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Abstract

Glycosyltransferases (GTs) are ubiquitous enzymes that catalyze the assembly of glycoconjugates
found throughout all kingdoms of nature. A longstanding problem is the rational design of probes
that can be used to manipulate GT activity in cells and tissues. Here we describe the rational
design and synthesis of a nucleotide sugar analogue that inhibits, with high potency both in vitro
and in cells, the human GT responsible for the reversible post-translational modification of
nucleocytoplasmic proteins with O-linked A-acetylglucosamine residues (O-GIcNAc). We show
the enzymes of the hexosamine biosynthetic pathway can transform, both /n vitroand in cells, a
synthetic carbohydrate precursor into the nucleotide sugar analogue. Treatment of cells with the
precursor decreases O-GIcNACc in a targeted manner with a single digit micromolar ECsq. This
approach to inhibition of GTs should be applicable to other members of this increasingly
interesting superfamily of enzymes and enable their manipulation in a biological setting.

The formation of glycoconjugates is nearly always mediated by GT-catalyzed transfer of a
sugar residue from an anionic nucleotide sugar donor to various acceptors molecules, which
may be proteins, lipids, saccharides, or metabolites. Mammals have over 200 GTs that give
rise to diverse glycoconjugates and these structures are emerging as regulators of quality
control, cellular structure, signaling, gene transcription, and intercellular communication?® as
well as potential therapeutic targets2-4. A longstanding problem, which has somewhat
hindered progress in glycobiology, is the rational design of chemical tools that can be used
to manipulate GT activity in cells and tissues; such reagents would be powerful probes that
would aid in defining the precise biological functions of GTs. For this reason, considerable
effort has been directed into the design of GT inhibitors. Most rationally designed inhibitors
emulate nucleotide phosphate sugars and incorporate anionic groups to capture binding
energy associated with the phosphate bridge of nucleotide phosphosugar substrates. While
many of these inhibitors have been found to be potent in /n vitro assays, they typically do
not permeate into cells owing to their highly polar and charged nature. Accordingly, there is
a need for new strategies to inhibit GTs in cells and tissues.
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One particular form of post-translational glycosylation that is of considerable interest is the
modification of intracellular proteins with 2-acetamido-2-deoxy-o-glucopyranose (GIcNAc,
1, Figure 1a) p-glycosidically linked to serine or threonine residues of proteins (O
GIcNAC)®. O-GIcNAc is a nuclear and cytoplasmic modification ubiquitously found in all
multicellular eukaryotes. Several hundred proteins, involved in a wide range of cellular
functions, are modified with O-GIcNAc®. O-GIcNAc is generally substoichiometric on
proteins® and can be installed and removed several times during the lifetime of a given
protein®. Its cycling is regulated by two enzymes; a GT (uridine diphospho-/A-
acetylglucosamine:polypeptide B-A-acetylglucosaminyltransferase; OGT)®, which transfers
O-GIcNAc onto proteins, and a glycoside hydrolase (O-GlcNAcase; OGA)® that removes O-
GIcNAc. O-GIcNACc has been proposed to mediate critical cellular processes in nutrient
signaling’, regulation of gene transcription8, cellular stress response® and cell divisionZ.

Given the current interest in the role of O-GIcNAc, and the potential therapeutic benefits
that might be associated with manipulating O-GIcNAc levels!1-15 there is a need for useful
chemical tools to probe this modification. Current chemical approaches to reduce O-GIcNAc
levels generally suffer shortcomings. 6-diazo-5-oxo-L-norleucine and L-azaserine block
uridine diphospho-Atacetylglucosamine (UDP-GIcNAc, 2, Figure 1a) biosynthesis but
inhibit other amidotransferases including those involved in purine and pyrimidine
biosynthesis and also cause DNA damage®. Alloxan, a uracil analogue, has been proposed
to inhibit OGT, but is toxic and affects many cellular processes’. More recently however,
OGT inhibitors discovered by library screening!® have shown some utility in cells!1,19. Due
to the interest in the biological functions of O-GIcNAc and its proposed links to many
diseases, we were motivated to rationally design an inhibitor that could be used effectively
in cells.

The donor substrate used by OGT, UDP-GIcNACc (2), is biosynthesized through the action of
the enzymes comprising the hexosamine biosynthetic pathway (HBP) and the GIcNAc
salvage pathway (Figure 1b). Interestingly, nucleotide sugar biosynthetic pathways20-22,
including the HBP23, have been shown to tolerate various sugar analogues, which enables
the biosynthesis of unnatural glycan structures within cells29-23, We felt that these pathways
could be exploited in a different way to generate GT inhibitors. By treating tissues with a
cell permeable biosynthetic precursor we hypothesized that the HBP, as an exemplar, could
be hijacked to generate within cells an OGT inhibitor having the important pyrophosphate
bridge. Given that GTs use a catalytic mechanism involving a cationic transition state in
which the geometry of the pyranose ring likely plays a critical role24, we felt that 2-
acetamido-2-deoxy-5-thio-o-glucopyranose (5SGIcNACc, 3, Figure 1a), wherein the
endocyclic ring oxygen of GIcNAc is replaced with a sulfur atom, would be a good
candidate. Other 5-thiosugars have been explored as inhibitors of glycoside hydrolases?® and
nucleotide 5-thiosugar analogues of different sugars have been tested as substrates for GTs
in vitro?8-28  Interestingly, in cases where the GT-catalyzed glycosyl transfer from
nucleotide 5-thiosugar donors has been assayed, the efficiency of transfer is only between
0.2 and 5% compared to the natural nucleotide sugar donor26-28, This less efficient transfer
of 5-thiosugars may be due to the distorted conformation of the pyranose ring that is known
to be adopted by these compounds relative to their oxygen counterparts2®. Therefore, we
speculated that OGT would be inhibited by uridine diphospho-5-thio- A-acetylglucosamine
(UDP-5SGIcNAC, 4, Figure 1a) and that, although UDP-5SGIcNAC (4) might be turned
over, the rate of transfer would be sufficiently slow that it would essentially act as an
inhibitor in cells. Here we show that 5SGIcNAc (3) and its per- O-acetylated analogue, 2-
acetamido-1,3,4,6-tetra- O-acetyl-2-deoxy-5-thio-a-o-glucopyranose (Ac-5SGIcNACc, 5,
Figure 1a), can be salvaged by cells and processed via the HBP to generate UDP-5SGIcNAc
(4), which acts as an inhibitor of OGT and leads to decreases in cellular O-GIcNAc levels.
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Results

