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(Background: Photocross-linking O-GlcNAc (O-GlcNDAz) can be used to capture O-GlcNAc-mediated protein-protein
Results: Mutagenesis of the UDP-GIcNAc binding pocket of OGT enhances transfer of a photoreactive GlcNAc analog
Conclusion: OGT(C917A) catalyzes increased enzymatic incorporation of GIcNDAz at sites of protein O-GlcNAc modification

Significance: Enabling identification of O-GlcNAc-mediated protein interactions will provide insights into molecular mecha-
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O-Linked p-N-acetylglucosamine (O-GlcNAc) is a post-
translational modification of proteins in multicellular organ-
isms. O-GIcNAc modification is catalyzed by the O-GIcNAc
transferase (OGT), which transfers N-acetylglucosamine
(GlcNACc) from the nucleotide sugar donor UDP-GIcNAc to ser-
ine or threonine residues of protein substrates. Recently, we
reported a novel metabolic labeling method to introduce the
diazirine photocross-linking functional group onto O-GlcNAc
residues in mammalian cells. In this method, cells are engi-
neered to produce diazirine-modified UDP-GIcNAc (UDP-Glc-
NDAz), and the diazirine-modified GIcNAc analog (GIcNDAz)
is transferred to substrate proteins by endogenous OGT, pro-
ducing O-GlcNDAz. O-GlcNDAz-modified proteins can be
covalently cross-linked to their binding partners, providing
information about O-GlcNAc-dependent interactions. The util-
ity of the method was demonstrated by cross-linking highly
O-GIcNAc-modified nucleoporins to proteins involved in
nuclear transport. For practical application of this method to a
broader range of O-GlcNAc-modified proteins, efficient O-
GlcNDAz production is critical. Here we examined the ability of
OGT to transfer GIcNDAz and found that the wild-type enzyme
(WtOGT) prefers the natural substrate, UDP-GIcNAc, over the
unnatural UDP-GIcNDAz. This competition limits O-GlcNDAz
production in cells and the extent of O-GlcNDAz-depen-
dent cross-linking. Here we identified an OGT mutant,
OGT(C917A), that efficiently transfers GIcNDAz and, surpris-
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ingly, has altered substrate specificity, preferring to transfer
GIcNDAz rather than GIcNAc to protein substrates. We con-
firmed the reversed substrate preference by determining the
Michaelis-Menten parameters describing the activity of wtOGT
and OGT(C917A) with both UDP-GIcNAc and UDP-GIcNDAz.
Use of OGT(C917A) enhances O-GlcNDAz production, yield-
ing improved cross-linking of O-GlcNDAz-modified molecules
both in vitro and in cells.

O-Linked B-N-acetylglucosamine (O-GlcNAc)* is a single
sugar modification found on both intracellular and extracellu-
lar proteins (1-3). This reversible post-translational modifica-
tion occurs on proteins of diverse functional classes but primar-
ily those that reside in the cytosol and nucleus. Intracellular
O-GlcNAc is produced by the O-GlcNAc transferase (OGT),
which catalyzes transfer of GIcNAc from the nucleotide sugar
donor UDP-GIcNAc to serine and threonine side chains of pro-
teins (4, 5). The dynamic O-GlcNAc modification is removed
from proteins by the action of the O-GlcNAc hydrolase (OGA)
(6). In cells and in organisms, O-GlcNAc levels are tightly con-
trolled (7). Dysregulation of O-GlcNAc is linked to multiple
chronic human diseases, including diabetes, cancer, and neuro-
degenerative disease, although the molecular mechanisms
remain to be fully elucidated (8).

In many cases, O-GIcNAc appears to function as a sensor,
detecting nutrient state and cell stress, but the molecular details
of how O-GlcNAc modification affects the activity of modified
proteins are only beginning to become clear. Some studies have
focused on the interplay between O-GIlcNAcylation and phos-

*The abbreviations used are: O-GIcNAc, B-N-acetylglucosamine; O-GIcNDAz,
diazirine-modified O-GIcNAc; wtOGT, wild-type O-GIcNAc transferase;
OGT, O-GIcNAc transferase; GIcNAc, N-acetylglucosamine; GIcNDAz,
diazirine-modified GIcNAc; OGA, O-GIcNAc hydrolase; UAP1, UDP-N-
acetylglucosamine pyrophosphatase 1; HPAEC, high performance anion
exchange chromatography; CKII, casein kinase II; RIPA, radioimmune pre-
cipitation assay.
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FIGURE 1. Methodology to identify binding partners of O-GlcNAcylated proteins. O-GlcNAcylated proteins are metabolically labeled with O-GIcNDAz in
place of the natural modification. UV irradiation of cells activates the diazirine for cross-linking, resulting in a covalent cross-linked complex between an

O-GIcNDAzylated protein and its binding partner.

phorylation; in certain cases, these modifications compete for
the same sites, and they are often observed as reciprocal events,
whereas in at least one example, the two modifications appear
to be coordinately controlled (9-12). O-GlcNAc modification
can promote the stability of proteins (13) and their propensity
to associate with specific cellular structures (14, 15). In at least
one case, O-GlcNAc modification interferes with recognition
between two proteins (16). Although other post-translational
modifications, like phosphorylation, are well known to pro-
mote protein-protein interactions, less information has been
available about whether O-GlcNAc can function in this way.
Still, at least two studies show that modification of proteins
with O-GlcNAc promotes their interactions with binding part-
ners (17, 18), suggesting that O-GIcNAc may function as a
recognition motif. However, identifying protein-protein inter-
actions promoted by O-GIcNAc remains difficult; the modifi-
cation is substoichiometric, and standard biochemical tech-
niques cannot assess whether O-GlcNAc directly mediates the
interaction or plays a more indirect role.

