of 
the Reaction Mechanism. The Journal of biological chemistry 1964, 239, 2865-71. 

205. Cronan, J. E., Targeted and proximity-dependent promiscuous protein 
biotinylation by a mutant Escherichia coli biotin protein ligase. J Nutr Biochem 2005, 16 
(7), 416-8. 

206. Mehus, A. A.; Anderson, R. H.; Roux, K. J., BioID Identification of Lamin-
Associated Proteins. Methods Enzymol 2016, 569, 3-22. 



 

 123 

207. Housley, M. P.; Udeshi, N. D.; Rodgers, J. T.; Shabanowitz, J.; Puigserver, P.; 
Hunt, D. F.; Hart, G. W., A PGC-1alpha-O-GlcNAc transferase complex regulates FoxO 
transcription factor activity in response to glucose. The Journal of biological chemistry 2009, 
284 (8), 5148-57. 

208. Lam, S. S.; Martell, J. D.; Kamer, K. J.; Deerinck, T. J.; Ellisman, M. H.; Mootha, V. 
K.; Ting, A. Y., Directed evolution of APEX2 for electron microscopy and proximity 
labeling. Nat Methods 2015, 12 (1), 51-4. 

209. Davis, J. B.; Maher, P., Protein kinase C activation inhibits glutamate-induced 
cytotoxicity in a neuronal cell line. Brain Res 1994, 652 (1), 169-73. 
 



 

 124 

Biography 
Heather Jean Tarbet was born July 29, 1990 in Orem, Utah. She graduated cum 

laude with a bachelor’s degree in Biochemistry from Utah State University in 2012. While 

at USU, she carried out research on protein arginine methyltransferases funded in part 

by the American Heart Association.  

She was accepted into the Duke Biochemistry program and started at Duke in the 

fall of 2012. Heather joined Michael Boyce’s lab in the spring of 2013 to pursue her PhD, 

which she obtained in May 2018.  

Publications 

Tarbet, H. J.; Toleman, C. A.; Boyce M. S. A Sweet Embrace: Control of Protein–
Protein Interactions by O-Linked β-N-Acetylglucosamine. Biochemistry. 2018 57 (1):13-
21.  

Tarbet H. J., Dolat L., Smith T. J., Condon B. M. , O’Brien E. T., Valdivia R. H. and 
Boyce M. Site-specific glycosylation regulates the form and function of the intermediate 
filament cytoskeleton. eLife, in press 2018.  

 
 