Synthesis of UDP-5SGIcNAc and in vitro evaluation

To establish feasibility of our proposed strategy we first evaluated whether 5SGIcNACc (3)
could be transformed into UDP-5SGIcNAc (4) by the human enzymes of the HBP and
GIcNACc salvage pathway. Chemoenzymatic synthesis of nucleotide sugars /n vitro using
bacterial enzymes is well precedented30, however, there have been no studies reporting the
biosynthesis of nucleotide 5-thiosugars using mammalian enzymes. As a first step we
synthesized 5SGIcNAc (3) essentially as described previously but with minor
modifications®! (see Supplementary Methods and Supplementary Scheme 1). Using this
material, UDP-5SGIcNACc (4) was prepared in a one-pot reaction containing 5SGIcNAc (3),
ATP, UTP, and recombinant human GIcNAc kinase (GNK), GIcNAc mutase (AGM) and
UDP-GIcNAc pyrophosphorylase (AGX1). Monitoring the reaction by capillary
electrophoresis (CE), revealed the formation of a new nucleotide sugar (Supplementary
Figure 1a). This product was purified and characterization of the purified material was
consistent with its identity being UDP-5SGIcNAC (4, Supplementary Figures 2-4). We then
assayed the ability of OGT to use UDP-5SGIcNACc (4) as a donor using nuclear pore protein
p62 (Nup62) as a substrate32 33, We found UDP-5SGIcNAC (4) is a 14-fold worse substrate
(Rateypp-5sGicNAc = 0.86 pmol-min~1.mg OGT™1) than UDP-GIcNAC (2, Rateypp-gicNAc =
12.1 pmol-min~.mg OGT™1). It is important to note that these values reflect the rate of
processing of UDP-GIcNAC (2) and UDP-5SGIcNAC (4), and are composites of both
hydrolysis and transfer to protein. Therefore this measured rate for UDP-5SGIcNAc (4)
processing is an absolute upper limit for the OGT-catalyzed transfer of 5SGIcNAc (3) onto
proteins. Nevertheless, it is possible that OGT transfers 5SGIcNAC (3) to proteins within
cells, although the rate of transfer is clearly poor at best. Consequently, we felt it was
important to establish whether OGA could cleave 5SGIcNAC (3) glycosides since, if OGA
were unable to do so, levels of 5SGIcNAc-modified proteins might accumulate within cells
treated with 5SGICNAC (3) or Ac-5SGIcNAC (5). We therefore assayed para-methoxyphenyl
2-acetamido-2-deoxy-B-o-glucopyranoside34 (sMP-GIcNAc, 6, Figure 1a) and synthesized
its sulfur containing counterpart para-methoxyphenyl 2-acetamido-2-deoxy-5-thio-p-o-
glucopyranoside (pMP-5SGIcNAc, 7, Figure 1a, see Supplementary Methods and
Supplementary Scheme 2 for details of the synthesis and characterization) and evaluated the
OGA-catalyzed hydrolysis of these compounds. Michaelis-Menten kinetics (Supplementary
Figures 5a, b) reveal human OGA processes pMP-5SGICNAC (7, Vinax/EoKm = 8.1 wmol
s~ mg™1 M1) only 5-fold less efficiently than AMP-GICNAC (6, Vinax/EgKim = 40.7 pmol
s~ mg~1 M™1), indicating that 5SGIcNAc (3) adventitiously transferred onto proteins within
cells by OGT to form O-5SGIcNAc would very likely be removed more efficiently than it is
installed. These enzymological studies on the processing of 5SGIcNAc-containing substrates
suggest that 5SGIcNAc (3) would not accumulate on proteins within cells and supports the
view that this general strategy will work in cells, assuming UDP-5SGIcNAc (4) inhibits
OGT.

To address whether UDP-5SGIcNACc (4) could act as an inhibitor of OGT we assessed its
inhibitory activity using radiolabelled UDP-GIcNACc (2) as the sugar donor and nup62 as the
acceptor. The amount of O-GIcNAc transferred was evaluated in the presence of increasing
concentrations of UDP-5SGIcNAc (4). We found that UDP-5SGIcNAC (4) is an effective
inhibitor of OGT with a K; value of 8 .M (Supplementary Figure 1b), which means it binds
as well as the natural substrate UDP-GICNAC (2, K, of between 2 and 7 uM)33,35, We also
evaluated if inhibition of OGT by UDP-5SGIcNACc (4) occurred in a time-dependent manner
by assessing activity following a 30 minute pre-incubation prior to addition of substrate. The
rate of transfer of GIcNAc following pre-incubation of UDP-5SGIcNAc (4) with OGT or
upon addition of the inhibitor at the same time as OGT were indistinguishable. In addition,
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5SGIcNAc (3) was tested as an inhibitor of OGT, but no inhibition was observed at a
concentration of 1 mM. These data strongly indicate the UDP moiety of UDP-5SGIcNACc (4)
is critical for binding, and its biosynthesis from 5SGIcNAc (3) in cells is both feasible, based
on the /n vitro data, and essential for the non-covalent inhibition of OGT.

Effects of biosynthetic precursor 5SGIcNAc on cells

We next evaluated the effect of treating cells with 5SGIcNAc (3). Because peracetylated
monosaccharides have been shown to enter cells more efficiently than their parent
monosaccharides?2, we treated cultured COS-7 cells for 24 hours with 5SGIcNAc (3) or
Ac-5SGIcNAC (5). As a control, to probe whether the presence of the acetyl groups
contributed to any effects, we carried out experiments with 2-acetamido-1,3,4,6-tetra- O
acetyl-2-deoxy-a-o-glucopyranose (Ac-GIcNAc, 8, Figure 1a) and did not observe any
decreases in O-GIcNACc levels arising from treatment with this compound. Both 5SGIcNAc
(3) and Ac-5SGIcNACc (5) decreased O-GIcNACc levels in a dose-dependent fashion as
evaluated by western blots using an O-GIcNAc-directed antibody (CTD110.6) (Figure 2a
and Supplementary Figures 6a-c). Treatment of cells with 50 uM UDP-5SGIcNAc (4) did
not decrease O-GIcNACc levels (Supplementary Figure 6d), confirming UDP-5SGIcNAC (4)
cannot itself effectively penetrate into cells.