We reported a photocross-linking approach to discover and
characterize interactions mediated by the O-GlcNAc modifica-
tion. In this approach, we append the diazirine, the smallest
photocross-linking functional group, onto O-GlcNAc modifi-
cations in live cells (19). Upon UV irradiation, the diazirine is
activated, generating a highly reactive carbene. This carbene
can insert into any neighboring molecule, generating a covalent
bond between the O-GIlcNAc-modified protein and its binding
partner (Fig. 1). If no binding partner is nearby, the carbene is
rapidly destroyed by reaction with water. These cross-linked
complexes can be analyzed by immunoblot and/or mass spec-
trometry-based proteomics methods to identify binding part-
ners of O-GlcNAc-modified proteins of interest. To introduce
the diazirine onto O-GlcNAc-modified proteins in cells, we use
a metabolic labeling method that exploits the GIcNAc salvage
pathway of mammalian cells. Cells are cultured with a
cell-permeable, diazirine-modified GIcNAc-1-P analog,
Ac,GIcNDAz-1-P(AcSATE),. Ac;GlcNDAz-1-P(AcSATE), is
deprotected inside of cells, to release diazirine-modified
GlcNAc-1-P (GIcNDAz-1-P). We use cells that overexpress a
mutant form of UDP-N-acetylglucosamine pyrophosphatase 1
(UAP1), UAP1(F383Q), that can efficiently convert GIcNDAz-
1-P to UDP-GIcNDAz, because the endogenous human UAP1
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cannot catalyze this transformation. OGT transfers GIcNDAz
from UDP-GIcNDAz to cellular proteins, creating diazirine-
modified O-GlcNAc, which we call O-GIcNDAz. Using this
method, we showed that O-GlcNAc-modified nucleoporins
could be photocross-linked to karyopherins that pass through
the nuclear pore, effectively creating a snapshot of nuclear
transport in action.

The O-GIctNDAz method effectively cross-links a variety of
O-GlcNAc-modified proteins, but obtaining sufficient cross-
linked material for mass spectrometry analysis remains chal-
lenging. We reasoned that maximizing production of O-
GIcNDAz would yield more cross-linked material for subse-
quent steps. Indeed, UDP-GIcNDAz competes with the endog-
enous nucleotide sugar, UDP-GIcNAc, for OGT-catalyzed
transfer onto proteins. Here we examined the ability of OGT to
transfer natural GIcNAc and photocross-linking GIcNDAz to
peptide substrates using in vitro assays. We found that wild-
type OGT (wtOGT) exhibits a marked preference for the nat-
ural sugar, a feature that probably limits O-GlcNDAz produc-
tion in cells. Through site-directed mutagenesis, we identified a
mutant, OGT(C917A), that exhibits converted substrate spec-
ificity, preferentially transferring GIcNDAz rather than
GlcNAc. Kinetic characterization of the activity of wtOGT and
OGT(C917A) with UDP-GIcNAc and UDP-GIcNDAz con-
firmed the reciprocal substrate specificities of the two enzymes.
We show that OGT(C917A) can be used to increase O-Gl-
cNDAz modification and enhance O-GlcNDAz-mediated
cross-linking both in vitro and in cells.

Experimental Procedures

Construction of OGT Plasmids—All experiments were con-
ducted using the ncOGT (nucleocytoplasmic OGT) isoform.
The pET24b plasmid encoding OGT was provided by Suzanne
Walker (Harvard Medical School) and used to express recom-
binant OGT in Escherichia coli (20). The pcDNA/To-Myc-His
plasmid encoding OGT was provided by Carolyn Bertozzi (Uni-
versity of California, Berkeley, CA) and used to produce recom-
binant OGT in mammalian cells (21).

Point mutations were introduced into OGT plasmids using
primers designed through the GenScript primer design algo-
rithm. Mutagenesis was performed according to the
QuikChange protocol (Stratagene). The following primers
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were used: M501G, 5'-GTGCATCCTCATCATAGTGGGCT-
ATATCCTCTTTCTCATGGC-3' (forward) and 5'-GCCAT-
GAGAAAGAGGATATAGCCCACTATGATGAGGATGC-
AC-3' (reverse); M501V, 5'-GTGCATCCTCATCATAGTGT-
GCTATATCCTCTTTCTCATGGC-3" (forward) and 5'-
GCCATGAGAAAGAGGATATAGCACACTATGATGAG-
GATGCAC-3’ (reverse); C917G, 5'-GACACTCCACTCGGT-
AATGGGCACACCACAGGG-3' (forward) and 5'-CCCTG-
TGGTGTGCCCATTACCGAGTGGAGTGTC-3" (reverse);
C917A, 5'-GACACTCCACTCGCTAATGGGCACACCAC-
AGGG-3' (forward) and 5'-CCCTGTGGTGTGCCCATTAG-
CGAGTGGAGTGTC-3' (reverse); A942G, 5'-GGAGAGAC-
TCTTGGTTCTCGAGTTGCAGCATCC-3' (forward) and 5'-
GGATGCTGCAACTCGAGAACCAAGAGTCTCTCC-3’
(reverse). The entire coding sequence of each mutated plasmid
was confirmed through sequencing at the University of Texas
Southwestern DNA sequencing core facility.

Cell Lines and Cell Culture—HeLa cells, obtained from the
ATCC, were cultured in DMEM, 10% fetal bovine serum (FBS),
and 1% penicillin/streptomycin. K562 cells were obtained from
ATCC and cultured in DMEM, 10% FBS, and 1% penicillin/
streptomycin for routine culturing and for cross-linking
experiments.

To produce cells stable expressing UAP1(F383G), K562 cells
were infected with the pSIN4-UAP1(F383G) lentivirus (19).
Briefly, 2.0 X 10° K562 cells in a 1-ml volume of fresh medium
were mixed with 1 ml of the pSIN4-UAP1(F383G) lentivirus.
Cells were centrifuged at 514 X g and 32 °C for 30 min. After
gentle mixing, centrifugation was repeated at 514 X gand 32 °C
for 30 min. After centrifugation, medium was removed by aspi-
ration, and cells were resuspended in 2 ml of fresh medium and
transferred to a well of a 6-well plate. Selection with 1.5 pg/ml
puromycin for cells expressing UAP1(F383G) was performed
for 2 weeks.

