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Metabolic labeling enables selective photocrosslinking
of 0-GlctNAc-modified proteins to their binding partners
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O-linked p-N-acetylglucosamine (O-GIcNAc) is a reversible post-
translational modification found on hundreds of nuclear and cyto-
plasmic proteins in higher eukaryotes. Despite its ubiquity and
essentiality in mammals, functional roles for the O-GlcNAc modifi-
cation remain poorly defined. Here we develop a combined genetic
and chemical approach that enables introduction of the diazirine
photocrosslinker onto the O-GIctNAc modification in cells. We engi-
neered mammalian cells to produce diazirine-modified O-GIctNAc
by expressing a mutant form of UDP-GIcNAc pyrophosphorylase
and subsequently culturing these cells with a cell-permeable,
diazirine-modified form of GIcNAc-1-phosphate. Irradiation of cells
with UV light activated the crosslinker, resulting in formation of
covalent bonds between O-GlctNAc-modified proteins and neigh-
boring molecules, which could be identified by mass spectrometry.
We used this method to identify interaction partners for the
O-GIlcNAc-modified FG-repeat nucleoporins. We observed cross-
linking between FG-repeat nucleoporins and nuclear transport fac-
tors, suggesting that O-GIcNAc residues are intimately associated
with essential recognition events in nuclear transport. Further, we
propose that the method reported here could find widespread use
in investigating the functional consequences of O-GIcNAcylation.
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-linked p-N-acetylglucosamine (O-GlcNAc) is a common
modification of intracellular proteins in metazoa and higher
plants (1). Hundreds of O-GlcNAc-modified human nuclear and
cytoplasmic proteins have been identified. Modified proteins fall
into a variety of functional classes and include transcription fac-
tors, ribosomal proteins and translational factors, signaling pro-
teins, cytoskeletal proteins, and components of the nuclear pore
complex. Like phosphorylation, O-GlcNAcylation is reversible.
Mammalian genomes encode a single O-GIcNAc transferase
(OGT) that transfers GIcNAc from the nucleotide sugar donor
UDP-GIcNACc to serine or threonine side chains of substrate pro-
teins, and one O-GlcNAcase (nuclear cytoplasmic O-GlcNAcase
and acetyltransferase; NCOAT) that hydrolytically removes
GIcNAc residues from modified proteins. The O-GIcNAc mod-
ification is essential in mammals (2) and O-GIcNAc is critical to
cells’ ability to tolerate a variety of forms of stress (3, 4).
While characterization of O-GlcNAc-modification sites has
advanced dramatically (5), a comprehensive understanding of
the functional consequences of O-GlcNAc modification remains
more elusive (6). How does O-GlcNAc affect a protein’s activity,
stability, and ability to engage in binding interactions? O-GIcNAc
is often found at sites that can be alternatively phosphorylated,
leading to a reciprocal relationship between these two modifica-
tions. This relationship led to the hypothesis that a key role for
O-GIcNAc is to interfere with phosphorylation (7). In fact, ex-
perimental evidence suggests that the interplay between these
two modifications is complex, involving both negative and posi-
tive associations (8-10). Another documented function for
O-GlcNAc is to disrupt binding interactions of the modified pro-
teins, presumably by steric interference (11). Less clear is whether
the O-GIcNAc modification can impart a novel activity to the
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modified protein, although recent findings suggest that increased
levels of O-GlcNAc can be associated with acquisition of function
(12-14).

Selectively observing the cellular behavior of O-GIcNAc-
modified proteins remains challenging. Most methods report
on the bulk behavior of the protein of interest and do not distin-
guish among the different posttranslationally modified forms. We
reasoned that appending a small photoactivatable crosslinking
group to the O-GIcNAc modification would enable selectively
induced covalent crosslinking between an O-GlcNAc-modified
protein and surrounding molecules. Because the crosslinker is on
the O-GIcNAc residue, proteins that lack the modification will
not engage in crosslinking and will be rendered essentially invi-
sible in this assay. In this way, even proteins that are O-GlcNAc-
modified at substoichiometric levels could be examined.

To implement the photocrosslinking approach, we designed an
analog of GIcNAc, GIcNDAz, in which the N-acyl substituent was
modified to include the diazirine photocrosslinker (Fig. 1). Using
a metabolic labeling approach, we induced cultured cells to pro-
duce the modified nucleotide sugar donor UDP-GIctNDAz and to
transfer GIcNDAz to proteins that are normally O-GlcNAc-
modified. Subsequent photoirradiation resulted in the selective
covalent crosslinking of O-GlcNDAz-modified proteins. Mass
spectrometry analysis of purified complexes revealed crosslinking
between O-GlcNAc-modified nucleoporins and nuclear transport
factors. These results indicate that the O-GlcNAc modification
is intimately associated with the recognition events that occur
during nuclear transport.

