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Abstract

The O-linked B-N-acetylglucosamine (O-GIcNAc) post-translational modification was first
discovered thirty years ago and is highly concentrated in the nuclear pore. In the years since the
discovery of this single sugar modification, substantial progress has been made in understanding
the biochemistry of O-GIcNAc and its regulation. Nonetheless, O-GIcNAc modification of
proteins continues to be overlooked, due in large part to the lack of reliable methods available for
its detection. Recently, a new crop of immunological and chemical detection reagents has changed
the research landscape. Using these tools, approximately 1000 O-GIcNAc-modified proteins have
been identified. While other forms of glycosylation are typically associated with extracellular
proteins, O-GIcNAc is abundant on nuclear and cytoplasmic proteins. In particular, phenylalanine-
glycine (FG) nucleoporins (NUPs) are heavily O-GlIcNAc-modified. Recent experiments are
beginning to provide insight into the functional implications of O-GIcNAc modification on certain
proteins, but its role in the nuclear pore has remained enigmatic. However, tantalizing new results
suggest that O-GIcNAc may play roles in regulating nucleocytoplasmic transport.
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Introduction: the O-GIcNAc post-translational modification

The O-GIcNAc modification consists of a single sugar, N-acetylglucosamine (GICNAC),
found attached to the side chain oxygen of serine or threonine residues on nuclear and
cytoplasmic proteins [1]. Like phosphorylation, O-GIcNAc-ylation is reversible. However,
in contrast to the large number of kinases and phosphatases that add and remove phosphate,
mammalian genomes encode a single intracellular O-GIcNAc transferase (OGT) [2] and a
single O-GIcNAc hydrolase (OGA) [3]. OGT produces the O-GIcNAc modification by
transferring GIcNAc from UDP-GIcNAc to a protein substrate, while OGA removes O-
GIcNACc by hydrolytically cleaving the glycosidic bond [4]. OGT genes have been identified
in the genomes of all multicellular organisms, including filamentous fungi, worms, insects,
plants, and mammals [5]. O-GIcNACc has not been detected in the yeasts Saccharomyces
cerevisiae or Schizosaccharomyces pombe, but some prokaryotes do harbor enzymes that
can produce a chemically identical modification [6, 7]. In addition to the intracellular form
of O-GIcNAc discussed in this review, extracellular O-GIcNAc has been recently discovered
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[8]; a second OGT (EOGT) catalyzes its production within the secretory pathway of
mammalian cells [9].

The GIcNAc donor, UDP-GIcNAC, is an abundant central metabolite that integrates signals
from multiple metabolic pathways — glucose metabolism, amino acid metabolism, fatty acid
metabolism, and nucleotide metabolism (Figure 1) [10-12]. Typically, cells take up glucose
and produce UDP-GIcNAc through the hexosamine biosynthetic pathway (HBP). Upon
entering the HBP, glucose is first phosphorylated to glucose-6-phosphate, followed by
isomerization to fructose-6-phosphate. Next, glutamine fructose-6-phosphate
amidotransferase (GFAT) converts fructose-6-phosphate to glucosamine-6-phosphate by
incorporating a nitrogen atom from the amino acid glutamine. Acetyl-CoA then serves as a
donor for acetylation of the amine group to yield GIcNAc-6-phosphate, thereby reporting on
the state of pyruvate and fatty acid metabolism. N-acetylglucosamine-phosphate mutase
(AGM1) isomerizes GIcNAc-6-phosphate to GIcNAc-1-phosphate. Finally, UDP-N-
acetylglucosamine pyrophosphorylase (UAP1) couples GIcNAc-1-phosphate with UTP,
producing UDP-GIcNAc. This step incorporates information about the nucleotide and high-
energy phosphate pool. Because of the overall integration of metabolic signals, the HBP is
often described as a “nutrient-sensing” pathway. The extent of O-GlcNAc-ylation depends
on UDP-GIcNAc levels, making this post-translational modification responsive to
nutritional cues [13, 14].

O-GIcNAc-ylation is found on a diverse range of nuclear and cytoplasmic proteins [1]. In
many cases O-GlcNAc-ylation and phosphorylation compete to occupy the same Ser/Thr
sites [15-18]. However, the number of known O-GIcNAc-ylated proteins is relatively small
compared with known phosphoproteins. To date, approximately 1300 O-GlcNAc-modified
proteins have been identified from all organisms and sites of O-GIcNAc-ylation have been
mapped in only a small subset of known O-GlcNAc-ylated proteins. But existing data likely
underrepresent the true extent of O-GIcNAc-ylation [19], since reliable methods to detect
this modification have only recently become available. There is no consensus sequence that
can be used to predict sites of O-GIcNAc modification, although new computation tools are
attempting to fill this gap [20].

