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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
iv

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 OGlcNAcylation 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 OGlcNAc 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 biotinphenol and H2O2, APEX2 generates biotin-phenoxyl radicals in situ, which react rapidly
v

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 posttranslational 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. OGlcNAc is added by O-GlcNAc transferase (OGT) using UDP-GlcNAc and removed by OGlcNAcase (OGA)1-3 (Figure 1).
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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).

These glycoproteins have important functions in normal cellular processes and
thus can have major impacts on the health of the organism. For example, glycosylated
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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 hyperphosphorylation, 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 OGlcNAcylated, 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 OGlcNAcase (OGA), the enzyme that removes O-GlcNAc, is perinatal lethal25. OGlcNAcylation 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 Nterminal 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). OGAL 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
4

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, OGlcNAc 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
6

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
7

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 OGlcNAcylation can disrupt functionally important interactions among chromatin proteins,
8

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 OGlcNAcylated, 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 OGlcNAc-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 OGlcNAc-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
10

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 derepresses 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 OGlcNAc-dependent recruitment of Bre1A to histone H2B may be an important, nutrientsensitive 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-GlcNAcmediated histone−protein interactions. In complementary work, Wang et al.65 recently
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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 OGlcNAc may contribute to both the bulk material properties of the pore and specific
biochemical interactions among Nups. In support of the former, the Görlich group showed
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that nuclear pore complexes reconstituted from Xenopus egg extracts, containing native OGlcNAcylation, recapitulate key permeability barrier features of the intact pore73. OGlcNAc 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 OGlcNAc-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 wellknown mechanism of inhibiting the transcriptional activity of β-catenin and activating its
cell adhesion function, and the authors showed that pharmacological potentiation of OGlcNAc 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 UDPGlcNDAz, 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)127128

. 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 hostmicrobe 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
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vimentin mutated at key phosphorylation/glycosylation sites, demonstrating toxic gain-offunction 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 OGlcNAcylation 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-GlcNAcmediated 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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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).

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).
A

B

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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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-phosphoAkt substrate IB serves as a control for successful dephosphorylation.

2.2.2 Assembly state of crosslinked vimentin
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
assembled filament population (Figure 6)164. Importantly, extracted crosslinks remained
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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-GlcNAcmediated 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.
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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 OGlcNAc 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 GlcNAcbinding 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 azidebearing 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 sitespecific O-GlcNAcylation in the vimentin head domain mediates homotypic proteinprotein 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
Valdivia lab at Duke. First, we recapitulated previously reported120, 126 migration defects of
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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 pointmutant 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 pointmutation 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;
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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 antivimentin IB with two separate antibodies as indicated. Tubulin serves as a loading control.

40

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 vimentin41

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 vimentinmEmerald 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.
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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
protein-protein interactions specifically for vimentin, the potential roles for O-GlcNAc in
regulating IFs extends beyond homotypic interactions. As mentioned previously, IFs
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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 OGlcNAcylated 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 vimentinmEmerald 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 OGlcNAc 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 vimentinmEmerald 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 serumstimulated 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 OGlcNAcylation in these processes, we treated HeLa cells reconstituted with WT vimentinmEmerald 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 vimentinexpressing 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.
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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
57

and stained as in (A). Inclusion size (top; n = 20, p = 0.21, Student’s t-test) and extrainclusional bacteria (bottom; n = 28, p = 0.42, Student’s t-test) were quantified. n.s., not
significant.
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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-GlcNAcmodified, 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-phosphovimentin 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, OGlcNAcylation 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. OGlcNAcylation 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 OGlcNAcylation 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 in64

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 SDSPAGE 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 Trisbuffered 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), antimyc 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 antimouse 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 icecold 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 vimentinmyc-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-andmetabolomics/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
76

(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, UVsterilized in a biosafety cabinet, and re-hydrated with FBS-free DMEM for 1 hour. FBSstarved 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 Clink 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 OMCLAC240TS-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 non85

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 biotinphenoxyl radicals in situ, which react rapidly with proteins or other biomolecules,
covalently attaching biotin to them. Crucially, because the phenoxyl radical is so shortlived, 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 HCF1, 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).
APEX-OGT
- - + Biotin
- + + H2O2
75
α-biotin (inputs)

50
75

α-HCF1 (inputs)

75

α-biotin (pulldowns)

75

α-HCF1 (pulldowns)

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.
Vector
+
-

+
+

Mito-APEX2
- + - +
- - + +

APEX-OGT
- + - +
- - + +

OGT-APEX
- + - + Biotin
- - + + H2O2

250
150

α-biotin

100
75

150

α-OGT

100

α-tubulin

50

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 Cterminal 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.

APEX2 APEX2
Input pulldown
+ - +
- + +

+ - +
- + +

OGA
OGA
Input pulldown
+ - + + - + Biotin
- + + - + + H2O2

250

α-biotin

150
100
75
150

α-OGT

100

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
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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).
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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 SDSPAGE 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 Trisbuffered 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), anti97

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 peroxidaseconjugated secondary antibodies were used: Goat anti-rabbit IgG (Southern Biotech 403005), goat anti-mouse IgG (Southern Biotech 1030-05), goat anti-mouse κ light chain
(Southern Biotech 1050-05).

98

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 OGlcNAcylation 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.
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