Results

In Vitro Production and Crosslinking of 0-GIcNDAz-modified Peptides.
We envisioned that introduction of a photocrosslinking group
directly onto an O-GIcNAc residue would enable the covalent
crosslinking between the O-GIcNAc modification and proximal
molecules. To test this idea, we assessed crosslinking between an
O-GIcNDAz-modified peptide and a monoclonal antibody, RL2
(15), that specifically recognizes the O-GlcNAc modification.
First, we prepared the diazirine-modified nucleotide-sugar donor
UDP-GIcNDAz (Fig. 1) (16) and incubated it with recombinant
human OGT and a biotinylated substrate peptide derived from
casein kinase II (CKII) (17). The product mixture was analyzed
by MALDI mass spectrometry, revealing a mass consistent with
transfer of the GIcNDAz residue to the CKII peptide (Fig. S14).
Next, the O-GlctNDAz-modified peptide was incubated with
RL2 and UV irradiated to induce photocrosslinking (Fig. S24).
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Fig. 1. Diazirine-modified GIcNAc derivatives used in this study.

Immunoblot analysis revealed a biotinylated species migrating
with an apparent molecular weight identical to that of the light
chain of RL2 (Fig. S2B). Observation of the biotinylated species
depended on inclusion of the crosslinker (UDP-GIcNDAz) and
on UV irradiation. We concluded that this biotinylated species
represented the O-GlcNDAz-modified peptide crosslinked to
the light chain of the RL2 antibody. These results indicate that
the addition of the diazirine modification to GIcNAc does not
preclude transfer of the sugar by OGT nor does it abrogate the
binding interaction between O-GlcNAc-modified CKII and RL2.

Having established that human OGT is capable of accepting
UDP-GIcNDAz, we conducted competition experiments to
determine whether OGT would transfer GIcNDAz from UDP-
GIcNDAz when UDP-GIcNAc was also available. Lysates
prepared from HeLa cells overexpressing human OGT were in-
cubated with UDP-GIcNAc, UDP-GIcNDAz or an equimolar
mixture of the two, along with an OGT acceptor peptide (+P2)
derived from human o-A crystallin (18) (Fig. S1B). Lysates incu-
bated with UDP-GIcNAc produced a product with the mass
(m/z =1,241) expected for an O-GlcNAc-modified peptide.
Lysates incubated with UDP-GIcNDAz produced a product
whose mass corresponded to the intact O-GlcNDAz-modified
peptide (m/z =1,309) and an additional product whose mass
was consistent with loss of N, from the O-GlcNDAz-modified
peptide (m/z = 1,281). Loss of N, likely occurs during the mass
spectrometry ionization step, a phenomenon we have observed
with other diazirine-containing molecules (19). When OGT-
containing lysates were incubated with an equimolar mixture
of UDP-GIcNAc and UDP-GIcNDAz, masses corresponding
to both O-GIcNAc- and O-GIlcNDAz-modified peptides were
observed. We repeated the experiment with recombinant OGT,
rather than lysate, and analyzed the peptide products by HPLC.
The O-GlcNAc-modified peptide was the major product
(Fig. S1C), but the O-GIcNDAz-modified peptide was also ob-
served. While these data indicate that OGT prefers UDP-GIcNAc
over UDP-GIcNDAz, the O-GIcNDAz-modified peptide was
readily produced when the two nucleotide sugars were present
in comparable amounts.