Within existing lists of O-GIcNAc-ylated proteins, nucleoporins (NUPS) are highly
represented (Figure 2). Indeed, NUPs are the most heavily O-GIcNAc-modified proteins and
were some of the first O-GIcNAc-modified proteins to be identified [21-24]. Nucleoporins
identified as O-GIcNAc modified include NUP62 [21-25], NUP153 [25, 26], NUP214/CAN
[25, 26], NUP358 [26], POM121 [27], NUP98 [25], NUP155 [25], p58 [23], p54 [25], p45
[23], NUP93 [25], NUP210 [25], NUP205 [25], NUP160 [25], NUP107 [25], NUP188 [25],
NUP88 [25], NUP85 [25], and NUP35 [25].

O-GIcNAc maodification of nucleoporins was first reported in 1987, but early experiments
gave conflicting views of the role of glycosylation in nuclear pore function. Since that time,
the O-GIcNAc field and the field of nucleocytoplasmic transport have developed in parallel.
This review reports on the nexus between these fields. First, we outline the availability of
new methods to label and isolate O-GIcNAc-modified proteins, as well as the
implementation of mass spectrometry-based proteomics approaches to identify O-GICNAc-
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modified proteins and sites of modification. By revealing specific sites of O-GIcNAc-ylation
and how site occupancy changes in response to stimuli, these methods promise to
revolutionize studies of O-GIcNAc function. Turning to the nuclear pore, we describe early
experiments to understand the function of nuclear pore glycosylation and detail the ubiquity
of this modification among multicellular eukaryotes. We survey conditions that alter O-
GIcNAc-ylation, noting the correlation between changes in O-GIcNAc levels and alterations
in nucleocytoplasmic transport. Next, we summarize data suggesting that O-GIcNAc
modification can affect protein-protein interactions in the nuclear pore and also describe a
new photocrosslinking method that can be used to discover O-GIcNAc-mediated
interactions. Then, we describe how results from an in vitro transport assay suggest a role
for O-GIcNAc in modulating pore selectivity. Finally, we speculate on the potential for O-
GIcNAc to affect the behavior of nucleoporins functioning in roles outside of the nuclear
pore. Based on technical developments in the both the O-GIcNAc and nucleoporin fields, we
expect to see the emergence of new insights into the function of nuclear pore glycosylation
in coming years.

Methods for detecting O-GIcNAc

O-GIcNAc-ylation is widespread and found on proteins of diverse function, but in most
cases the functional impact of this modification is unknown. Progress in this area has been
hindered by the lack of reagents and methods to specifically detect and isolate O-GIcNAc-
ylated molecules. However, dramatic improvements have occurred in the past decade and a
variety of O-GIcNAc detection and purification reagents are now available (Table 1) [28].
These methods fall into a several classes: (1) enzymatic labeling, in which the O-GIcNAc
residue is enzymatically modified, (2) affinity reagents, including lectins and antibodies, that
recognize O-GIcNAc, and (3) metabolic labeling, in which a bioorthogonal functional group
is metabolically incorporated into the O-GIcNAc modification. Use of these reagents for
purification of O-GIcNAc-modified proteins further enables mass spectrometry-based
proteomics methods that can be used to discover novel O-GIcNAc-ylated proteins and
identify sites of modification.

Enzymatic labeling of O-GIcNAc

The O-GIcNAc modification was first discovered using bovine milk galactosyltransferase
GalT1 to enzymatically transfer 3H-galactose from UDP-3H-galactose to O-GIcNAc-
modified proteins [29]. This radiolabeling method also enables identification of specific O-
GlIcNAc-ylated proteins [30]. While the radioisotope provides a useful means for labeling O-
GIcNAc-modified proteins, purification of labeled proteins is less straightforward. To
address this challenge, GalT1 was engineered to allow transfer of galactose analogs bearing
a different chemical handles.

The mutant GalT1(Y289L) [31] can accept either UDP-ketogalactose (UDP-ketoGal) [32]
or UDP-N-azidoacetylgalactosamine (UDP-GalNAz) [33] to enzymatically tag O-GIcNAc
residues in cell and tissue lysates. O-GIcNAc-ylated proteins modified with ketoGal can be
further functionalized with aminooxy reagents. For example, selective biotinylation of O-
GIcNAc-modified proteins facilitates proteomics applications [34], while functionalization
with polyethylene glycol (PEG) can reveal the stoichiometry of O-GlcNAc-ylation [35].
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Similarly, O-GIcNAc-ylated proteins modified with GaINAz can be labeled with alkyne
reagents [33] through an azide-alkyne Huisgen cycloaddition reaction (often termed “click
chemistry” [36]). Various alkyne reagents are commercially available.