Production of UDP-GIcNDAz in UAP1(F383G)-expressing
K562 cells was analyzed by high performance anion exchange
chromatography (HPAEC) as described (19). Briefly, K562 cells
were cultured with or without Ac;GIcNDAz-1-P(AcSATE),
(>95% purity by 'H NMR) for 6 h. Cells were harvested by
centrifugation, washed once with PBS, and pelleted. Metabo-
lites were released by lysing cells with 80% “super cold” metha-
nol on dry ice. Cellular debris were removed by centrifugation
at 20,817 X gand 4 °C for 10 min. The supernatant containing
metabolites was transferred to a clean vessel and evaporated
under vacuum. The metabolite pellet was resuspended in 40
mwm sodium phosphate buffer (pH 7.0) and analyzed by HPAEC
using conditions reported previously (19).

Transient Overexpression of Mutant OGT Enzymes in HeLa
Cells—OGT and OGT mutants were overexpressed in HeLa
cells to identify mutants with improved activity toward UDP-
GIcNDAz. HeLa cells (3 million) in Opti-MEM (Invitrogen,
11058-021) were transfected with 24 ug of DNA and 60 ul of
Lipofectamine 2000 (Invitrogen, 11668-019). Four h after
transfection, Opti-MEM medium was removed, and fresh
DMEM was added. After 24 h, cells were harvested and lysed in
RIPA buffer (50 mm Tris-HCI, pH 8.0, 150 mm NaCl, 1.0% Non-
idet P-40, 0.5% sodium deoxycholate, 2 mm EDTA, 1 mm DTT,
protease inhibitor mixture, and 1 mM phenylmethanesulfonyl
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fluoride (PMSF)). Myc-His-tagged OGT (wild-type and
mutants) were immunoprecipitated by incubating 1.2 mg of
total protein with 1 ul of anti-Myc antibody 9B11 (Cell Signal-
ing, 22768) at 4 °C for 18 h. After overnight incubation, 25 ul of
protein G beads (Sigma, P3296) were added and incubated for
3 h at 4 °C. Beads were washed three times with RIPA buffer
lacking protease inhibitors and then used for the following gly-
cotransferase activity assays.

Glycosylation reactions were performed to analyze the ability
of the OGT (wild type and the indicated mutants) to release
UDP via the Promega UDP-Glo™ glycosyltransferase assay
(V6962). This assay measures UDP release via production of a
luminescence signal. Beads with the immunopurified OGT
enzymes (wild type and the indicated mutants) were resus-
pended in 25 ul of transferase buffer (25 mm HEPES, pH 7.2, 10
mM MnCl,, 1 mm EDTA with 1X protease inhibitor mixture
(Santa Cruz Biotechnology, Inc., sc-29131) and 1 mm PMSF).
Five ul of this resuspension was mixed together with 20 ul of
transferase buffer containing OGT substrates to achieve final
concentrations of 100 uMm casein kinase II (CKII) peptide and 10
uMm Ultra-Pure UDP-GIcNAc (provided by Promega) or UDP-
GIlcNDAz (synthesized as described previously (19), >95%
purity by 'H NMR). Reaction mixtures were incubated at room
temperature for 0 or 60 min. UDP-Glo detection reagent was
added to quench the glycosylation reaction and develop lumi-
nescence. After 1 h at room temperature, luminescence signal
was measured using a Synergy Neo BioTek multimode plate
reader with detection between 620 and 665 nm (Lance red
emission, BioTek, part no. 1035041).

Glycosylation reactions were performed to measure the abil-
ity of immunopurified OGT (wild type and mutants) to transfer
GlcNAc and GIcNDAz to the CKII peptide. Beads with the
immunopurified OGT enzymes (wild type and the indicated
mutants) were washed twice with transferase buffer. A 150-ul
mixture of CKII peptide (final concentration 100 wm) and
equimolar amounts of UDP-GlcNAc and UDP-GIcNDAz (final
concentrations 500 uMm each) was added to each bead sample.
The reaction was allowed to incubate at room temperature for 1
day, followed by 4 °C for 2 days. The reaction was centrifuged to
remove beads. The supernatant was analyzed by high perfor-
mance liquid chromatography (HPLC) using a Dionex HPLC
Ultimate 3000 with UV detection at 220 nm. Solvent systems
and gradients were described previously (22).

Overexpression of Recombinant OGT and OGT(C917A) in
E. coli and Purification—pET24b plasmid encoding OGT (20)
or OGT(C917A) was used to produce recombinant enzyme as
described previously (22). Briefly, BL21(DE3) competent cells
were transformed with each plasmid. A single colony was added
to 50 ml of LB containing kanamycin and incubated at 37 °C
without shaking for 14 h. Eight ml of the starter culture was
used to inoculated 1 liter of LB, which was incubated at 37 °C
with shaking at 250 rpm until A, reached 0.6 — 0.8. After cool-
ing the culture to 20 °C for 30 min, cells were induced with 0.5
mM isopropyl 1-thio-B-p-galactopyranoside for 20 h. Bacteria
were harvested by 30-min centrifugation at 1154 X g at 4 °C.
Bacteria were lysed in 100 mm Tris-HCl, pH 7.5,1 M NaCl, 1 mm
Triton X-100, 0.3 mM lysozyme, 1X protease inhibitor mixture
(Sigma, S8830) on ice for 30 min, followed by sonication for 3
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min alternating 10-s pulse on and 30-s pulse off. Insoluble
material was removed by centrifugation at 12,000 X g and 4 °C
for 30 min. Cell lysates were incubated with nickel beads (nick-
el-nitrilotriacetic acid; Qiagen, 30210) for batch purification.
Nickel beads were washed with 20 mm Tris-HCI, pH 7.5, 0.5 M
NaCl, 20 mm B-mercaptoethanol, 20 mm imidazole, and 0.1 mm
PMSE. OGT (wild type or mutant) was eluted with 20 mm Tris-
HCI, pH 7.5, 0.5 m NaCl, 20 mMm - mercaptoethanol, 200 mm
imidazole, and 0.1 mm PMSF. As an alternative to batch purifi-
cation, OGT was also purified using a Profinia instrument (Bio-
Rad, 620-1010) with an immobilized metal ion affinity chroma-
tography column (Bio-Rad, 732-4610) according to the
manufacturer’s instructions and using the same buffers as the
batch method. Protein purity was estimated by Coomassie
staining. wtOGT was >80% pure, and OGT(C917A) was >90%
pure.

