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The post-translational modification of serine and thre-
onine residues of nucleocytoplasmic proteins with 2-acet-
amido-2-deoxy-D-glucopyranose (GlcNAc) is a reversible
process implicated in multiple cellular processes. The en-
zyme O-GlcNAcase catalyzes the cleavage of �-O-linked
GlcNAc (O-GlcNAc) from modified proteins and is a mem-
ber of the family 84 glycoside hydrolases. The family 20
�-hexosaminidases bear no apparent sequence similarity
yet are functionally related to O-GlcNAcase because both
enzymes cleave terminal GlcNAc residues from glycocon-
jugates. Lysosomal �-hexosaminidase is known to use
substrate-assisted catalysis involving the 2-acetamido
group of the substrate; however, the catalytic mechanism
of human O-GlcNAcase is unknown. By using a series of
4-methylumbelliferyl 2-deoxy-2-N-fluoroacetyl-�-D-gluco-
pyranoside substrates, Taft-like linear free energy analy-
ses of these enzymes indicates that O-GlcNAcase uses a
catalytic mechanism involving anchimeric assistance.
Consistent with this proposal, 1,2-dideoxy-2�-methyl-�-D-
glucopyranoso-[2,1-d]-�2�-thiazoline, an inhibitor that
mimics the oxazoline intermediate proposed in the cata-
lytic mechanism of family 20 glycoside hydrolases, is
shown to act as a potent competitive inhibitor of both
O-GlcNAcase (KI � 0.070 �M) and �-hexosaminidase (KI �
0.070 �M). A series of 1,2-dideoxy-2�-methyl-�-D-glucopy-
ranoso-[2,1-d]-�2�-thiazoline analogues were prepared,
and one inhibitor demonstrated a remarkable 1500-fold
selectivity for O-GlcNAcase (KI � 0.230 �M) over �-hex-
osaminidase (KI � 340 �M). These inhibitors are cell per-
meable and modulate the activity of O-GlcNAcase in tis-
sue culture. Because both enzymes have vital roles in
organismal health, these potent and selective inhibitors
of O-GlcNAcase should prove useful in studying the role of
this enzyme at the organismal level without generating a
complex chemical phenotype stemming from concomitant
inhibition of �-hexosaminidase.

Humans have three genes encoding enzymes that cleave ter-
minal N-acetylglucosamine residues from glycoconjugates. The

first of these, O-GlcNAcase,1 is a member of family 84 of glycoside
hydrolases that includes enzymes from organisms as diverse as
prokaryotic pathogens and humans (1, 2).2 The substrates of
O-GlcNAcase are post-translationally modified glycoproteins
bearing the monosaccharide 2-acetamido-2-deoxy-�-D-glucopy-
ranoside linked to serine or threonine residues (O-GlcNAc) (3–5).
This post-translational modification is abundant in mammalian
cells (3) and is found on many cellular proteins having a wide
range of vital cellular functions, including for example, transcrip-
tion (6–9), proteasomal degradation (10), and cellular signaling
(11), and is also found on many structural proteins (12–14).
Consistent with the abundance of O-GlcNAc on intracellular
proteins, it appears to have roles in the etiology of several disease
states, including type II diabetes (11, 15), Alzheimer (13, 16, 17),
and cancer (18). Although O-GlcNAcase was likely isolated ear-
lier on (19, 20), an understanding of its biochemical role in acting
to cleave O-GlcNAc off from modified serine and threonine resi-
dues of proteins waited some 20 years (21). More recently O-
GlcNAcase has been cloned (23), partially characterized (24), and
suggested to have additional activity as a histone acetyltrans-
ferase (22). Little, however, is known about the catalytic mecha-
nism of this enzyme.

HEXA and HEXB are the two other genes that encode en-
zymes catalyzing the hydrolytic cleavage of terminal N-acetyl-
glucosamine residues from glycoconjugates. The gene products
of HEXA and HEXB predominantly yield two dimeric isozymes.
The homodimeric isozyme, hexosaminidase B (��), is composed
of two �-subunits, and the heterodimeric isozyme, hexosamini-
dase A (��), is composed of an �- and a �-subunit. Both of these
enzymes are normally localized within the lysosome. The two
subunits bear a high level of sequence identity, and both are
members of family 20 of glycoside hydrolases. The dysfunction
of either of these isozymes results in the accumulation of gan-
gliosides and other glycoconjugates within the lysosome caus-
ing the inheritable neurodegenerative disorders known as Tay-
Sachs and Sandhoff diseases (25). The deleterious effects of
accumulation of gangliosides at the organismal level are still
being uncovered (26). In contrast, the consequences of genetic
deletion of O-GlcNAcase remain unknown.