Cellular Production of UDP-GIcNDAz. We next focused attention on
engineering cells to produce UDP-GIcNDAZz, so that O-GlcNDAz-
modified proteins could be produced in cells (Fig. 2). In mamma-
lian cells, UDP-GIcNAc can be produced from GIcNAc through
three enzymatic steps of the GIcNAc salvage pathway. Hoping
to take advantage of the endogenous pathway, we prepared a per-
acetylated form of GIcNDAz, Ac,GIcNDAz, and added it to the
media of cultured cells to test whether the cells could convert this
compound to UDP-GIctNDAz. We used high performance anion
exchange chromatography (HPAEC) analysis of the lysates to
assess UDP-GIcNDAz production in multiple cell lines (HeLa,
Jurkat, BJAB K20), but could not detect the photocrosslinking
nucleotide sugar (UDP-GIcNDAz). We also failed to observe
production of GIcNDAz-1-P, suggesting inadequate conversion
by either N-acetylglucosamine kinase (NAGK), which phosphory-
lates GIcNAc at C6, or N-acetylglucosamine-phosphate mutase
(AGM1), which converts GleNAc-6-P to GIcNAc-1-P. To circum-
vent this metabolic restriction, we prepared a form of GIcNDAz-1-
P in which the hydroxyl groups are peracetylated and the phos-
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Fig. 2. Metabolic labeling strategy for cellular biosynthesis of O-GIcNDAz-
modified proteins. Cellular GIcNAc can be converted to UDP-GIcNAc via three
enzymatic steps catalyzed by N-acetylglucosamine kinase (NAGK), N-acetyl-
glucosamine-phosphate mutase (AGM1), and UDP-GIcNAc pyrophosphory-
lase (AGX1 or AGX2). Hela cells expressing AGX1(F383G) and cultured
with Ac;GIctNDAz-1-P(Ac-SATE), efficiently produced UDP-GIcNDAz.

phate is protected with two S-acetyl-2-thioethyl (Ac-SATE)
groups. We predicted that Ac;GIcNDAz-1-P(Ac-SATE), would
be capable of diffusing across the plasma membrane, after which
the protecting groups would be removed by chemical hydrolysis
or the action of intracellular esterases (20). Indeed, HPAEC analysis
of HeLa lysates revealed that cells cultured with Ac; GIeNDAz-
1-P(Ac-SATE), readily accumulated intracellular GIcNDAz-1-P;
however, UDP-GIcNDAz was not detected (Fig. S34). These data
suggested that GIcNDAz-1-P is a poor substrate for AGX1 and/or
AGX2, the two splice variant isoforms of UDP-GIcNAc pyropho-
sphorylase.

Examination of the X-ray crystal structure of human AGX1
(PDB code 1JV1) (21) revealed that the N-acetyl group of the
bound UDP-GIcNACc resides in a compact hydrophobic pocket
bounded by two phenylalanine residues (Fig. 34; F381 and F383).
We hypothesized that the hydrophobic pocket was too small to
accommodate the N-acyl diazirine substituent and designed mu-
tants of AGX1 (F381G and F383G) predicted to have expanded
binding pockets. HeLa cells were transiently transfected with
plasmids encoding wild-type AGX1, AGX1(F381G), or AGX1
(F383G), and cultured in media containing Ac;GIcNDAz-
1-P(Ac-SATE),. HPAEC analysis of the lysates showed that cells
transfected with mutant AGX1(F383G) efficiently produced a
metabolite whose mobility matched that of synthetic UDP-
GIcNDAz (Fig. 3B). The identity of UDP-GIctNDAz was con-
firmed by UV irradiating both the lysate and the UDP-GIcNDAz
standard compound and comparing their HPAEC patterns
(Fig. S3B). In addition, the UDP-GIcNDAz peak from the
AGX1(F383G)-expressing lysate was collected and analyzed by
MALDI-TOF mass spectrometry, revealing the expected mass
(Fig. S3C). HeLa cells transfected with wild-type AGX1 did
not produce UDP-GIcNDAz, indicating that UDP-GIcNDAz
production was not simply due to AGX1 overexpression (Fig. 3B).
Furthermore, UDP-GIcNDAz production occurs in a time-de-
pendent manner (Fig. S3D). Thus, expression of AGX1(F383G)
permits conversion of GIcNDAz-1-P to UDP-GIcNDAz in cells,
likely by expanding the enzyme’s binding pocket to accommodate
the unnatural sugar. Notably, cells expressing AGX1(F383G) and
cultured in media containing Ac;GIcNDAz did not produce
UDP-GIcNDAz, confirming that conversion of GIcNDAz to
GIcNDAz-1-P is inefficient (Fig. S3E).