Analysis of Peptide Glycosylation—wtOGT or OGT(C917A)
recombinantly expressed in and purified from E. coli was used
for analysis of peptide glycosylation. The CKII substrate pep-
tide sequence was purchased from GenScript and had the
sequence PGGSTPVSSANMMK with N-terminal acetylation
and C-terminal amidation. Reactions contained 20 mm Tris-
HCl, pH 8.0, 12.6 mm MgCl,, 20 mm B-mercaptoethanol, 100
uM CKII peptide, and 1 um wtOGT or OGT(C917A).
UDP-GIcNAc (Sigma, U4375, >98% purity) and/or UDP-
GIcNDAz were included at the concentrations indicated. After
incubation at 37 °C for 16 h, the enzyme was removed by filtra-
tion through a 10,000 molecular weight cut-off Amicon unit
(Millipore, UFC5010BK) that was centrifuged at 17,000 X g for
5 min at room temperature. Peptide products were analyzed
using a Dionex HPLC Ultimate 3000 with UV detection at 220
nm. Solvent systems and gradients were described previously
(22).

Determination of Michaelis-Menten Parameters—Initial
rates of reactions catalyzed by wtOGT and OGT(C917A) were
obtained using the Promega UDP-Glo™ glycosyltransferase
assay (V6962) to measure UDP release. Reactions contained 20
mM Tris-HCI, pH 8.0, 12.6 mm MgCl,, 20 mMm B3-mercaptoeth-
anol, and 100 um CKII peptide. The nucleotide sugar
(UDP-GIcNAc (provided by the Promega kit) or UDP-GI-
cNDAz) concentrations were 0.3, 1, 3, 10, and 30 uMm. The
enzyme concentration was 25 nM, except in the case of wtOGT
with UDP-GIcNDAz, where 50 nm wtOGT was needed to accu-
rately measure activity. Reactions were incubated at 23 °C for a
time course of 5, 10, 15, 30, or 45 min, and then UDP-Glo
detection reagent was added to quench the glycosylation reac-
tion and develop luminescence. After 1 h at room temperature,
luminescence signal was measured using a Synergy Neo BioTek
multimode plate reader with detection between 620 and 665
nm (Lance red emission, BioTek, part no. 1035041). Each sam-
ple was measured twice, and the averaged value was used. For
each enzyme/substrate pair, five or six independent experi-
ments were performed. Typically, the increase in luminescence
was linear with respect to time between 5 and 45 min, except for
the case of OGT(C917A) with UDP-GlcNDAz, where the time-
dependent increase in luminescence was linear only to 30 min.
Linear data were used to determine initial rates, which were
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plotted versus substrate concentration. Michaelis-Menten
parameters were calculated using GraphPad Prism.

In Vitro Peptide Cross-linking and Analysis—The biotin-
tagged CKII peptide was purchased from GenScript and had
the sequence biotin-PGGSTPVSSANMMK with C-terminal
amidation. Glycosylation and HPLC analysis were performed
as described above for the unmodified peptide. After removing
the enzyme by filtration, the crude filtrate was incubated with
an O-GlcNAc-recognizing antibody (RL2, Thermo, MA1-027)
in RIPA buffer for 15 h at 4 °C. Samples were placed in an ice
water bath under UV irradiation (365 nm, UVP, XX-20BLB
lamp) for 15 min or kept on ice in the dark. After irradiation, the
samples were immediately lysed in RIPA buffer and then ana-
lyzed by immunoblot, using an HRP-conjugated anti-biotin
antibody (Cell Signaling, 7075S) to detect antibody cross-linked
to biotinylated peptide. Quantification was performed using a
ChemiDoc™ MP imager (Bio-Rad, 170-8280). Blots were
stripped and reprobed to detect the total amount of RL2 anti-
body. The amount of biotinylated (cross-linked) antibody in
each lane was normalized to the total amount of antibody in the
same lane. The amount of cross-linking in the sample contain-
ing wtOGT and 500 um UDP-GIcNDAz was arbitrarily set to 1,
and cross-linking in other samples was calculated relative to
this value.

In-cell Cross-linking—Two million K562 cells stably express-
ing UAP1(F383G) were nucleofected with 1.5 ug of DNA
encoding an OGT plasmid (WtOGT or OGT(C917A)) by fol-
lowing the protocol provided by the Lonza kit V (VCA-1003).
After 5 h, cells were resuspended in DMEM. Twenty-four h
after nucleofection, cells were cultured with medium contain-
ing 6 ul of 50 mm Ac,;GlcNDAz-1-P(AcSATE), in DMSO to
achieve a final concentration of 100 um Ac;GlcNDAz-1-P(Ac-
SATE), or 6 ul of DMSO alone. After 7 h, cells were harvested
by centrifugation and resuspended in PBS before irradiation
with 365 nm light for 15 min. Cells were lysed in 100 ul of RIPA
buffer per 2 million cells and then centrifuged at 20,817 X g for
10 min at 4 °C to remove insoluble material. Lysates were sep-
arated by 7.5% SDS-PAGE, transferred to polyvinylidene fluo-
ride, and probed for NUP153 (SA-1 Abcam, ab96462). The
amount of cross-linked NUP153 was determined by quantify-
ing the indicated region on the blot using a ChemiDoc™ MP
imager (Bio-Rad, 170-8280). Immunoblots were stripped and
reprobed with an antibody against actin (Abcam, ab8227). The
amount of cross-linked NUP153 in each sample was normal-
ized to the amount of actin in the same sample to control for
sample loading. The amount of cross-linking in the sample con-
taining overexpressed wtOGT was arbitrarily set to 1, and
cross-linking in the sample containing OGT(C917A) was cal-
culated relative to this value. Immunoblots were stripped and
reprobed with an antibody against Myc antibody 9B11 (Cell
Signaling, 22768) for OGT expression.