To verify the utility of CTD110.6 in these assays we probed its ability to recognize both
GlcNAc (1) and 5SGIcNAc (3) through blocking experiments. We found, however, by 1H-
NMR analysis that 5SGIcNACc (3) in D,0 exists predominantly as the a-anomer, making
this compound inappropriate for blocking experiments to test antibodies that recognize O-
GIcNAc. We therefore used the corresponding methyl glycosides; methyl 2-acetamido-2-
deoxy-B-o-glucopyranoside (Me-GIcNAc, 9, Figure 1a)34 and methyl 2-acetamido-2-
deoxy-5-thio-p-o-glucopyranoside (Me-5SGIcNAc, 10, Figure 1a, see Supplementary
Methods and Supplementary Scheme 3 for details of the synthesis and characterization). We
found that Me-5SGIcNAc (10) did block binding, though not as well as Me-GIcNAc (9,
Supplementary Figure 7a). Other commercial O-GIcNAc antibodies (RL2 and HGACS85)
also revealed similar decreases in O-GIcNAc levels (Supplementary Figure 7b). These data
support the interpretation that decreased O-GIcNAc levels arise from inhibition of OGT
rather than from competitive accumulation of 5SGIcNAc (3) on proteins. Furthermore, given
that O-GIcNAc is substoichiometric, often having <10% or lower site occupancy36,
5SGIcNAc (3) would likely need to accumulate to dramatic levels on proteins in order to
observe decreased O-GIcNACc levels. The lack of O-GIcNAc immunoreactivity observed
when using Ac-5SGIcNACc (5) at higher doses is therefore most consistent with decreases in
O-GIcNAC levels stemming from accumulation of UDP-5SGIcNACc (4) within cells and
consequent inhibition of OGT.

Western blot analysis of the dose-dependent decreases in O-GIcNACc levels revealed the
ECsg values for Ac-5SGIcNAc (5) and 5SGIcNACc (3) to be 5 wM and 700 M, respectively,
in COS-7 cells (Figure 2a and Supplementary Figures 6a-c for data and ECgg curves). Given
the greater effectiveness of the acetylated precursor, we used Ac-5SGIcNAc (5) in all
subsequent experiments. We also observed that treatment with Ac-5SGIcNAc (5) resulted in
a time-dependent decrease in O-GIcNAc levels, with little O-GIcNAc being detectable after
24 hours (Figure 2b and Supplementary Figure 6e). Dosing of cells for five days showed O
GIcNAc levels dropped dramatically in the first day and subsequently remained low (Figure
2c). We evaluated some cellular responses to Ac-5SGIcNAc (5) treatment and consequent
decreases in O-GIcNAc levels. In all studies and cell lines there were qualitatively no
apparent changes in cell morphology or rate of proliferation at the doses assayed. We
quantitatively evaluated cell proliferation and established growth curves over the course of 5
days in both CHO and EMEG32 heterozygous mouse embryonic fibroblast cells treated with
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50 .M Ac-5SGIcNACc (5), 50 M Ac-GIcNAc (8), or vehicle (Supplementary Figures 8a,
b). For CHO cells the growth rate of Ac-5SGIcNACc (5) treated cells was indistinguishable
from those of Ac-GIcNAc (8) and vehicle treated cells. In EMEG32 heterozygotes, the
growth rates of the Ac-5SGIcNAc (5) and Ac-GIcNAc (8) treated cells were
indistinguishable but were both lower than vehicle treated cells. The difference between
vehicle and Ac-5SGIcNACc (5) or Ac-GIcNACc (8) treated cells likely stems from the effect of
the acetyl groups; it is known that acetylated sugars can affect the growth rates of certain
cell lines?2. Interestingly, despite the absence of Ac-5SGIcNAc (5) specific effects on
growth rate, clear decreases were observed in the levels of transcription factor Sp1. This
observation is consistent with previous reports showing that knock-out of OGT and
consequent decreases in O-GIcNAc levels, lead to a decrease in Sp1 levels3’
(Supplementary Figures 8c, d). Furthermore, while administration of Ac-GIcNAc (8) to cells
had no effect, treatment with Ac-5SGIcNAc (5) induced a compensatory decrease in OGA
levels and increase in OGT levels (Figure 2d and Supplementary Figure 9a), consistent with
previous studies in which changes in O-GIcNAc levels lead to similar effects0. Notably, we
found that although OGA levels continued to drop and OGT levels continued to rise over 5
days of dosing, O-GIcNAc levels remained consistently low and unchanged after 24 hours
(Figure 2c and Supplementary Figure 9b). We observed that Ac-5SGIcNAc (5) treatment
decreased O-GIcNAc levels uniformly within cells as evaluated using immunocytochemistry
(Figure 2e). These observations together suggest that inhibition of OGT is highly efficient at
the doses used in these assays. We next investigated the reversibility of the effect of
Ac-5SGIcNACc (5) treatment and found that, following replacement of media with media
containing no compound, O-GIcNAc returned to basal levels within 8 to 16 hours
(Supplementary Figure 8e). To probe the generality of these effects, we also carried out a
time course and dose response study in CHO cells (Supplementary Figures 10a-d). We noted
similar temporal and dose response effects to those observed with COS-7 cells, though the
ECsp value of 0.8 uM is six-fold lower. The five other cell lines we studied, including
cultured fibroblasts, hepatocytes, and a differentiated neuronal model, all showed similar
responses (Supplementary Figure 10e). These results collectively suggest the method should
be general and widely applicable to many different cell types.