Cellular Production of 0-GIcNDAz-modified proteins. We wished to

investigate whether HeLa cells producing UDP-GIcNDAz could
incorporate GIcNDAz into O-GlcNDAz-modified proteins. We
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Fig. 3. Structure-guided mutagenesis of AGX1 results in efficient UDP-
GIcNDAz production. (A) The X-ray crystal structure of human AGX1 (PDB
code 1JV1)(21) reveals that F381 and F383 surround the N-acetyl group of
UDP-GIcNAc. Black circle indicates position where the unnatural alkyl diazir-
ine substituent is attached in UDP-GIcNDAz. (B) HPAEC-PAD analysis of lysates
from Hela cells transiently transfected with DNA encoding wild-type AGX1,
AGX1(F381G), AGX1(F383G), or no vector and cultured with Ac3GIctNDAz-1-
P(Ac-SATE),. Chromatogram of standard nucleotide sugars is shown at the
top.

reasoned that UV irradiation would result in covalent conjuga-
tion of the O-GIcNDAz-modified proteins to neighboring mole-
cules. Thus, irradiation of an O-GlcNDAz-modified protein
should increase the protein’s apparent molecular weight, as as-
sessed by immunoblot analysis. To test this idea, we examined the
known interaction between O-GlcNAc-modified proteins and the
O-GlIcNAc-recognizing antibody, RL2. We transfected HeLa
cells with AGX1(F383G) and cultured them in media containing
Ac;GIcNDAz-1-P(Ac-SATE),. Cell lysates were incubated with
RL2. After UV irradiation, RL2 was precipitated by protein G
beads. The elute from the beads was analyzed by immunoblot,
using antibodies that recognize two known O-GlcNAc-modified
proteins, transcription factor SP1 and nucleoporin NUP153
(Fig. S4). In both cases, we observed distinct higher molecular
weight complexes only when the cells were both transfected with
AGX1(F383G) and cultured in media containing Ac; GIcNDAz-
1-P(Ac-SATE),. This result strongly suggested that the cells pro-
duce O-GIcNDAz-modified proteins and that O-GlcNDAz-mod-
ified proteins can be selectively photocrosslinked to neighboring
molecules.

Next, we investigated whether O-GIcNDAz-modified proteins
could be crosslinked to endogenous binding partners in live cells.
Again, HeLa cells expressing AGX1(F383G) were cultured with
Ac;GIcNDAz-1-P(Ac-SATE),. Cultured cells were irradiated,
lysed, and analyzed by immunoblot using mAb414, which recog-
nizes nucleoporins containing phenylalanine-glycine (FG) re-
peats, including NUP62, NUP153, NUP214, NUP358 (Fig. S54).
In addition to bands corresponding to the nucleoporins, addi-
tional mAb414 reactivity at higher molecular weights was
observed only when cells were transfected with AGX1(F383G)
and cultured with Ac;GIcNDAz-1-P(Ac-SATE),. Adding
Ac;GIcNDAz-1-P(Ac-SATE), at two separate time points
enhanced formation of the crosslinked species. While the higher
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molecular weight species on the mAb414 immunoblot were not
well resolved, distinct photocrosslinked complexes could be
observed by probing with antibodies specific for an individual
nucleoporin, NUP153 (Fig. 44) or NUP62 (Fig. S5B). Taken to-
gether, these results support the idea that crosslinking is occur-
ring through a diazirine-modified O-GlcNAc residue. In addition,
we found similar effects on nucleoporin crosslinking when we in-
troduced AGX1(F383G) and Ac; GIcNDAz-1-P(Ac-SATE), into
T84 intestinal epithelial cells (Fig. S5C and S5D), indicating that
the engineering strategy is not cell line-specific.

FG-repeat Nucleoporins Interact with Nuclear Transport Factors. Our
next goal was to identify proteins that were covalently conjugated
to FG-repeat nucleoporins via O-GlcNDAz directed crosslinking.
To accomplish this, we prepared HeLa cells that stably expressed
AGX1(F383G) and cultured the cells with Ac;GIcNDAz-1-
P(Ac-SATE),. These UDP-GIctNDAz-producing cells were UV
irradiated and lysed. We conducted an immunoprecipitation of
the lysate using mAb414. The immunoprecipitate was separated
by SDS-PAGE and visualized by silver-staining (Fig. 4B). The
banding pattern was compared to an identical lysate that was not
UV irradiated. We identified molecular weight ranges in which
significant silver staining was observed in the UV-irradiated sam-
ple, but not the nonirradiated sample. These regions were excised
from the gel and subjected to in-gel trypsin digest, followed by
high performance liquid chromatography tandem mass spectro-
metry (HPLC/MS/MS) analysis to identify tryptic peptides. The
Mascot search engine was used to analyze the mass spectrometry
data and develop a candidate list of proteins present in the
immunoprecipitate (Table S1). As expected, the putative cross-
linked regions contained nucleoporins recognized by mAb414:
NUP153, NUP214, and NUP358. In addition, peptides corre-
sponding to several known nuclear transport factors were identi-
fied: exportin-1 (CRM1), transportin-1 (TNPO1), transportin-2
(TNPO?2), importin subunit p1 (KPNB1), and nuclear RNA ex-
port factor 1 (NXF1). The remaining lower confidence hits also
corresponded to proteins (histone 2B and y-catenin) known to
enter the nucleus.