Immunoprecipitation was performed with the same cell cul-
ture conditions; 70 ug of total protein lysate was incubated with
1 ul of mAb414 antibody (Covance, MMS-120R) in a total vol-
ume of 200 ul for 14 h at 4 °C. Samples were incubated with 10
ul of protein G-Sepharose® Fast Flow (Sigma-Aldrich, P3296)
for 3 h at 4 °C. The beads were washed three times with RIPA
buffer. Proteins were eluted by the addition of 2X loading dye
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FIGURE 2. OGT glycosylation reactions with natural and unnatural substrates. OGT transfers GIcNAc from the natural substrate, UDP-GIcNAC, to serine or
threonine residues of substrate peptides, producing O-GlcNAc-modified peptides. To incorporate O-GIcNDAz on peptides, OGT must transfer GIcNDAz from an

unnatural nucleotide sugar, UDP-GIcNDAz.

(100 mm Tris-HCI, pH 6.8, 25 mMm EDTA, 0.04 g/ml SDS, 0.4
mg/ml bromphenol blue) containing 20 mm DTT and incuba-
tion for 10 min at 90 °C. Samples were analyzed by immunoblot
using the SA-1 antibody, as above.

Results

Wild-type OGT Prefers UDP-GIcNAc over UDP-GIcNDAz—
We used in vitro assays to measure the ability of purified recom-
binant OGT to transfer GlcNAc and GIcNDAz to substrate
peptides (Fig. 2). Recombinant wtOGT was expressed in E. coli
and purified (22). We incubated the enzyme with a synthetic
CKII peptide (22, 23) and either UDP-GIcNAc or UDP-
GIcNDAz and evaluated production of the corresponding gly-
cosylated peptides by HPLC analysis. We observed efficient
production of both O-GIcNAc-modified CKII and O-GI-
c¢NDAz-modified CKII (Fig. 3). Next, we evaluated the nucleo-
tide sugar specificity of wtOGT using a competition assay in
which the enzyme was incubated with an equimolar mixture of
UDP-GIcNAc and UDP-GIcNDAz. We chose this 1:1 ratio of
UDP-GIcNAc to UDP-GIcNDAz because it is similar to the
ratio we observe in cells that have been engineered for UDP-
GIcNDAz production (19). Under these competitive condi-
tions, we observed that wtOGT preferentially transferred
GlcNAg, yielding primarily O-GlcNAc-modified CKII and very
little O-GlcNDAz-modified CKII. On average, we observed
that about 92% O-GlcNAcylated peptide and about 8% O-
GlcNDAzylated peptide were produced under conditions of
equimolar UDP-GlcNAc and UDP-GIcNDAz. This result indi-
cated a significant limitation of the current O-GIcNDAz cross-
linking protocol that depends on endogenous OGT for O-
GlcNDAz production. We hypothesized that altering the sub-
strate specificity of OGT might result in improved O-
GlcNDAz production and cross-linking in cells, ultimately
yielding more material for proteomics identification of
O-GlcNACc binding partners.

Expanding the OGT Active Site to Accommodate the
Diazirine of UDP-GIlcNDAz—Fortunately, several crystal struc-
tures of OGT in complex with substrates, including
UDP-GIcNAC, have been reported (20, 24—26). We examined
the structure of OGT complexed with UDP-GlcNAc (Protein
Data Bank entry 4GZ5) (24) to identify residues that might
sterically occlude UDP-GIcNDAz binding. We found that when
we modeled an alkyl diazirine extended off of the N-acyl chain
of GIcNAg, the side chains of Met-501, Cys-917, and Ala-942
were in close proximity to the diazirine group (Fig. 44). There-
fore, we prepared plasmids encoding Myc-tagged OGT
mutants M501G, M501V, C917A, C917G, and A942G. We
expressed wtOGT and OGT mutants in HeLa cells and isolated
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FIGURE 3. wtOGT prefers UDP-GIcNAc to UDP-GIcNDAz. Glycosylated CKIl
peptides produced using wtOGT. Wild-type OGT (1 um) was incubated
together with CKIl peptide (100 um) and 500 um UDP-GIcNAc, 500 um UDP-
GIcNDAz, or a mixture of 500 um UDP-GIcNAc and 500 um UDP-GIcNDAz.
Reaction products were separated by reverse-phase HPLC using UV absor-
bance (220 nm) for detection. Experiments were performed in triplicate with
a single representative trial shown. AU, absorbance units.

the enzymes by immunoprecipitation. First, we assessed
whether the OGT mutants were active by incubating them with
UDP-GIcNAc and CKII peptide. Release of UDP was measured
by a coupled enzyme assay with luminescence detection (UDP-
Glo). All mutants were capable of releasing UDP from
UDP-GIcNAc (Fig. 4B). We used the same assay to evaluate
whether the mutants were capable of utilizing UDP-GIcNDAz
as a donor. Four of the five mutants (M501G, C917A, C917G,
and A942G) demonstrated activity with UDP-GIcNDAz, with
the M501G and C917A mutants yielding the greatest release of
UDP (Fig. 4C). Next, we used a competition assay to evaluate
the ability of immunopurified wtOGT and each OGT mutant to
transfer GIcNAc and GIctNDAz to a peptide substrate. Immu-
nopurified wtOGT or OGT mutant was incubated with CKII
peptide and an equimolar mixture of UDP-GlcNAc and UDP-
GIcNDAz. Production of O-GlcNAc- and O-GlcNDAz-modi-
fied CKII was evaluated by HPLC. To our astonishment,
OGT(C917A) preferentially incorporated O-GIcNDAz on
CKII, with little O-GlcNAc-modified CKII detected (Fig. 4D).
We constructed a model of OGT containing a mutation of Cys-
917 to Ala and observed that this mutant may accommodate the
diazirine extension while still providing structure to the protein
and not introducing excess space in the binding pocket around
the N-acyl group of GIcNDAz (Fig. 4E). Based on this model, we
chose to further characterize the ability of recombinant
OGT(C917A) to transfer GIcNDAz onto peptides.
OGT(C917A) Prefers UDP-GIcNDAz over UDP-GIlcNAc—
We evaluated the ability of purified OGT(C917A) to transfer
GlcNAc and GIctNDAz to a peptide. Recombinant
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FIGURE 4. Mutagenesis of OGT to accommodate diazirine modification to UDP-GIcNAc. A, a model of human OGT (Protein Data Bank entry 4GZ5) (24)
complexed with UDP-GIcNDAz substrate shows that the diazirine from the N-acyl group is in close proximity to positions 501, 917, and 942. B and C,
Immunopurified OGT (wild type or the indicated mutant) was incubated together with 100 um CKIl peptide and 10 um UDP-GIcNAc (B) or 10 um UDP-GIctNDAz
(Q). Release of UDP was analyzed by UDP-Glo assay. Averaged values from two independent experiments are shown, with error bars representing the S.E. D,
immunopurified OGT (wild type or the indicated mutant) was incubated with CKIl peptide and an equimolar concentration of UDP-GIcNAc and UDP-GIcNDAz.
Products were analyzed by HPLC. Data shown are a single trial representative of three independent experiments. £, a model of OGT(C917A) with UDP-GIcNDAz
reveals space available to accommodate the extended diazirine functional group. AU, absorbance units.