O-GIcNAc binding reagents

Much early work [22, 37-39] in the O-GIcNACc field relied on a carbohydrate-binding lectin,
wheat germ agglutinin (WGA), as a detection reagent. WGA binds GIcNAc and has been
used to identify O-GIcNAc-modified proteins and to enrich them for proteomics analysis
[40]. WGA shows strong binding to some O-GIcNAc-ylated proteins by binding multiple
GIcNAc moieties at the same time, but its utility is limited by its low affinity for single
GIcNAC residues. Another limitation of WGA arises from its affinity for another sugar,
sialic acid, which results in poor specificity.

Today, WGA is less commonly used for O-GIcNAc detection, because antibodies provide
higher affinity and better specificity. Two anti-O-GIcNAc antibodies, RL2 and CTD110.6,
are commercially available and are commonly used to detect O-GlIcNAc modification by
immunoblot. RL2 is an IgG antibody that was raised specifically against O-GIcNAc
modified components of the nuclear pore [24]. While RL2 binding depends on the presence
of O-GIcNAC, it also requires protein determinants. Thus, RL2 preferentially recognizes O-
GIcNAc-modified NUPs. It can also detect some other O-GIcNAc modified proteins,
although typically less strongly. CTD110.6 is an IgM antibody that was produced using the
O-GIcNAc-ylated carboxy-terminal domain (CTD) of RNA polymerase Il as the antigen
[41]. CTD110.6 has a broader reactivity than RL2, recognizing a variety of O-GIcNAc-
modified proteins. A downside to the broadened substrate scope is that CTD110.6 can also
bind certain truncated N-linked glycoproteins that are produced under conditions of glucose
deprivation [42]. In addition, because CTD110.6 is an IgM antibody, it cannot easily be used
in immunoprecipitation experiments.

To overcome the shortcomings associated with existing detection reagents, Teo et al. used
synthetic chemistry to prepare an O-GIcNAc antigen that enabled them to obtain a panel of
monoclonal anti-O-GlcNAc 1gG antibodies [43]. The high affinities of these antibodies
allowed the researchers to isolate O-GlcNAc-ylated proteins. These samples were analyzed
by mass spectrometry to identify more than 200 mammalian O-GlcNAc modified proteins.
One can also imagine using these antibodies in combination with MS/MS to identify both
the O-GIcNAc modified proteins and sites of modification. Three of these new O-GIcNAc
antibodies (9D1E4(10), 18B10.C7(3), and 1F5.D6(14)) are now commercially available.

Metabolic labeling of O-GIcNAc

As a complement to chemoenzymatic labeling and affinity reagents, Bertozzi and co-
workers utilized the hexosamine salvage pathway to metabolically deliver azides to O-
GIcNAc-modified proteins [44, 45]. They cultured cells with a cell-permeable azide-bearing
monosaccharide, Ac,GICNAz [44]. After deacetylation by intracellular enzymes, GIcNAz
can enter the HBP and be activated to UDP-GIcNAz. GIcNAz is then transferred to serine
and threonine residues of substrate proteins by OGT. The resulting azide-modified proteins
can be further functionalized with biotin or fluorophores using azide-alkyne cycloaddition
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chemistry. However, the labeling achieved by this approach is limited by the inefficient
production of UDP-GIcNAz. Thus, the group developed a more faithful and robust
metabolic reporter for O-GIcNAc using a cell-permeable, azide-modified analog of N-
acetylgalactosamine (GalNACc) [45]. In this approach, cells are cultured with Ac,GalNAz,
which is activated to UDP-GalNAz and then epimerized to UDP-GIcNAz. Again, GICNAz is
transferred to substrate proteins by OGT. This approach provides a more robust way to
metabolically label O-GIcNAc modified proteins with the azide functional group. Using the
azide handle for purification, the group was able to perform proteomics analysis, identifying
about 200 potential O-GlcNAc-modified proteins. Most recently Pratt and co-workers
reported another metabolic labeling strategy, relying on a cell-permeable alkyne analog of
GIcNAc (AcsGlcNAIK) [46]. An important advantage of the alkyne analog is that it is less
readily epimerized, providing selective labeling of GIcNAc-containing molecules. O-
GIcNAlk-labeled proteins can be further functionalized by cycloaddition reaction with
azide-containing compounds, enabling fluorescence microscopy and proteomics
applications.