To validate the mass spectrometry data, we used a reciprocal
immunoprecipitation strategy. UDP-GIcNDAz-producing HeLa
cells were UV irradiated, then lysed and immunoprecipitated
with an anti-TNPOI1 antibody to isolate TNPO1 along with any
covalent complexes that contained TNPO1. The immunoprecipi-
tate was analyzed by immunoblot using mAb414, as well as
antibodies specific for the individual nucleoporins, NUP153,

A B -uv +UV
Ac3GICNDAz-1-P(Ac-SATE)2 added at: ) —_ 4
%hr + o+ - - o+ 4 - - [ | 4
50hr: - - = -
r + o+ + o+ L
NUP358
}4
250 kDa — NUP214
=
NUP153 NHP1S3
-uv +UV
IB: anti-NUP153

IP: mAb414

Fig. 4. FG-repeat nucleoporins are crosslinked through O-GIcNDAz residues.
(A) Hela cells transiently expressing AGX1(F383G) were cultured with
Ac3GIcNDAZz-1-P(Ac-SATE), (added 26 and/or 50 h after transfection). Cells
were irradiated with 365 nm light, then lysed. Lysates were analyzed by im-
munoblot using a rabbit anti-NUP153 antibody. (B) HelLa cells stably expres-
sing AGX1(F383G) were cultured with Ac3GIctNDAz-1-P(Ac-SATE),. Irradiated
and nonirradiated cells were lysed and lysates were immunoprecipitated
with mAb414. Immunoprecipitates were separated by SDS-PAGE and visua-
lized by silver staining. Indicated regions of the UV-irradiated sample were
analyzed by mass spectrometry.
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NUP214, and NUP358. As predicted, the NUP153 and NUP358
antibodies each recognized a higher molecular weight species,
consistent with crosslinking between TNPOL1 and the nucleopor-
ins. In addition, mAb414 recognized two high molecular weight
species, whose apparent molecular weights matched those of the
putative crosslinked complexes recognized by anti-NUP153 and
anti-NUP358 (Fig. 5). Further confirmation of TNPO1 crosslink-
ing to NUP358 came from a reverse immunoprecipitation experi-
ment. We immunoprecipitated the crosslinked HeLa cell lysate
with anti-NUP358 and analyzed the immunoprecipitate with
anti-TNPO1 immunoblotting. The anti-NUP358 immunopreci-
pitate showed clear evidence of a covalent TNPO1-NUP358
complex (Fig. 5, Right). Taken together, these results demonstrate
that FG-repeat nucleoporins (namely NUP358 and likely
NUP153) engage in interactions with the nuclear transport factor
TNPO1 and that an O-GlcNAc residue is located at or near to the
interaction site. We did not obtain evidence for crosslinking be-
tween TNPO1 and NUP214, which could reflect a lack of inter-
action between these two proteins or the fact that NUP214
crosslinked complexes were poorly visualized on the immunoblot
(see input lanes in Fig. 5).

Effects on 0-GlcNAc Metabolism. Our metabolic labeling method
relies on the introduction of an unnatural metabolite,
Ac;GIcNDAz-1-P(Ac-SATE),, and the overexpression of a
mutant form of a metabolic enzyme, AGX1. Thus, we were con-
cerned that this strategy could result in perturbations to the nor-
mal O-GIcNAc patterns in the cell. Cells stably transfected with
the AGXI1(F383G)-encoding plasmid produced dramatically
increased levels of AGX1 (Fig. S64), which might be expected
to lead to an increased pool of UDP-GIcNAc/UDP-GlcNDAz.
We found that the effect of AGX1(F383G) overexpression on
the UDP-GIcNAc level was slight (Fig. 3B), although AGX1
(F383G) overexpression does lead to the added appearance of
UDP-GIcNDAz. Overall, the amount of UDP-GIcNAc/UDP-
GIcNDAz in the engineered cells is about twofold higher than
the amount of UDP-GIcNAc in normal cells.