OGT(C917A) was expressed in E. coli and purified. We incu-
bated the enzyme with CKII peptide and either UDP-GIcNAc
or UDP-GIcNDAz and evaluated production of the corre-
sponding O-GlcNAc- or O-GlcNDAz-modified peptides by
HPLC analysis (Fig. 5). As expected, OGT(C917A) was capable
of transferring both GlcNAc and GlcNDAz. Next, we per-
formed a competition experiment, incubating OGT(C917A)
with CKII peptide and an equimolar mixture of UDP-GIcNAc
and UDP-GIcNDAz. Recombinant OGT(C917A), like
the immunopurified OGT(C917A), transferred primarily
GlcNDAz to the peptide, with very little O-GlcNAc-modified
peptide detected (Fig. 5). On average, we observed about 8%
O-GlcNAcylated peptide and about 92% O-GlcNDAzylated
peptide under conditions of equimolar UDP-GIcNAc and
UDP-GIcNDAz. This result confirmed that OGT(C917A) pre-
fers UDP-GIcNDAz over UDP-GIcNAc.

Kinetic Parameters Reveal That wtOGT and OGT(C917A)
Have Different Substrate Specificities—To further characterize
the nucleotide sugar preferences of wtOGT and OGT(C917A),
we determined the Michaelis-Menten parameters for each
enzyme with UDP-GIcNAc and with UDP-GIcNDAz (Fig. 6
and Table 1). The CKII peptide was used as the acceptor sub-
strate in this analysis. Values obtained for wtOGT with
UDP-GIcNAc were similar to those reported by others (20). As
predicted from our competition analysis, GIcNDAz was trans-
ferred less efficiently than GlcNAc (Fig. 6, A—C), resulting in a
5-fold decrease in k_,, and a greater than 2-fold increase in K,
for the modified substrate. We examined the kinetics of
OGT(C917A) with UDP-GlcNAc and UDP-GIcNDAz sub-
strates. OGT(C917A) exhibited reduced activity with the natu-
ral substrate, UDP-GIcNAc, as compared with wtOGT (Fig. 6,
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FIGURE 5. OGT(C917A) prefers UDP-GIcNDAz to UDP-GIcNAc. Glycosy-
lated CKIl peptides produced using OGT(C917A). OGT(C917A) (1 um) was
incubated together with CKIl peptide (100 um) and 500 um UDP-GIcNACc, 500
um UDP-GIcNDAz, or a mixture of 500 um UDP-GIcNAc and 500 um UDP-
GIcNDAz. Reaction products were separated by reverse-phase HPLC using UV
absorbance (220 nm) for detection. Experiments were performed in triplicate
with a single representative trial shown. AU, absorbance units.

A and D). This difference in activity could be attributed to a
3-fold reduction in k_,, as well as greater than 7-fold increase in
K, (Table 1). To our delight, we found that OGT(C917A)
transferred GIcNDAz efficiently, with both an increased &,
and decreased K,,, as compared with the natural UDP-GIcNAc
substrate (Fig. 6, D—F). Indeed, introduction of the C917A
mutation resulted in an enzyme whose catalytic efficiency (k_,./
K,,,) with UDP-GIcNDAz was about 4 times the value observed

for wtOGT with the natural substrate, UDP-GIcNAc. Overall,
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FIGURE 6. wtOGT and OGT(C917A) have reversed nucleotide sugar specificities. A, initial rates of UDP production by wtOGT with various concentrations
of UDP-GIcNAc (0.3, 1, 3, 10, and 30 um). B, initial rates of UDP production by wtOGT with various concentrations of UDP-GIcNDAz (0.3, 1, 3, 10, and 30 um). C,
velocities of wtOGT with UDP-GIcNAc (blue circles) and UDP-GIcNDAz (red squares). D, initial rates of UDP production by OGT(C917A) with various concentra-
tions of UDP-GIcNAC (0.3, 1, 3, 10, and 30 um). E, initial rates of UDP production by OGT(C917A) with various concentrations of UDP-GIcNDAz (0.3, 1, 3, 10, and
30 uMm). F, the velocities of OGT(C917A) with UDP-GIcNACc (blue circles) and UDP-GICNDAz (red squares). Averaged values for Michaelis-Menten analysis were

obtained from at least five independent experiments. Error bars, S.E.

TABLE 1

Kinetics of wtOGT and OGT(C917A) with UDP-GIcNAc and UDP-GIcNDAz

Initial rates of reaction (shown in Fig. 6) were analyzed to determine enzyme velocities. Kinetic parameters were obtained by non-linear regression analysis, fitting the data
to the Michaelis-Menten equation. Parameters are expressed as the mean = S.E. as determined from at least five independent experiments.

UDP-GIcNAc UDP-GIcNDAz
Enzyme Keat K., kK., Keat K., keat/ K,
min~! M um~ L min~1 min~1 M s~ min~!
Wild type 0.48 = 0.05 21*08 0.22 = 0.09 0.09 = 0.01 4.7+ 23 0.019 = 0.009
CI17A 0.16 += 0.02 154 £ 4.6 0.010 = 0.003 0.51 £0.14 85*6.3 0.060 = 0.047

the kinetic analysis shows that OGT(C917A) transfers
GIcNDAz more efficiently than GIcNAc.