Proteomics methods for O-GIcNAc discovery

Since the discovery of O-GIcNAc, efforts have been underway to employ mass spectrometry
to identify O-GIcNAc-modified proteins and map sites of modification on O-GIcNAc-
modified peptides. But standard mass spectrometric methods have yielded limited
information. Two challenges stand in the way: (1) methods for enriching for O-GIcNAc-
modified peptides are inadequate and (2) commonly used mass spectrometry methods are
not optimal for O-GIcNAc detection (although typical mass spectrometry analysis has
revealed some sites of modification [19, 47, 48]). Efficient enrichment is essential because
O-GIcNAc modification is typically substoichiometric and unmodified peptides can
suppress the signal of O-GIcNAc peptides. Alternative mass spectrometry methods are
required because of the notorious lability of the O-GIcNAc glycosidic bond. In particular,
electron transfer dissociation (ETD) fragmentation has been an enabling technology for
mapping O-GIcNACc sites [49-53].

While affinity purification using WGA [40, 52] or an anti-O-GIcNAc antibody [43] can be
used to obtain material for mass spectrometry analysis, achieving adequate enrichment is
difficult. As an alternative, methods that rely on chemical derivatization to enrich O-
GIcNAc-modified proteins or peptides have been developed. Early progress came in 2002,
when Hart and co-workers used beta-elimination followed by Michael addition with
dithiothreitol (BEMAD) to enrich for O-GIcNAc peptides, followed by affinity
chromatography and LC-MS/MS to identify sites of O-GIcNAc modification on proteins
including NUP155 [54]. More recently a chemical/enzymatic photochemical cleavage
(CEPC) method was developed to enrich for O-GIcNAc peptides [55, 56]. This method
combines enzymatic tagging, to add the azide functional group to the O-GIcNAc peptides
[33], with chemoselective ligation, to add a photocleavable biotin-alkyne tag (PC-biotin-
alkyne). The resulting biotinylated O-GIcNAc peptides can be enriched by avidin
chromatography; subsequent photocleavage releases the peptides for mass spectrometry
analysis. The portion of the tag that remains attached to the O-GIcNAc peptide bears a
charged moiety, which facilitates detection of O-GIcNAc-modified peptides.
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Implementation of this purification method in combination with mass spectrometry analysis
that relies on electron transfer dissociation (ETD) fragmentation enabled identification of
274 O-GIcNAc-ylated proteins and 458 O-GIcNAc sites, many of which were previously
unknown [56]. The emergence of routine methods to map sites of O-GIcNAc modification
promises to revolutionize functional studies of the role of this modification.

Discovery of O-GIcNAc in the nuclear pore

One of the first places that O-GIcNAc was detected was on nuclear pore proteins [21-24].
Indeed, nucleoporins are the most heavily O-GIcNAc-modified proteins; for example, up to
ten O-GIcNACc residues have been detected on NUP62 [23, 35]. Many of the O-GIcNAc-
ylated NUPs are so-called FG NUPs, which contain the extensive repeats of phenylalanine-
glycine (FG); the FG regions are common sites of O-GIcNAc-ylation. In fact, all known
metazoan FG NUPs are O-GIcNAc-modified in the FG regions. These same FG regions
interact directly with the karyopherins that shuttle through the nuclear pore complex (NPC)
and play important roles in nuclear transport [57, 58].

The abundance of O-GIcNAc in the nuclear pore suggests that it plays a functional role, but
exactly what that function is has remained unclear. In 1987, Finlay et al. first addressed this
topic [37]. Using an in vitro nuclear transport assay, they discovered that the GIcNAc-
binding lectin WGA effectively blocks the nuclear transport, while the addition of free
competitor GICNAC restores activity. Furthermore, experiments performed with radiolabeled
WGA provided evidence for a direct interaction between WGA and nuclear pore proteins.
Akey et al. also observed binding of WGA to NUPs and suggested that interactions between
cargo and O-GIcNAc-modified nucleoporins might comprise an early step in nuclear
transport [59]. In later work, Finlay et al. observed that nuclear pores depleted of WGA-
binding proteins lost the ability to perform nuclear import, but activity could be restored by
addition of O-GIcNAc-moadified nuclear pore glycoproteins from Xenopus or rat [60]. Miller
and Hanover performed a similar depletion experiment, but replaced the WGA-binding
proteins with rat nuclear glycoproteins whose terminal GICNAc residues had been
enzymatically galactosylated [61]. However, they observed that galactosylation of O-
GIcNACc does not affect the nuclear transport. Taken together, these early studies indicated
that the O-GIcNAc-modified nucleoporins played critical roles in nuclear transport, but
argued against a role for direct binding of the O-GIcNAc residues. Notably, none of these
studies examined mammalian nuclear pores that contained the full complement of
nucleoporins, yet lacked O-GIcNAc.