We also examined whether NCOAT, the hydrolytic enzyme that
removes O-GlcNAc, was capable of recognizing diazirine-modi-
fied sugar. We prepared lysates from normal HeLa cells and from
HeLa cells transiently transfected with a plasmid encoding
NCOAT. These lysates were incubated with artificial substrates,
p-nitrophenyl-B-D-GlcNAc (pNP-GlcNAc) or p-nitrophenyl-B-D-
GlcNDAz (pNP-GIcNDAz). We observed significant hydrolysis
of pNP-GIcNAc, which dramatically increased with NCOAT
overexpression, while hydrolysis of pNP-GIcNDAz was barely
detectable with either lysate (Fig. S7). This result implies that
O-GIcNDAZz residues are resistant to removal by NCOAT and sug-
gests that O-GIcNDAz-modified proteins likely accumulate in
cells. Despite effects on the UDP-GIcNAc/UDP-GIcNDAz pool
and the resistance of O-GIcNDAz to NCOAT removal, when we
probed the lysates from HeLa cells expressing AGX1(F383G) and

IP: a-TNPO1 IP: NUP358
Ac3GIcNDAz- Input _Elute Input Elute Input Elute Input__Elute Input Elute
1-P(Ac-SATE)2: + - + - + + - _+ -+ - 4 -

: 4
IB: o NUP358 IB: 0-NUP214 IB: o NUP153 IB: mAB414

IB: o-TNPO1

Fig. 5. Transportin-1 interacts with NUP153 and NUP358. Hela cells stably
expressing AGX1(F383G) were cultured with or without Ac3GIcNDAz-1-
P(Ac-SATE),. After UV irradiation, the cells were lysed and the lysates were
immunoprecipitated with the indicated antibodies. Input lysates and immu-
noprecipitates were analyzed by immunoblots, as indicated. Two distinct
crosslinked species were identified: NUP358-TNPO1 (orange asterisk) and
NUP153-TNPO1 (yellow asterisk).
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cultured with Ac;GIctNDAz-1-P(Ac-SATE), using RL2, we saw
no significant alterations in O-GlcNAcylation (Fig. S6B). This re-
sult suggests that our metabolic labeling method does not drama-
tically perturb the normal O-GlcNAcylation pattern in these cells.

Discussion

We describe a metabolic engineering approach to selectively
incorporate crosslinkers into O-GlcNAc residues on nuclear
and cytoplasmic proteins. Our initial, in vitro experiments de-
monstrated that a diazirine-modified form of GlcNAc could be
transferred by OGT and recognized by an O-GIcNAc-specific
antibody, RL2. These results indicated that the relatively small
diazirine modification did not abrogate GIcNAc recognition by
OGT or by RL2. The ability of OGT to tolerate N-acyl modifica-
tions to GIcNAc has been shown previously (22) and is consistent
with modeling of the OGT-UDP-GIcNAc complex based on the
recently reported OGT structure (23).

To incorporate GIcNDAz into O-GlcNAc-modified proteins,
we initially hoped to exploit the GIcNAc salvage pathway. How-
ever, we discovered at least two metabolic barriers to the conver-
sion of GIcNDAz to UDP-GIcNDAz. First, GIcNDAz is not
efficiently converted to GlcNDAz-1-P. We did not conduct ex-
periments to distinguish whether the metabolic barrier is at the
phosphorylation step that produces 6-phosphosugar, or in the
mutase reaction that converts the 6-phosphosugar to the 1-phos-
phosugar (or both). Instead, we bypassed the initial barrier by
directly delivering a protected form of GIcNDAz-1-P to cells. The
second barrier occurs in the pyrophosphorylase step that converts
the 1-phosphosugar to the UDP-sugar. Here we used structure-
guided mutagenesis to produce a mutant form of AGX1 that tol-
erates the diazirine modification. Thus, using an approach that
combines chemistry and genetic engineering, we induced mam-
malian cells to produce both UDP-GIcNDAz and O-GIcNDAz-
modified proteins. Normally, the O-GIcNAc modification is re-
moved from proteins through the action of the O-GlcNAcase,
NCOAT. We found that NCOAT had reduced activity toward an
artificial GIcNDAz-containing substrate, suggesting that, in cells,
the O-GIctNDAz modification could be more long-lived than O-
GIcNAc, and could even be effectively permanent. Thus, our meth-
od may cause some perturbations to normal O-GlcNAc patterns,
even though no dramatic differences were observed (Fig. S6B).