Effects of Ac-5SGIcNAc on an O-GIcNAc modified protein

We next probed O-GIcNAc levels on an individual protein after treatment with
Ac-5SGIcNAC (5) by immunoprecipitating nup62 from cell lysates. nup62 is among the
most heavily O-GIcNAc modified protein known, making it an interesting and useful test
case32,33, To probe for O-GIctNAc on immunoprecipitated nup62 we used a commercial
chemoenzymatic method3® that involves chemoselective ligation of biotin to terminal
GIcNAC residues. Chemoenzymatically labeled and unlabeled immunoprecipitated nup62
were both probed with streptavidin (Figure 3a and Supplementary Figure 11a); nup62 from
untreated cells clearly shows O-GlcNAc modification, whereas nup62 derived from cells
treated with Ac-5SGIcNAc (5) shows very little modification. An alternative approach to
evaluating O-GIcNAc levels on nup62 that relies on band-shift assays has been described in
the literature23,32, Previous observations reveal that nup62 can be observed as two bands
under certain SDS-PAGE conditions; the upper band corresponds to O-GIcNAc modified
nup62 whereas the lower band corresponds to a form of deglycosylated nup6223,32, We
therefore analyzed immunoprecipitated nup62 in this way and found, as expected, that
nup62 from untreated cells appeared only as the upper band in western blots and this species
was heavily O-GIcNAc modified (Figure 3b and Supplementary Figure 11b). Treating this
O-GlcNAc modified nup62 precipitate with a bacterial homologue of OGA (B1GH8438)
greatly diminished O-GIcNAc immunoreactivity and the resulting deglycosylated nup62
appeared, as expected, as the lower band. This is precisely what has been observed
previously23,32, A different scenario is observed when analyzing nup62 from cells treated
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with Ac-5SGIcNAc (5). In a dose-dependent manner, nup62 appears as a doublet of bands
by western blot (Figure 3c and Supplementary Figure 11c). To address the O-GIcNAc
modification state of these two bands, we immunoprecipitated nup62 from cells treated with
Ac-5SGIcNAC (5) and analyzed the resulting samples (Figure 3b and Supplementary Figure
11b). The results verify that nup62 is a mixture of two species when OGT is inhibited; an
upper band, which appears partially G-GIcNAc modified, and a lower band, which is a form
of nup62 that essentially lacks O-GIcNAc (Figure 3b and Supplementary Figure 11b).
BiGHB84-mediated removal of G-GIcNAc from this immunoprecipitated nup62 sample
derived from Ac-5SGIcNAc (5) treated cells resulted in near complete loss of remaining O-
GIcNAc immunoreactivity and only the lower band was observed when probed for nup62.
This observation is consistent with any remaining O-GIcNAc on the partly modified upper
band of nup62 from Ac-5SGIcNAC (5) treated cells being removed by BtGH84. Therefore,
Ac-5SGIcNACc (5) dramatically decreases O-GIcNAc levels on all proteins observable by
western blot (Figure 2a), even on proteins such as nup62 that are constitutively and heavily
O-GIcNAc modified in cells.

Metabolic feeding of 5SGIcNAz

The collective observations described above revealed that O-GIcNAc modification of
substrate proteins is decreased by Ac-5SGIcNAc (5) treatment and strongly indicate it is
unlikely that 5SGIcNAc (3) is being incorporated onto proteins. However, to further probe
this possibility, we used a metabolic feeding and chemoselective ligation strategy. It is
known that 2-azidoacetamido-2-deoxy-o-glucopyranose (GIcNAz, 11, Figure 4a) can be
assimilated by the HBP to form uridine diphospho-A-azidoacetylglucosamine (UDP-
GIcNAz, 12, Figure 4a) and then be installed onto proteins as O-GIcNAz23. Using a
chemoselective ligation to install a reporter group allows sensitive detection of O-GICNAz
modified proteins23. By analogy, we reasoned that we could evaluate whether 2-
azidoacetamido-2-deoxy-5-thio-o-glucopyranose (5SGIcNAz, 13, Figure 4a) is incorporated
onto proteins and that this would inform on whether 5SGIcNAc (3) might be transferred
onto proteins in cells. This approach has the advantage that it relies on neither recognition of
potential G-5SGIcNAc by the three antibodies tested nor by the GalT used for the
chemoenzymatic labelling approach. We therefore carried out the synthesis of 1,3,4,6-tetra-
O-acetyl-2-azidoacetamido-2-deoxy-5-thio-a-o-glucopyranose (Ac-5SGIcNAz, 14, Figure
4a) in 15 steps, the last two steps of which diverge from a previously known compound3?
(see Supplementary Methods, Supplementary Scheme 4, and Supplementary Figure 12 for
details of the synthesis and characterization). Briefly, these two steps involved catalytic
hydrogenation followed by DCC coupling, and furnished Ac-5SGIcNAz (14) in reasonable
yield. Treating cells with either vehicle, 1,3,4,6-tetra- O-acetyl-2-azidoacetamido-2-deoxy-a.-
o-glucopyranose?3 (15, Ac-GIcNAz, Figure 4a) or Ac-5SGIcNAz (14) revealed that only
5SGIcNAZz (13) decreased O-GIcNAc levels (Figure 4b). Proteins from cells treated with
vehicle, Ac-GIcNAz (15), or Ac-5SGIcNAz (14) were collected and subjected to Staudinger
ligation40 with biotin phosphine (Figure 4a). Following the ligation, proteins were blotted
onto nitrocellulose and probed using streptavidin-horse radish peroxidase. Only proteins
from cells treated with Ac-GIcNAz (15) revealed any signal, whereas the signal from cells
treated with vehicle were indistinguishable from those treated with Ac-5SGIcNAz (14)
(Figure 4b). Similarly, we immunoprecipitated nup62 from cells treated with vehicle, Ac-
GIcNAZz (15), or Ac-5SGIcNAz (14), and prior to Staudinger ligation, incubated half of each
sample with BiGH8438. The resulting blot, probed with streptavidin-HRP, once again only
showed signal from nup62 immunoprecipitated from cells treated with Ac-GIcNAz (15), and
only in the sample that had not been subjected to B6GH84 hydrolysis (Figure 4c and
Supplementary Figure 13). The observation that Ac-5SGIcNAz (14) greatly decreases O-
GIcNACc levels strongly indicates that uridine diphospho-5-thio- A-azidoacetylglucosamine
(UDP-5SGIcNAz, 16, Figure 4a) is formed within cells where it acts to inhibit OGT. The
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chemoselective ligation data, however, indicates that 5SGICNAz (13) does not accumulate
on proteins to any measurable level. These data, in combination with the studies described
above, provide strong evidence that 5SGICNAc (3) does not accumulate on proteins, and that
decreased O-GIcNACc levels arise from inhibition of OGT by UDP-5SGIcNACc (4).