Glycosylation of the nuclear pore is ubiquitous in multicellular organisms

To directly address the functional role of O-GIcNAc in nuclear transport, it would be
advantageous to create cell lines that lack this modification. However, obtaining viable
mammalian cells lacking O-GIcNAc remains a challenge. The Marth group attempted to
delete OGT in mice using a genetic approach, but no viable OGT-null offspring were
obtained [62, 63]. Deletion of OGT is also lethal in cell culture: cells undergo approximately
two rounds of division and then enter senescence. However, an inducible OGT-knockout in
fibroblast culture has been reported [64], allowing study of O-GIcNAc-deficient cells during
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a limited time window. The inability to generate OGT-null animals or cells suggests that O-
GIcNACc plays an essential role in mammalian cell function. But, surprisingly, Hanover and
co-workers were able to delete OGT from C. elegans with no obvious developmental defect
[65], offering an exciting opportunity to assess the functional role of O-GlcNAc-ylation.
Analysis of OGT-deficient nematodes revealed that nuclear pore complexes lacking O-
GIcNAC still mediate nuclear transport of transcription factors. OGT-null worms do exhibit
other phenotypes, including impaired stress tolerance, decreased lipid storage, increase in
carbohydrate stores, and suppressed dauer formation.

Glycosylation of the nuclear pore also occurs in plants [66]. In Arabidopsis, as well as other
plants, two OGT genes are present: SPINDLY (SPY) and SECRET AGENT (SEC).
SEC/SPY double mutant embryos don’t survive to seed development, but the individual
mutants are viable [67-70]. Analysis of mutant plants reveals roles for SPY in gibberellin
(GA) responses [68-70], cytokine signaling [71], and circadian rhythms [72]. SEC-null
plants have more subtle phenotypes that include slower leaf production and shorter shoot at
flowering [67]. Intriguingly, Taoka et al. found that the O-GIcNAc madification is critical to
the interaction between NCAPs (non-cell-autonomous proteins) and Nt-NCAPP1 (Nicotiana
tabacum non-cell-autonomous pathway protein 1) [73]. Specifically, O-GIcNAc-ylation of
Ser-66 on NCAP Cm-PP16-1 is required for effective interaction with Nt-NCAPPL.
Mutation of this residue blocks their interaction and affects plasmodesmatal trafficking, a
cell-to-cell trafficking process in plants that exhibits multiple similarities to transport
through the nuclear pore [74].

O-GIcNAc levels are regulated by stress and by cell cycle

As described above, yeast lack O-GIcNAc, yet have a functional NPC, suggesting that O-
GIcNACc is not essential for nuclear transport per se. Nonetheless, nuclear pore O-GIcNAc
might play roles in the transport of specific factors or in transport that occurs under specific
conditions. For example, while canonical nuclear import is inhibited by stress, some nuclear
import does occur under stressful conditions and may be crucial to the stress response.
Indeed, a recent report showed that a novel transport protein Hikeshi is essential for
resolving thermal stress, by facilitating accumulation of a heat shock protein (HSP) in the
nucleus [75]. Hikeshi interacts directly with FG-repeat NUPs and is responsible for selective
nuclear import of heat shock protein 70 (HSP70). These results raise the possibility that
stress-induced changes in O-GIcNAc modification of FG NUPs could facilitate certain
nuclear transport pathways, while interfering with others. Consistent with this idea, diverse
stressful stimuli have been reported to affect O-GIcNACc levels; these include hypoxia
[76-78], cell cycle arrest [79, 80], oxidative or reductive conditions [38, 81, 82], UV
irradiation [38, 83], ethanolic stress [38, 77], osmotic stress [38, 84], ER stress [38, 85],
trauma hemorrhage [84, 86-89], ischemia reperfusion injury [76-78, 89-95], and heat shock
[38, 96] (Figure 3). At the same time, modulation of O-GIcNAc levels affects stress
tolerance. Overall, decreasing O-GIcNACc levels results in cells that are less tolerant [38, 77,
78], whereas increasing the levels results in cells that are more tolerant [38, 76, 90, 97].