Metabolic barriers to metabolism of hexosamine analogs have
also been observed in efforts to incorporate chemical reporters
into O-GlcNAc-modified proteins. An azide-modified GlcNAc
analog, GIctNAz, was inefficiently metabolized to the correspond-
ing UDP-GIcNAc analog in 293T cells, but AGX2 overexpression
enabled UDP-GIcNAz production, suggesting the presence of
only a single metabolic barrier (24). This same report demon-
strated that the metabolic barrier could be circumvented by pro-
viding cells with an azide-modified GalNAc analog (GalNAz)
that was efficiently metabolized to UDP-GalNAz, and further
converted to UDP-GIcNAz by the action of the UDP-galactose
4’-epimerase (GALE). More recently, Pratt and coworkers exam-
ined metabolism of both azide-modified hexosamines and their
alkyne-modified counterparts (25). Their results confirmed the
metabolic interconversion of azido-sugars, but indicated that the
alkynyl-sugars did not efficiently interconvert. Similar to the al-
kynyl case, we did not observe any production of UDP-GalNDAz
in our experiments, suggesting that GALE may not readily inter-
convert the larger, diazirine-modified UDP-sugars. Thus, the hex-
osamine salvage pathway appears to be sensitive to the exact
nature of the N-acyl modification and metabolism of any novel
analog should be examined carefully. For the experiments de-
scribed here, the lack of UDP-GalNDAz production is desirable
since it is expected to yield more selective incorporation of the
diazirine into only GIcNAc-containing glycans.

We demonstrated the utility of O-GIcNDAz crosslinking by
using this technique to covalently crosslink nuclear pore proteins
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and nuclear transport factors. The mammalian nuclear pore is a
120 MDa complex assembled from about 30 different nucleopor-
ins, each present in multiple copies (26). Transport in and out of
the nucleus is regulated by the pore complex: small molecules can
diffuse through the pore, while larger molecules are escorted
through by karyopherins (27). Karyopherin-cargo complexes
translocate through the center of the pore by a poorly understood
mechanism that likely involves interactions between karyopherins
and the unstructured, FG-repeat nucleoporins that project into
the pore. In metazoa, FG-repeat nucleoporins are highly O-
GIcNAc-modified, but the functional significance of these mod-
ifications has remained unclear. Early work showed that wheat
germ agglutinin (WGA), which binds O-GlcNAc, can block trans-
port through the nuclear pore (28), but this finding may reflect
the steric bulk of WGA rather than a specific role for O-GIcNAc.
More recently, experiments conducted in Caenorhabditis elegans
offered an opportunity to investigate the significance of the O-
GlcNAc modification, since loss of ogt-1 (the C. elegans ortholog
of OGT) is not lethal. Hanover and coworkers examined the be-
havior of several transcription factors in the ogt-1 deletion strain
and found that neither their nuclear localization nor their kinetics
of transport were affected (29). Nonetheless, the O-GlcNAc re-
sidues may have a more pronounced role in mammals, where
OGT is essential.

We carried out O-GIcNDAz-based crosslinking experiments to
gain information about the direct binding partners of O-GIcNAc-
modified FG-repeat nucleoporins. Notably, we obtained evidence
for direct interactions between TNPO1 and both NUP153 and
NUP358, a finding consistent with previous experiments (30-32).
However, our cell-based crosslinking method enables additional
conclusions. First, our data indicate that the observed interac-
tions occur in a normal cellular environment, since the crosslink-
ing event was triggered by irradiation of intact cells. Second,
interactions occur at normal protein expression levels since
our experiments involved crosslinking of endogenous proteins.
Third, the formation of the covalent complex suggests the pro-
teins interact directly, and not through a third party. Finally, be-
cause crosslinking occurs through the photoaffinity label on the
GIcNAc, we conclude that there is an O-GIcNAc at or near the
interaction site.

While our experiments do not directly address the question of
whether the interactions between FG-repeat nucleoporins and
nuclear transport factors are O-GlcNAc-dependent, these recog-
nition events do share important features with typical glycan-
mediated interactions. First, glycan-mediated interactions are
typically low-affinity, with rapid off-rates (33). Similarly, inter-
actions between FG-repeat nucleoporins and nuclear transport
factors typically display nanomolar to micromolar equilibrium
dissociation constants (34). Indeed, efficient nuclear transport re-
quires that these interactions be transient, allowing cargo to be
efficiently transported through the pore and not retained at a spe-
cific site. Second, both cell surface glycan-mediated interactions
(35) and FG-repeat nucleoporin-nuclear transport factor interac-
tions are typically multivalent (34, 36), which may enhance inter-
action specificity. Thus, the use of photocrosslinking groups
offers an important strategy to covalently trap these transient
and multivalent interactions (37).