Assessing cellular levels of UDP-sugar pools

An alternate process, aside from inhibition of OGT by UDP-5SGIcNAc (4), which could
cause decreased O-GIcNAc levels in cells treated with Ac-5SGIcNAc (5) is that the pool of
UDP-GIcNACc (2) in cells might be greatly diminished. To verify that UDP-5SGIcNACc (4) is
being biosynthesized within cells, and to evaluate the relative levels of UDP-GIcNACc (2)
and other nucleotide sugar donors within cells, we treated COS-7 cells with different
concentrations of Ac-5SGIcNAc (5). Analysis of the extracted UDP-sugars using CE
(Figures 5a, b, and Supplementary Figures 14a, b) revealed a dose dependent increase in the
amount of UDP-5SGIcNACc (4) in cells and a statistically significant decrease in UDP-
GIcNACc (2) (p=0.022; n=3) and UDP-GalNAc (p=0.022; 17=3) levels. An additional peak
corresponding to a synthetic standard of UDP-5SGalNAc is also observed (Supplementary
Figures 14a, c), while UDP-Glc and UDP-Gal levels are unaffected. The accumulation of
UDP-5SGIcNAC (4) is consistent with this compound being a poor substrate for OGT.
Notably, when we treated cells with 50 M Ac-5SGIcNAc (5), which is a concentration well
above the ECgg value and at which we found near complete loss of O-GIcNAc in all cell
lines tested (Figure 2a and Supplementary Figures 6a and 10a, b, ), we observed that UDP-
GIcNACc (2) levels are still more than 60% of basal levels. This decrease in UDP-GICNAc
(2) levels is highly unlikely to account for the low O-GIcNAc levels observed in treated
cells. These observations therefore support the view that 5SGIcNAc (3) can efficiently
traverse the HBP to form levels of UDP-5SGIcNAC (4) that proficiently inhibit OGT in
cells.

Effect of Ac-5SGIcNAc on cell surface glycosylation

The modest decrease in UDP-GICNACc (2) levels and accumulation of UDP-5SGIcNAc (4)
within cells observed upon Ac-5SGIcNAC (5) treatment prompted us to consider that cell
surface glycosylation could be affected through changes in either UDP-GICNACc (2)
availability or inhibition of various GICNAc transferases within the secretory pathway. To
assess this possibility we treated COS-7 cells with a range of Ac-5SGIcNAc (5)
concentrations and evaluated the effect on various glycans by lectin blot analysis. All lectins
tested showed no changes in glycosylation of cellular proteins, even at the highest doses of
Ac-5SGIcNAC (5) assayed (Figure 6a and Supplementary Figure 15a). These lectins probe
for both high mannose (ConA and GNA) and complex A-glycans (PHA-L, SNA, and
MAA). We also examined the effect of Ac-5SGIcNAc (5) on A-glycosylation of an
individual protein by taking advantage of the high level production of IgG from mouse
hybridoma cell lines. We found that immunoprecipitated 1gG from a hybridoma cell line
appeared to possess only high mannose glycans. Analysis of the glycosylation of this IgG
using appropriate lectins, GNA and ConA, revealed only a slight decrease in
immunoreactivity when the very highest (1000 tM) dose of Ac-5SGIcNACc (5) was used
(Figure 6b and Supplementary Figure 15b). These collective observations are consistent
with reports showing that EMEG327/~ cells, which are deficient in the biosynthesis of
GIcNACc (1), have very low UDP-GIcNACc (2) levels but A-glycosylation is virtually
unaffected?l. Within EMEG32~/~ cells it appears that ~5% of the normal UDP-GIcNAc (2)
recovered by salvage pathways is sufficient to sustain Atglycosylation*!, as measured in the
same way we evaluate N-glycosylation here. In this regard, our results are consistent with
the EMEG32/~ studies since the low levels of UDP-GICNAC (2) observed in EMEG327/~
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cells are much lower than those observed when using concentrations of Ac-5SGIcNAc (5)
that effectively decrease O-GIcNAc levels.

Discussion

Here we describe a Trojan horse strategy to generating a GT inhibitor that acts in cells. We
found that the metabolic precursors 5SGIcNAc (3) and Ac-5SGIcNAc (5) can be processed
both /n vitro and in cells by the mammalian enzymes of the GIcNAc salvage pathway and
the hexosamine biosynthetic pathway to generate UDP-5SGIcNAC (4). Several lines of
evidence strongly support the view that UDP-5SGIcNAC (4) neither serves as an efficient
substrate for OGT nor does 5SGIcNAc accumulate on proteins. Instead, formation of
UDP-5SGIcNACc (4) within cells inhibits OGT function and leads to decreased cellular O
GIcNACc levels. All cell lines assayed show similar responses, consistent with conservation
of both the HBP and OGT within different mammals. Interestingly, UDP-5SGIcNAC (4)
shows cell line specific ECsg values for reduction of O-GIcNACc levels in the single digit uM
range, however, we found that there was no apparent interference with cell surface
glycosylation over the time frames tested, as probed using various lectins. It should be
noted, however, that the absence of any apparent effect on cell surface glycosylation
measured in this way does not indicate whether or not UDP-5SGIcNACc is selective for OGT.
Itis likely that O-GIcNAc cycling occurs more rapidly than recycling and presentation of
cell surface glycans, and this difference could account for the observation that O-GIcCNAc
levels decrease while cell surface glycosylation appears unchanged. Furthermore, it is also
possible that 5SGIcNAc (3) does not partition between the cytosol and the secretory
pathway in the same way as GIcNAc (1) and this could contribute to the apparent
differential effects on secretory glycosyltransferases as compared to OGT. Interestingly, we
also found that Ac-5SGIcNACc (5) induced abrogation of G-GIcNAc in two different cell
lines showed no apparent compound specific toxicity and did not affect cellular growth
rates. This last observation is in contrast to genetic studies that show loss or knock-down of
OGT, and consequent loss of O-GIcNAc, cripples cellular proliferation. This discrepancy
may stem from the rapid and dramatic changes in OGT levels induced by its over-expression
or knock-down. Indeed, OGT is a large protein with many partners, and such changes might
alter the levels of critical protein complexes. Alternatively, it may be that the cycling of O-
GIcNAc is important. In any case, the results we observed suggest that greatly diminished
O-GIcNAc levels do not impair cellular proliferation. Further studies will be needed to
clarify the precise basis for the differences observed when carrying out genetic or chemical
intervention. Regardless, the utility of Ac-5SGIcNACc (5), and the apparent lack of toxicity
associated with this molecule, should make this a valuable tool for studying the effects of
decreased O-GIcNACc levels on cellular processes.