O-GIcNAc regulation is also essential for cell cycle progression. Galactosylation of O-
GIcNAc-modified proteins results in severe defects in M- to S-phase transition [98].
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Perturbing O-GIcNACc levels by altering expression of OGT or OGA also causes cell cycle
defects [79]. Similarly, pharmacological alteration of O-GIcNACc levels affects the ability of
cells re-enter the cell cycle and progress to the next stage [79]. Thus, cell cycle progression
depends on O-GIcNAc modification of proteins; however, more work is required to uncover
the identities of the key O-GIcNAc-regulated proteins and determine how O-GIcNAc affects
their function. One possibility is that changes in O-GIcNAc-ylation of NUPs play a
regulatory role in the alterations in NPC structure and function that occur throughout the cell
cycle [99, 100].

Does O-GIcNAc regulate protein-protein interactions in the nuclear pore?

Stress and cell cycle progression are stimuli that alter O-GIcNAc at a global level; these
changes in O-GIcNACc levels can be observed specifically on FG NUPs. Further, the same
stimuli that alter the degree of O-GIcNAc modification of nucleoporins can also result in
changes in nuclear transport. For example, oxidative stress increases O-GIcNAc
modification of multiple FG NUPs [38, 81] and also inhibits both classical nuclear import
and CRM1-mediated nuclear export [81]. Oxidant treatment also modulates binding
interactions between CRM1 and Ran, between CRM1 and NUPs, and among FG NUPs.
These data are consistent with a model in which O-GIcNAc modification in response to
oxidative stress affects NUP stability and/or interactions with other proteins [101]. Thus,
glycosylation-induced alterations in FG NUP behavior could provide a mechanism for
stress-induced changes in nuclear transport.

A report published earlier this year examined the role of O-GIcNAc in NUP-NUP
interactions. Mizuguchi-Hata et al. decreased O-GIcNACc levels by silencing OGT and
observed enhanced association between NUP62 and NUP88 relative to control cells [102].
Since both NUP62 and NUP88 are known to be O-GIcNAc-ylated, this result suggests that
O-GIcNAc modification of one or both of the proteins enhances NUP62-NUP88 association
and could represent the discovery of an O-GlcNAc-mediated binding interaction.

Photocrosslinking offers an opportunity to discover O-GIcNAc-mediated

interactions

Although one possible role for O-GlIcNAc modification is to mediate novel protein-protein
interactions, so far there is little direct evidence for O-GIcNAc-dependent complex
formation. To facilitate the discovery of O-GlcNAc-dependent interactions, we reported a
method to photochemically capture molecules that are proximal to O-GIcNAc modification
sites [103]. This method relies on metabolic incorporation of the diazirine photocrosslinking
group onto O-GIcNAc residues (Figure 4). Unlike traditional crosslinking methods (such as
formaldehyde), metabolic incorporation of a photoactivatable crosslinker enables specific
crosslinking of interactions proximal to the crosslinker, in this case an O-GIcNAc residue
[104].

In-cell production of diazirine-modified O-GIcNAc (O-GIcNDAz) is achieved by an
approach that relies on chemical synthesis and enzyme engineering (Figure 4A) [103]. A
cell-permeable, diazirine-modified analog of GIcNAc-1-phosphate (AcsGIcCNDAz-1-P(Ac-
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SATE),) is prepared synthetically. Ac3GICNDAZz-1-P(Ac-SATE), enters cells, where it is
deprotected to GIcNDAz-1-phosphate. A mutant form of the UDP-GIcNAc
pyrophosphorylase (UAP1) is required to activate GIcNDAz-1-phosphate to UDP-
GIcNDAz. OGT then transfers GIcNDAz from UDP-GICNDAZz to substrate proteins,
forming the O-GIcNDAz modification. Intact, O-GlcNDAz-containing cells are subjected to
UV irradiation, which activates the diazirine crosslinker, resulting in covalent bonds
between O-GIcNAc-modified proteins and nearby molecules. After lysis, the covalently
crosslinked complexes can be characterized by immunoprecipitation and immunoblot
analysis, or by mass spectrometry. Our initial report of this technology showed that it could
be used to covalently capture interactions between FG NUPs and karyopherins (Figure 4B).
Specifically, we observed evidence for O-GIcNAc-mediated crosslinking between
transportin-1 (TNPO1; karyopherin $2) and both NUP358 (RanBP2) and NUP153. These
interactions can be mapped onto the emerging models of the NPC [58], revealing that
TNPOL interacts directly with FG repeats on both the nuclear and cytoplasmic faces of the
pore. Our crosslinking results suggest that O-GIcNAc residues are intimately associated with
essential recognition events in nuclear transport. Further work is required to assess whether
and how O-GIcNAc madification affects the affinity of these interactions.