In summary, we report a general method for identifying the
interaction partners of O-GlcNAc-modified proteins and showed
that this method can be applied in at least two cell lines. In the
experiments presented here, we used antibodies against endogen-
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ous proteins to isolate crosslinked complexes for further charac-
terization. In the absence of suitable antibodies, epitope-tag
could be appended to O-GlcNAcylated proteins to enable effi-
cient analysis. We predict that this photocrosslinking approach
could be applied to many of the other hundreds of proteins
known to be O-GIcNAc-modified (5).

Methods

Synthesis of GIcNDAz Compounds. Synthesis of Ac;GIcNDAz and UDP-GIcNDAz
have been described (16, 38). Acz3GIcNDAz-1-OH was produced by selective
deprotection of Acs;GIcNDAzAc;GIctNDAz-1-P(Ac-SATE), was synthesized
by phosphitylation of Ac;GIcNDAz-1-OH with bis(S-acetyl-2-thioethyl) N,N-
diisopropylphosphoramidite (20) and subsequent oxidation with mCPBA.
p-nitrophenyl-p-b-GIcNDAz (pNP-GIcNDAZz) was prepared by standard meth-
ods. Analytical data for Ac3GIctNDAz-1-P(Ac-SATE), and pNP-GIcNDAz are
presented in Fig. S8.

HPAEC-PAD Analysis of GIcNDAz-containing Metabolites. HelLa cells were tran-
siently transfected with pCMV6-XL5-AGX1(F383G). After 43 h, cells were
transferred to serum-free DMEM media containing low glucose (1.0 g/L).
Ac,GIcNDAZz, Ac3GIcNDAz-1-P(Ac-SATE),, AcyGIcNAc, or DMSO (vehicle)
were added to achieve a final concentration of 100 uM. After 5 h, cells were
harvested and lysed in 75% ethanol by sonication and centrifuged at
20,000 x g. Supernatant was dried, resuspended in 40 mM sodium phos-
phate buffer (20-60 uL per million cells), and filtered through Amicon® Ultra
centrifugal filter unit (Millipore, 10,000 MWCO). Filtrates were analyzed by
HPAEC (ICS-3000 system, Dionex) with CarboPac™PA1 (Dionex) and pulsed
amperometry detector (PAD) (39, 40).

Crosslinking of Cellular 0-GIcNDAz Proteins. Hela cells were transiently trans-
fected with mutant AGX1(F383G). Culture medium was replaced with serum-
free, low-glucose DMEM 26 h after transfection. Ac3GIcNDAz-1-P(Ac-SATE),
(100 pM final concentration) was added at 26 h and/or 50 h after transfection.
Cells were harvested 20 h after final addition of Ac3GIcNDAZz-1-P(Ac-SATE),
and washed with DPBS. Cells were resuspended in DPBS and irradiated with
UV light (365 nm, UVP, XX-20BLB lamp) while on an ice bath; control cells
were kept on ice in dark. A 5% CuSO, pentahydrate aqueous solution
was used to filter out longer wavelength light. Cells were lysed by RIPA buf-
fer, and analyzed by SDS-PAGE and immunoblot.

Identification of Nucleoporin Interaction Partners. For immunoprecipitation of
nucleoporins with mAb414, HelLa cells stably transfected with AGX1(F383G)
were used. AcsGIcNDAz-1-P(Ac-SATE), (100 pM final concentration) was
added 0 and 24 h after the medium was changed to serum-free, low-glucose
(1.0 g/L) DMEM. Twenty h later, cells were harvested, UV irradiated, as de-
scribed above, then lysed in an immunoprecipitation buffer (50 mM Tris-HCl,
pH 8.0, 150 mM Nacl, 1.0% NP-40, 0.5% sodium deoxycholate, 2.0 mM EDTA,
1 mM DTT, 1 mM PMSF, 1 x protease inhibitor cocktail). After rotating the
lysate with mAb414 (0.5 uL/mg lysate) overnight at 4 °C, the resulting solu-
tion was mixed with protein G sepharose (50 pL) for 4 h at 4 °C. After washing
beads five times with the immunoprecipitation buffer, proteins were eluted
with 50 pL of 2 x loading dye containing 5 mM DTT. Eluted samples were
resolved by 5% SDS-PAGE, and silver staining was performed using the Sil-
verQuest™ Silver staining kit (Invitrogen). Indicated regions of the gel were
excised, destained, and in-gel digested with trypsin. Extracted peptides were
analyzed by HPLC/MS/MS analysis.
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