More generally, previously described rational approaches to inhibition of GTs include the
use of acceptor substrate decoys to ‘distract’ GTs from their natural substrates*, as well as
metabolic feeding approaches to generate dead-end acceptor substrate mimics*3. Recently,
an intriguing new approach was described in which chemical modification of the uridine
base of uridine diphosphogalactose (UDP-Gal) resulted in a compound that was turned over
by galactosyltransferases much more slowly than UDP-Gal. The compound acted as an
inhibitor /7 vitroand it remains to be tested in cells and tissues**. To our best knowledge,
however, there have been no examples of rationally designed inhibitors that emulate a
natural nucleotide sugar donor substrate and act in cells. Indeed, there are strikingly few
examples of GT inhibitors that work in cells and these are natural products, serendipitously
discovered synthetic compounds, or compounds identified through high-throughput
screening?,11,45,46_ To address this issue we were stimulated by the demonstrated tolerance
of nucleotide sugar biosynthetic pathways for the introduction of unnatural monosaccharides
into glycans, to consider a new approach to inhibition of GTs within cells. Here we find this
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strategy circumvents problems associated with the poor cell permeability of many current
rationally designed GT inhibitors that already incorporate anionic groups. One attractive
future prospect being actively pursued is that by using this strategy of biosynthetic precursor
delivery we envision that it may be feasible to generate a panel of GT inhibitors that could
catalyze the study of the biological roles of a variety of GTs. In this regard such probes
might serve as a starting point for designing inhibitors of GTs that are drug targets for
various diseases including, for example, diabetes’, inflammation3, and cancer®.

Methods

Synthesis of 5SGIcNAc (3), Ac-5SGIcNAc (5), pMP-5SGIcNAc (7), Me-5SGIcNAc (10), and
Ac-5SGIcNAz (14)

Synthesis of 5SGIcNAc (3) and Ac-5SGIcNAc (5) was performed as described previously3!
with some minor modifications. Synthesis of pMP-5SGIcNAc (7) and Me-5SGIcNAc (10)
were carried out using a trichloroacetimidiate donor as the key intermediate. Synthesis of
Ac-5SGIcNAz (14) was carried out over 15 steps, diverging from an established synthesis3?
for the final two steps. A full description of the methods used and characterization of the
compounds are provided in the Supplementary Methods.

Chemoenzymatic synthesis of UDP-5SGIcNAc (4)

Over-expression and purification of GNK, AGM, and AGX1 were carried out as described
previously*”-49. Details regarding the enzymatic synthesis can be found in the
Supplementary Methods.

Purification of UDP-5SGIcNAc (4)

The UDP-5SGIcNACc (4) product was isolated using a procedure described for other UDP-
sugars with minor modifications as reported in the Supplementary Methods.

Capillary electrophoresis (CE)

CE was performed on a ProteomeLab PA800 (Beckman-Coulter) using fused silica
capillaries of 50 wM internal diameter x 44 cm (to detector). Further details can be found in
the Supplementary Methods.

OGT transfer

The ability of OGT (over-expressed and purified as described in Ref. 3%) to transfer
UDP-5SGIcNAC (4) was tested using recombinant nup62 as the acceptor. Further details can
be found in the Supplementary Methods.

OGT inhibition
The ability of 5SGIcNAc (3) and UDP-5SGIcNAc (4) to inhibit OGT activity was assessed
using radiolabelled UDP-[3H]-GIcNAc (American Radiolabel) as the donor and recombinant
nup62 as the acceptor. Assays were carried out essentially as described previously3® and the

K; determined by Dixon analysis. Further details can be found in the Supplementary
Methods.

Cell culture

Cell lines and culture conditions were: COS-7, Dulbecco's modified Eagle's medium
(DMEM, Invitrogen)/5% fetal bovine serum (FBS, Invitrogen); HepG2, SK-N-SH,
EMEG32*/~ and EMEG32~/~, DMEM/5% FBS; CHO, DMEM/F-12/5-10% FBS; and PC12
cells, DMEM/5% FBS and 5% horse serum. PC12 cells were plated at a density of 3-4 x 10°
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cells/10 cm plate (pre-treated with 5 pg/cm? rat tail collagen (BD Biosciences)) and
differentiated as described previously2. Mouse hybridoma cells (Developmental Studies
Hybridoma Bank; antibody E7 for p-tubulin) were cultured in RPMI140/10% FBS. Upon
treatment of hybridoma cells with Ac-5SGIcNAc (5), the media was changed to serum free
RPMI40. Following treatment with 5SGIcNAc (3), UDP-5SGIcNACc (4) or Ac-5SGIcNAc
(5), cells were harvested by gentle washing with PBS, lysed in SDS loading buffer, and
boiled for 10 minutes. To collect IgG the cells were pelleted (800 x g, 5 min) and 1gG was
precipitated from the supernatant (see below for details).

Western/lectin blots

Samples were analyzed using standard procedures as described in the Supplementary
Methods. Densitometry was performed using ImageQuant 5.2 (Molecular Dynamics) and
fits to the data were made using GRAFIT.