Impact of O-GIcNAc on FG NUP function

Nucleocytoplasmic transport depends on direct interactions between FG NUPs and
karyopherins The O-GlcNAc-modified regions of FG NUPs project into the center of the
nuclear pore and form “bristling extensions” that protrude from both faces of the NPC [105].
The FG regions are natively disordered, forming a meshwork that facilitates karyopherin
transport [58, 106]. Several models have been proposed to explain the mechanism by which
the FG repeat regions regulate selective transport — allowing passage of appropriate cargo
while excluding other similarly-sized macromolecules — but the molecular details remain
poorly defined and actively debated [58]. In one experimental approach to investigate the
mechanism of selective transport, the Goérlich group devised an in vitro model system that is
amenable to detailed manipulation at the molecular level. Using purified FG regions of
NUPs, these researchers produced elastic hydrogels that recapitulate transport properties of
intact NPCs [107]. FG NUP hydrogels are transparent, enabling visualization of the transit
of fluorescently labeled transport molecules through the hydrogel. O-GlcNAc modification
of a hydrogel made from Xenopus NUP98 made the gel more dynamic and facilitated entry
of large nuclear transport complexes, while efficiently excluding “inert” proteins [108].
Overall, the O-GIcNAc-modified NUP98 hydrogel was more selective than any non-
glycosylated NUP hydrogel. Examination of hydrogel structure by solid-state NMR
spectroscopy showed that non-glycosylated gels are rigid, while an O-GlcNAc-modified
hydrogel lacks amyloid-like p-structures. Thus, O-GIcNAc modification makes FG NUP
hydrogels more elastic and more dynamic. This change in structure translates into altered
permeability properties that allow selective transit through the hydrogel. Further work is
required to determine whether O-GIcNAC exerts similar effects on the activity of FG NUPs
functioning in a native NPC.
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Beyond the nuclear pore: does O-GIcNAc affect transcriptional roles of
nucleoporins?

Nucleoporins have roles outside of nuclear transport [109]. An intimate connection between
nuclear transport and transcription exists [110]. In 1985, Ginter Blobel formulated the “gene
gating” hypothesis, which proposes that the three-dimensional structure of the genome is
organized to facilitate direct interactions between NPCs and transcribable chromatin [111].
Such interactions were hypothesized to facilitate expedient cytoplasmic export of new
transcripts. More recently, genome-wide chromatin immunoprecipitation (ChIP) studies
have shown that NUPs are preferentially associated with active chromatin [112]. In addition
to facilitating mMRNA export, evidence suggests that FG-repeat NUPs play an active role in
regulating transcriptional programs [113]. In 2010, two groups reported that certain FG-
repeat NUPs (including NUP98 and NUP62) are associated with Drosophila chromatin and
directly influence transcriptional outcomes [114, 115]. These mobile NUPs are dynamically
recruited to active chromatin [116] by as-yet-unknown mechanisms and regulate genes
involved in development and the cell cycle. Intriguingly, oncogenic fusion proteins that
contain FG NUP regions can also functional as transcriptional regulators [117]. However, no
studies have investigated whether the O-GIcNAc modification plays a role in either NUP
recruitment to chromatin or transcriptional activation. NUPs share a key similarity with
many transcription factors: modification with O-GIcNAc. Indeed, the O-GIcNAc-binding
lectin WGA was historically used to purify transcription factors [118]. Insight into any role
that O-GIcNAc may play in the transcriptional functions of NUPs awaits investigation.