Increased GIcNDAz Transfer Leads to Enhanced Cross-link-
ingin Vitro—Encouraged by the observation that OGT(C917A)
prefers UDP-GIcNDAz over UDP-GIcNAc, we investigated
whether the altered substrate preference led to enhanced O-
GlcNDAz-mediated cross-linking. For our initial analysis, we
used a cell-free model system in which we evaluated O-
GlcNDAz-mediated cross-linking between glycosylated CKII
peptide and an O-GlcNAc-recognizing antibody, RL2. To facil-
itate detection of the cross-linked complex, we incorporated a
biotin tag in the acceptor CKII peptide. Glycosylation of the
biotinylated CKII peptide was similar to what we observed for
the unmodified CKII peptide (Figs. 3 and 5), with wtOGT pref-
erentially transferring GIcNAcand OGT(C917A) preferentially
transferring GIcNDAz (Fig. 7A). Indeed, when the biotinylated
CKII peptide was incubated with wtOGT and a 1:1 mixture of
UDP-GIcNAc and UDP-GIcNDAz, about 84% of the peptide
was glycosylated with O-GlcNAc. In contrast, incubation of the
peptide with OGT(C917A) and a 1:1 mixture of UDP-GIcNAc
and UDP-GIcNDAz resulted in about 77% of the peptide glyco-
sylated with O-GlcNDAz (Fig. 7B). After removing wtOGT or
OGT(C917A) from the reaction mixture, the resulting peptides
were incubated with RL2 antibody and cross-linked by applica-
tion of UV radiation. Cross-linking between the peptide and
RL2 antibody was revealed by immunoblot analysis, where we
detected anti-biotin reactivity appearing at the molecular
weight corresponding to the light chain of RL2 antibody, as we
have observed previously (19). As expected, reaction mixtures
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containing only UDP-GIcNAc yielded no O-GlcNDAz-modi-
fied peptide and no cross-linking to RL2 antibody, whereas
reaction mixtures containing UDP-GIcNDAz produced O-
GIcNDAz-modified peptide that cross-links to RL2 (Fig. 7C).
Notably, when the reaction mixtures contained equimolar
UDP-GIcNAc and UDP-GIcNDAz, cross-linking was observed
when OGT(C917A) was used but not when wtOGT was used
(red boxes in Fig. 7C). Furthermore, even when UDP-GIcNDAz
was the only nucleotide sugar used, more cross-linking was
observed from reaction with OGT(C917A) than from reaction
with wtOGT (Fig. 7D). These results show that the C917A
mutation leads to increased O-GlcNDAzylation, which in turn
produces a higher level of O-GlcNDAz-mediated cross-linking.

Increased GIcNDAz Transfer Leads to Enhanced Cross-link-
ing in Cells—Next, we tested whether the C917A mutation to
OGT could lead to increased O-GlcNDAz cross-linking in cells.
Our O-GIcNDAz cross-linking method relies on the F383G
mutant of UAP1 to catalyze in-cell production of UDP-
GIcNDAz from Ac;GlcNDAz-1-P(AcSATE), (Fig. 84). We
prepared K562 cells stably expressing UAP1(F383G) and then
cultured them with Ac;GlctNDAz-1-P(AcSATE),. The lysate
was analyzed by HPAEC, revealing robust production of UDP-
GIcNDAz (Fig. 8B). The UAP1(F383G)-expressing K562 cells
were nucleofected with plasmid DNA encoding wtOGT or
OGT(C917A) and then cultured with Ac;GlcNDAz-1-P(Ac-
SATE), for 7 h. The intact cells were subjected to UV irradia-
tion and then lysed. We analyzed the lysates by immunoblot,
probing for NUP153, a protein that is known to be heavily
O-GlcNAc-modified and for which we have previously
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FIGURE 7. OGT(C917A) yields increased peptide cross-linking in vitro. A, biotinylated CKIl peptide was glycosylated by wtOGT or OGT(C917A) using
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analyzed by HPLC. B, quantification of the ratios of unmodified, O-GlcNAc-modified, and O-GIcNDAz-modified peptides produced in A. C, peptides produced
in A were incubated with RL2 antibody, UV-irradiated, and analyzed by immunoblot using an anti-biotin antibody. D, average RL2-peptide cross-linking
intensities for replicate experiments as in C. Cross-linking intensity in the sample containing wtOGT and UDP-GIcNDAz was arbitrarily set to 1, and other
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observed O-GIcNDAz-mediated cross-linking (19). In cells
transfected with both wtOGT and OGT(C917A), we observe
increased anti-NUP153 reactivity at higher apparent molecular
weight (Fig. 8C). For both wild-type and mutant OGT, the
increases depend on both UV irradiation and the inclusion of
Ac;GIcNDAz-1-P(AcSATE),. Therefore, we believe that these
bands correspond to O-GIcNDAz cross-linked forms of
NUP153. We performed the analysis four times, each time
quantifying the reactivity in the cross-linked region and nor-
malizing these values relative to an actin loading control. In
each experiment, we observed more cross-linked material in
the cells transfected with OGT(C917A) as compared with cells
transfected with wtOGT. The increases ranged from 18 to 94%
(Fig. 8D). We also investigated whether overexpression of
OGT(C917A) would allow us to isolate more cross-linked
material from cells. Again, UAP1(F383@G)-expressing K562
cells were nucleofected with DNA encoding wtOGT or
OGT(C917A) and then cultured with Ac;GlcNDAz-1-P(Ac-
SATE), and UV-irradiated. We immunoprecipitated nucleo-
porins using mAb414 antibody, which recognizes multiple
NUPs, including NUP153. Immunoblot analysis using anti-
NUP153 revealed substantially more cross-linked NUP153
in the immunoprecipitate from cells transfected with
OGT(C917A) as compared with cells transfected with wtOGT
(Fig. 8E). Because the overexpression levels of wtOGT and
OGT(C917A) were comparable (Fig. 8F), we conclude that
increased O-GlcNDAz production by OGT(C917A) leads to
enhanced O-GlcNDAz-mediated cross-linking in cells and
enables isolation of more cross-linked material for downstream
analysis.
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Discussion

C917A Mutation to OGT Reverses UDP-GIcNAc/UDP-
GlcNDAz Substrate Specificity—Here, we described the use of
site-directed mutagenesis to improve the O-GlcNDAz photo-
cross-linking method of discovering O-GlcNAc-mediated pro-
tein-protein interactions (19). Using an in vitro competition
assay, we found that wtOGT prefers to modify the CKII peptide
with O-GlcNAc, rather than O-GIcNDAz. This result was con-
firmed by kinetics analysis showing that UDP-GIcNAc is the
preferred nucleotide sugar substrate for OGT. Indeed, inspec-
tion of a model of wtOGT complexed with UDP-GIcNDAz
reveals a potential for steric conflict between the diazirine mod-
ification and the amino acid side chains in wtOGT (Fig. 44). We
speculate that wtOGT discrimination against UDP-GIcNDAz
is an important factor limiting how much O-GlcNDAz-cross-
linked material can be isolated for mass spectrometry analysis.