Antibodies/lectins

A list of antibodies and lectins are provided in the Supplementary Methods.

Immunocytochemistry

Details are provided in the Supplementary Methods.

Blocking antibody interactions

Modified nup62 was electrophoresed through a gel and transferred onto nitrocellulose
membrane. CTD110.6 at the appropriate dilution was mixed with 0-3 mM Me-GIcNAc (9)
or Me-5SGIcNAc (10) for 1 h prior to incubation with the membrane overnight at 4 °C. The
standard procedure for western blots was subsequently followed.

OGA Kkinetics

Kinetics were performed at 37 °C in phosphate buffered saline (PBS), pH 7.4, in a total
volume of 150 pL. Substrate concentrations of 25 M to 1.5 mM were used for pMP-
GIcNACc (6) and 25 to 800 uM for pMP-5SGIcNAC (7). OGA (which was over-expressed
and purified as described in Ref. 99) was used at a concentration of 1 uM for pMP-GIcNAc
(6) and 3.6 M for pMP-5SGIcNAC (7). Rates were monitored at a wavelength of 296 nm
over the course of 10-20 min. Data were fit to the Michaelis-Menten equation using
GRAFIT and the A4t and Ky values determined.

Cell growth curves

Details are provided in the Supplementary Methods.

Immunoprecipitation of nup62

nup62 was immunoprecipitated from COS-7 cell lysates using the procedure described in
Ref. 23, Following washing of the beads, and prior to elution, nup62 was incubated in the
absence or presence of BiGH84 (overexpressed and purified as described previously38) with
shaking for 2 h at room temperature. The beads were washed three times with PBS and
nup62 was subsequently eluted from the beads by addition of SDS loading buffer and
boiling for 10 min.

Treatment with Ac5SGIcNAz

Following treatment with Ac5SGIcNAz (14), cells were harvested by gentle washing with
PBS, lysed by sonication in PBS containing 0.5% NP-40 and centrifuged to remove any
insoluble material. Cell lysates were incubated with biotinylated phosphine in 20% DMF, at
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a final concentration of 200 uM, and incubated at 37 °C for 2 h. SDS loading buffer was
added to the samples and they were boiled for 5 min.

Click-iT® kit for labelling O-GIcNAc residues

The ‘Click-iT® O-GIcNAc Enzymatic Labeling System’ was purchased from Invitrogen,
and the manufacturer's protocol was followed with some alterations as reported in the
Supplementary Methods.

Extraction of nucleotide sugars from cell lysates

COS-7 cells were treated with Ac-5SGIcNAc (5, 0 to 1000 M) for 24 h in triplicate. Cell
supernatants from lysed cells were prepared, frozen, and lyophilized. The nucleotide sugar
extraction protocol is described in the Supplementary Methods.

Precipitation of antibody

Conditioned serum free media from mouse hybridoma cell cultures was incubated with 100
pL Protein G/Protein-A agarose beads (Calbiochem) with shaking overnight at 4 °C. Beads
were washed three times in PBS containing 0.1% NP-40. Antibody was eluted by the
addition of SDS-PAGE loading buffer and boiling for 10 min. Western blots were probed
with secondary goat anti-mouse 1gG antibody (using the western blot procedure described in
the Supplementary Methods, starting from the second blocking step).

PNGase F cleavage

PNGase F was purchased from New England Biolabs and used as described in the
manufacturer's protocol for cell lysates. Immunoprecipitated antibody (from hybridoma
cells) was eluted from the beads using 1% SDS and then underwent PNGase F cleavage in
the same buffer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The mammalian hexosamine biosynthetic pathway (HBP), GIcNAc salvage pathway,
and the structures of compounds studied here

(a) Structures of some of the molecules used in this study (X = O or S as indicated, R = H or
Ac as indicated). (b) The end product of the HBP is UDP-GIcNAC (2), the donor substrate
used by OGT. The first step in the de novo pathway, where fructose-6-phosphate is
converted to glutamine-6-phosphate, is catalyzed by glutamine: fructose-6-phosphate
amidotransferase (GFAT). Glutamine-6-phosphate is transformed into GICNAc-6-phosphate
by acetyl-CoA:D-glucosamine-6-phosphate A-acetyltransferase (GAT). The GIcNAc
salvage pathway recycles cellular GIcNAc (1), which is converted into GIcNAc-6-phosphate
by GlcNAc kinase (GNK). GIcNAc-6-phosphate is converted into GICNAc-1-phosphate by
GIcNAc mutase (AGM), and then to the end product, UDP-GIcNAc, by UDP-GIcNAc
pyrophosphorylase (AGX1). The endocyclic heteroatom is denoted X (O in nature and S in
the synthetic compounds depicted in panel a). 5SGIcNACc (3) is converted via the salvage
pathway to generate intracellular UDP-5SGIcNAC (4). Ac-5SGIcNAc (5) is deacetylated by
cellular esterases.
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Figure 2. Ac-5SGIcNACc (5) actsin cellsto decrease global O-GIcNAc levelsin a dose and time
dependent manner

(a) Western blots of COS-7 cell lysates following Ac-5SGIcNAc (5) administration at
different doses (0-1000 M) for 24 h. Upper panel, probed with anti- O-GIcNAc antibody
(CTD110.6); lower panel, probed with anti-actin antibody. Densitometry analysis (see
Supplementary Figure 6a) yields an ECsg value of 5 M. (b) Western blots of COS-7 cell
lysates following Ac-5SGIcNAc (5) administration at 50 M for various times. Upper panel,
probed with CTD110.6; lower panel, probed with anti-actin antibody. Densitometry analysis
(see Supplementary Figure 6e) shows how G-GIcNACc levels diminish over time. (c)
Western blots of COS-7 cell lysates following Ac-5SGIcNAc (5) administration at 50 uM
for different amounts of time. Probed with (from top to bottom) anti- O-GIcNAc antibody
(CTD110.6), anti-OGA antibody, anti-OGT antibody, and anti-actin antibody. Full versions
of the blots are shown in Supplementary Figure 9b. (d) Western blots of COS-7 cell lysates
administered specified agents at 50 wM for 24 h; vehicle only (C), Ac-GIcNAc (8) or
Ac-5SGIcNAC (5). Probed with (from top to bottom) anti- O-GIcNAc antibody (CTD110.6),
anti-OGA antibody, anti-OGT antibody, and anti-actin antibody. Full versions of the blots
are shown in Supplementary Figure 9a. (e) Immunocytochemistry of COS-7 cells treated
with no, 50 uM or 250 M Ac-5SGIcNAc (5) for 24 hours. Immunoreactivity from anti-O-
GIcNAc antibody CTD110.6 is shown in green and DAPI (which stains DNA in the
nucleus) in blue. The white bar corresponds to a distance of 25 uM.
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Figure 3. Evaluation of the effects of Ac-5SGIcNAc (5) treatment of cells on the O-GIcNAc
modification state of nup62