Summary and Outlook

O-GIcNAc modification of the nuclear pore was first observed more than 25 years ago but
its function remains a mystery. Slowly but surely, the technical barriers that have limited
study of O-GIcNAc-ylation of nucleoporins are being surmounted. Now, new chemical
biology and mass spectrometry methods offer ways to identify specific sites of O-GIcNAc
modification. Once these sites are mapped, it will be possible to embark on mechanistic
studies to test the functional roles of individual O-GIcNAc sites. An in vitro model of
nuclear transport that relies on nucleoporin hydrogels provides a readily manipulable
framework to investigate functional impacts of O-GIcNAc-ylation. Indeed, hydrogel
analysis indicates that O-GIcNAc modification can significantly modulate permeability to
karyopherin-cargo complexes, but it is not yet clear if the same effects will be observed in
NPCs functioning in a cell. Several suggestive pieces of data indicate that O-GIcNAc may
promote certain protein-protein interactions and a new, O-GIcNAc-specific
photocrosslinking method provides a strategy to identify such glycan-dependent binding
events. While OGT silencing in mammalian cells remains a challenge, the availability of
OGT-null C. elegans offers an important model system for studying the role of O-GIcNAc
in a living, multi-cellular organism. Experiments performed in this model system indicate
that nucleocytoplasmic transport can occur in the absence of O-GIcNAc, but leave open the
possibility that O-GIcNAc might modulate transport under certain conditions. Indeed, the
extent of O-GIcNAc modification is highly responsive to various stressors, stimuli that also
alter nucleocytoplasmic transport. In addition, emerging data indicate that nucleoporins
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moonlight, playing roles in processes including transcription and mitosis. Even if O-
GIcNAc-ylation of nucleoporins is dispensable for nucleocytoplasmic transport, this
modification might still play important roles in the secondary functions of nucleoporins. We
predict that future studies will integrate diverse technological developments to define the
roles of O-GIcNAc in modulating the multiple functions of nucleoporins.
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Figure 1. O-GIcNAc modification integrates metabolic infor mation
The nucleotide-sugar UDP-GIcNAC is produced through the hexosamine biosynthetic pathway (HBP). This pathway integrates

metabolic signals from carbohydrate (glucose), amino acid (glutamine), fatty acid (acetyl-CoA), and nucleotide (UTP)
metabolism. Because ATP is required for UTP biosynthesis, the HBP also reports on energy charge. UDP-GIcNACc is required
for various forms of glycosylation, including the production of the O-GlcNAc modification. O-GIcNAc is produced by the
enzyme OGT and removed from proteins by the enzyme OGA. Sites of O-GIcNAc modification are often competitively

phosphorylated by kinases.
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Figure 2. Many nuclear pore proteinsaremodified with O-GIcNAc
Red stars in this diagram of the nuclear pore mark nuclear pore proteins demonstrated to be O-GIcNAc-ylated. The highest

densities of O-GIcNAc are found on unstructured FG repeat regions, which project into the center of the nuclear pore and extend
on both the nuclear and cytoplasmic sides of the pore. O-GlcNAc-modified FG repeat regions are also found in NUP358, the
major component of cytoplasmic filaments. In addition to modifying NUPs rich in FG repeats, O-GIcNACc has also been
detected on inner ring, outer ring, and linker NUPs, and even on the transmembrane NUP POM121.
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Figure 3. O-GIcNAc levelsareregulated by a variety of stimuli
A variety of stressful stimuli result in increased O-GIcNAc levels, including increased O-GlcNAc-ylation of NUPs. Stress is

also associated with changes in nucleocytoplasmic transport, induced transcription of stress-induced genes, and alterations in
mitochondrial and endoplasmic reticulum function. Mechanistic roles for O-GIcNAc in mediating stress-induced changes in cell
function have been proposed, but remain largely unexplored.
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Figure 4. Photochemical crosslinking to discover O-GIcNAc-mediated interactions
(A) Cells can be induced to produce a diazirine-modified form of O-GIcNAc by stably expressing a mutant form of the UDP-

GIcNACc pyrophosphorylase (UAP1(F383G)) and adding a cell-permeable, diazirine-modified analog of GIcNAc-1-P
(Ac3GIcNDAZz-1-P(ACSATE),) to the culture medium. The diazirine functional group is activated by UV irradiation, resulting
in covalent crosslinks between O-GIcNAc-modified proteins and neighboring molecules. (B) Crosslinked complexes were
isolated using an antibody specific for FG NUPs. Subsequent LC-MS/MS analysis of the crosslinked complexes revealed
evidence for direct interactions between O-GIcNAc-modified FG NUPs and karyopherins, specifically that TNPO1 interacts
with both NUP153 and NUP358.
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Table 1

Methods to detect O-GIcNAc modification of proteins
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Method Key reagents Can beused with Applied in combination
animal and/or human with mass spectrometry
samples?

Lectin binding WGA [22, 27, 37] Yes [40, 52]

RL2 [24], CTD110.6 [41]
O-GlIcNAc antibodies Yes [43, 119, 120]
9D1E4(10), 18B10.C7(3), and 1F5.D6(14) [43]
Metabolic labeling Ac,GIcNAZ [44], Ac,GalNAzZ [45], Ac,GIcNAIK [46]  No [44-46, 121, 122]
Enzymatic tagging UDP-3H-Gal [29, 39, 123], GalT1 (Y289L) [31], UDP-  Yes [33, 55, 56]

ketoGal [32, 124], aminooxy-PEG [35], UDP-GalNAz
[33, 55, 56]
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