We screened OGT mutants to identify an enzyme capable of
efficient O-GIcNDAz production. Although most mutants
showed increased activity with UDP-GIcNDAz, the M501V
mutant had very little activity with the modified nucleotide
sugar. This result is consistent with a previous study in which
the M501V mutation was introduced into SOGT (the short iso-
form of OGT). Ma et al. (27) prepared sOGT(M501V) with the
goal of enhancing activity toward UDP-GIcNAc analogs with
extended acyl chains but found that the this mutant exhibited
reduced activity toward the analogs. Although the M501V
mutation did not appear to be beneficial for GIcNDAz transfer,
we found that OGT(C917A) showed enhanced O-GlcNDAz
production, which in turn enabled increased O-GlcNDAz-me-
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FIGURE 8.Expression of OGT(C917A) in cells results in enhanced O-GIcNDAz-dependent cross-linking. A, mammalian cells stably expressing human UAP1
with the F383G mutation are cultured with Ac;GIctNDAz-1-P(AcSATE),. Ac;GIcNDAz-1-P(AcSATE), is deprotected inside of cells, yielding GIcNDAz-1-P, which is
activated to UDP-GIcNDAz by UAP1(F383G). OGT transfers GIcNDAz from UDP-GIcNDAz to serine or threonine residues, producing O-GlcNDAz-modified
proteins. B, K562 cells expressing UAP1(F383G) were cultured with Ac;GIcNDAz-1-P(AcSATE), or DMSO for 6 h. Metabolites were harvested and analyzed by
HPAEC to detect production of UDP-GIcNDAz. C, K562 cells expressing UAP1(F383G) and nucleofected with plasmid encoding wtOGT or OGT(C917A) were
cultured with or without Ac;GIcNDAz-1-P(AcSATE), for 7 h and then irradiated for 15 min. Immunoblot analysis (/B) was used to detect cross-linking of NUP153.
Red boxes, putative cross-linked complexes. D, the extent of NUP153 cross-linking was analyzed in four independent experiments, as in C. The amount of
cross-linking observed in cells nucleofected with wtOGT was arbitrarily set to 1, and the amount of cross-linking in cells nucleofected with OGT(C917A) was
normalized relative to this control. Error bar, S.E. E, K562 cells expressing UAP1(F383G) were nucleofected with wtOGT or OGT(C917A). Cells were cultured with
Ac;GIcNDAz-1-P(AcSATE), and were UV-irradiated for 15 min. After lysis, nucleoporins were purified using mAb414. The immunoprecipitate (IP) was probed by
immunoblot using anti-NUP153. Red boxes highlight putative cross-linked complexes. Data presented are representative results from two independent trials.
F, anti-Myc immunoblot reveals comparable expression of wtOGT and OGT(C917A) in nucleofected K562 cells used for the immunoprecipitation experiment

shown in E. mAU, milliabsorbance units.

diated cross-linking both in vitro (Fig. 7) and in cell-based
assays (Fig. 8, C and E). Although the OGT(C917A) mutant had
previously been shown to be active (28), we were surprised and
pleased to find that it transferred GlcNDAz better than
GlcNAc. We speculate that the diazirine extension of
UDP-GIcNDAz engages in productive interactions with
OGT(C917A) that lead to one or both of the following:
improved substrate binding and promotion of a catalytically
active conformation.

OGT(C917A) may also aid in the transfer of other GIcNAc
analogs. Indeed, a variety of unnatural UDP-GIcNAc analogs
with extended N-acyl side chains have been prepared, but wild-
type OGT tends to discriminate against those that add steric
bulk close to the N-acyl group (25, 27, 29). The C917A mutation
might facilitate transfer of these bulkier GIcNAc analogs. Var-
iation in the N-acyl side chain of UDP-GIlcNAc also occurs in
nature; Vocadlo and co-workers (30) showed evidence of 3-N-
glycolylglucosamine production, suggesting that OGT accepts
UDP-B-N-glycolylglucosamine. Similarly, small unnatural
N-acyl substituents, such as the azide and alkyne, seem to be
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tolerated by OGT (31-34), but it is possible that the C917A
mutation could also facilitate discrimination between smaller
analogs and the natural substrate. Overall, the observed utility
of OGT(C917A) for O-GlcNDAz production adds to other
studies showing that metabolic oligosaccharide engineering
can be augmented through mutagenesis of carbohydrate-trans-
forming enzymes to enhance metabolism of the unnatural
sugar analogs (19, 22).

Our cell-based cross-linking data show that expression of
OGT(C917A) results in enhanced O-GIctNDAz cross-linking,
implying that this OGT mutant can increase production of
O-GIcNDAz in cells. In cells, the naturally occurring O-GIcNAc
modification is dynamic and can be removed by OGA. Previ-
ously, we showed that wild-type OGA is unable to remove
O-GIcNDAz (19, 22). Thus, O-GIcNDAz probably persists in
cells, and expression of OGT(C917A) will act to enhance its
accumulation. It may be desirable to convert O-GIcNDAz from
a static modification to a dynamic one to better mimic the nat-
ural O-GlcNAc modification. This could be accomplished by
expressing an O-GIcNDAz-hydrolyzing mutant of OGA,
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OGA(C215A) (22), along with the O-GlcNDAz-producing
form of OGT, OGT(C917A). In this way, we envision creating
cell lines that are optimized for O-GIcNDAz metabolism.
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