(a) Western blots of immunoprecipitated nup62 from cell lysates following vehicle (C) or
250 M Ac-5SGIcNACc (5) treatment for 24 h. Following immunoprecipitation, nup62 was
incubated with UDP-GalNAz in the absence (=) or presence (+) of GalT1 and
chemoselectively labelled. Upper panel, probed with anti-nup62 antibody; lower panel,
probed with streptavidin. (b) Western blots of immunoprecipitated nup62 from cell lysates
following vehicle (C) or 250 pM Ac-5SGIcNACc (5) treatment for 24 h. Following
immunoprecipitation, nup62 was incubated with buffer (=) or with BiIGH84 (+) for 2 h to
remove O-GIcNAc. Upper panel, probed with anti-nup62 antibody; middle panel, probed
with anti- O-GIcNAc antibody (CTD110.6) (long exposure); bottom panel probed with anti-
O-GIcNACc antibody (CTD110.6) (short exposure). (c) Western blots of COS-7 cell lysates
following Ac-5SGIcNAc (5) administration at different doses (0-1000 M) for 24 h. Blots
are probed with (from top to bottom) anti-nup62 antibody, anti- O-GIcNAc antibody
(CTD110.6) and anti-actin antibody. Full versions of all of these blots are shown in
Supplementary Figure 11.
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Figure 4. Metabolic feeding of Ac-5SGIcNAZ (14) to cells causes a decrease in O-GIcNAc levels,
but chemoselecctive ligation demonstratesthereis no accumulation of 5SGIcNAz (13) on
proteins

(a) Structures of the molecules used or generated during the chemoselective ligation study
(X=0orSas indicated, R = H or Ac as indicated). (b) Western blots of COS-7 cell lysates
administered specified agents at 50 wM for 24 h; vehicle only (C), Ac-GIcNAz (15) or
Ac-5SGIcNAz (14). Cells were harvested and then underwent the Staudinger ligation with
biotin phosphine. Blots are probed with (from top to bottom) streptavidin-HRP, anti C-
GIcNAc (CTD110.6) antibody and anti-actin antibody. (c) Western blot of
immunoprecipitated nup62 from cell lysates following vehicle (C), 50 oM Ac-GIcNAz (15)
or Ac-5SGIcNAz (14) treatment for 24 h. Following immunoprecipitation, nup62 was
incubated with buffer (=) or with BfGH84 (+) for 2 h to remove O-GIcNAc, and then
underwent the Staudinger ligation with biotin phosphine. Blots are probed with streptavidin-
HRP. A full version of this western blot is shown in Supplementary Figure 13.
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Figure 5. Ac-5SGIcNAc (5) isconverted in cellsto generate intracellular UDP-5SGICNAC (4),
causing perturbationsin UDP-sugar nucleotide pools

(a) Analysis of UDP-sugar pools of COS-7 cells treated with different concentrations of
Ac-5SGIcNACc (0-1000 M from bottom to top) for 24 h; the CE trace shows absorbance at
254 nm as a function of retention time. Peak A, GDP-Glc (internal standard); peak B, UDP-
GIcNACc; peak C, UDP-Glc; peak D, UDP-5SGalNAc; peak E, UDP-5SGIcNAC; peak F,
UDP-GalNAc; peak G, UDP-Gal. UDP-5SGIcNACc (4) and UDP-GalNAc co-elute, but the
amount of each is estimated using the epimeric ratios determined from the standards
(Supplementary Figure 14b). (b) Bar chart showing relative concentrations of UDP-GICNAc
(2), UDP-5SGIcNAC (4), UDP-Gal, UDP-5SGal, UDP-Glc, and UDP-Gal following
treatment with 0-1000 .M Ac-5SGIcNAc (5).
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Figure 6. Treatment of cellswith Ac-5SGIcNAc (5) has no appar ent effects on global N-
glycosylation or N-glycosylation of a secreted 1gG as evaluated by lectin blot analysis

(a) Western blots of COS-7 cell lysates following Ac-5SGIcNAc (5) administration at
different doses (0-1000 M) for 24 h. C+ denotes untreated cell lysate incubated with
PNGase F and C- denotes untreated cell lysate incubated with vehicle. Blots are probed with
(from top to bottom) anti- O-GIcNAc antibody (CTD110.6), anti-actin antibody, ConA lectin
(recognizes a-o-mannose, a-o-glucose and branched mannose), GNA lectin (recognizes
mannose), PHA-L (recognizes complex branched chain oligosaccharide structure), SNA
lectin (recognizes NeuAca.(2,6)Gal/GalNAc) and MAA lectin (recognizes
NeuAca(2,3)Gal). Full versions of these blots are shown in Supplementary Figure 15a. (b)
Western blots of mouse hybridoma cell lysates (O-GIcNAc and actin) and
immunoprecipitated mouse hybridoma antibody (IgG, ConA and GNA) following
administration of Ac-5SGIcNAc (5) at different doses (0-1000 M) for 24 h. C+, untreated
cell lysate incubated with PNGase F; C-, untreated cell lysate incubated with vehicle. Blots
are probed with (from top to bottom) anti- O-GIcNAc antibody (CTD110.6), anti-actin
antibody, anti-1gG antibody, ConA lectin and GNA lectin. Full versions of these blots are
shown in Supplementary Figure 15b.
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