Small molecule inhibitors of glycosidases, including �-N-
acetyl-glucosaminidases (27–30), have received a great deal of* This work was supported by grants from the Natural Sciences and
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1 The abbreviations used are: O-GlcNAcase, O-glycoprotein 2-acet-
amido-2-deoxy-�-D-glucopyranosidase; GlcNAc, 2-acetamido-2-deoxy-D-
glucopyranose; Py, pyridine; 4-MU, 4-methylumbelliferone; pNP-Glc-
NAc, para-nitrophenyl-GlcNAc; STZ, streptozotocin; PUGNAc, O-(2-
acetamido-2-deoxy-D-glucopyranosylidene)amino-N-phenylcarbamate;
NAG-thiazoline, 1,2-dideoxy-2�-methyl-�-D-glucopyranoso-[2,1-d]-�2�-
thiazoline; DCC, dicyclohexylcarbodiimide; DMF, dimethylformamide;
PBS, phosphate-buffered saline; HRP, horseradish peroxidase; mAb,
monoclonal antibody; BSA, bovine serum albumin.

2 For the family classification of glycoside hydrolases, see Refs. 1 and
2 and the CAZY Database (available at afmb.cnrs-mrs.fr/CAZY/).
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attention (31) both as tools for elucidating the role of these
enzymes in biological processes as well as in developing ther-
apeutic interventions with minimal side effects. Indeed, the
control of glycosidase function using small molecules offers
several advantages over genetic knock-out studies, including
the ability to rapidly vary dose or entirely withdraw treatment.
A major hurdle, however, in the generation of selective inhib-
itors of human glycosidases is that multiple functionally re-
lated enzymes are often present within a given organism. The
promiscuity of many inhibitors and the resultant inhibition of
multiple enzymes render them of limited utility in studying the
cellular and organismal physiological role of one particular
enzyme because they necessarily generate complex pheno-
types. In the case of �-N-acetylglucosaminidase no potent in-
hibitor is currently known that is selective for nucleocytoplas-
mic O-GlcNAcase over the lysosomal �-hexosaminidases.

Two existing inhibitors of O-GlcNAcase, however, have en-
joyed use in studies of the O-GlcNAc post-translational modi-
fication within both cells and tissues (11, 32–35). Both of these
compounds, however, suffer from having secondary effects
within the cellular and organismal environment. Streptozoto-
cin (STZ) has long been used as a diabetogenic compound
because it has a particularly detrimental effect on �-islet cells
(36). STZ exerts its cytotoxic effects through both the alkylation
of cellular DNA (36, 37) as well as the generation of radical
species, including nitric oxide (38). The resulting DNA strand
breakage promotes the activation of poly(ADP-ribose) polymer-
ase (39) with the net effect of depleting cellular NAD� levels
and, ultimately, leading to cell death (40, 41). Other investiga-
tors have proposed instead that STZ toxicity is a consequence of
the irreversible inhibition of O-GlcNAcase, which is highly
expressed within islet �-cells (32, 42). This hypothesis has,
however, been brought into question by two independent re-
search groups (43, 44). Because cellular O-GlcNAc levels in-
crease in response to many forms of cellular stress (45), it
seems possible that STZ results in increased O-GlcNAc levels
by inducing cellular stress rather than through any specific
and direct action on O-GlcNAcase. Indeed, Hanover et al. (46)
have shown that STZ functions as a poor and somewhat se-
lective inhibitor of O-GlcNAcase, and although it has been
proposed by others that STZ acts to irreversibly inhibit O-
GlcNAcase (47), there has been no clear demonstration of this
mode of action.

The second compound that has enjoyed use as an inhibitor of
O-GlcNAcase is O-(2-acetamido-2-deoxy-D-glucopyranosylide-
ne)amino-N-phenylcarbamate (PUGNAc). Rast and co-workers
(28) described the potent inhibitory properties of PUGNAc on
�-N-acetylglucosaminidases from Canavalia ensiformis, Mucor
rouxii, and the family 20 �-hexosaminidase from bovine kid-
ney. This compound has also been shown to be a highly potent
inhibitor of mouse �-hexosaminidase (48). More recent studies
have demonstrated that PUGNAc is also a potent inhibitor of
the family 84 O-GlcNAcase (21) that lacks the cytotoxic effects
of STZ (49). Despite its apparent lack of short term toxicity,
this compound is a potent inhibitor of both the family 20 and
family 84 glycoside hydrolases, and therefore in vivo studies
using this compound will yield a complex phenotype stemming
from the inhibition of these functionally related enzymes.

Given these considerations, we felt that the development of a
potent, cell-permeable inhibitor selective for O-GlcNAcase over
the lysosomal �-hexosaminidases would be a valuable tool in
studying the physiological role of O-GlcNAc at the cellular and
organismal level. A logical starting point for the design of such
an inhibitor for O-GlcNAcase would take into consideration the
catalytic mechanism of these two functionally related enzymes.
Although the catalytic mechanisms of action of the family 20

human �-hexosaminidases A and B have been fairly well es-
tablished (50), that of the family 84 O-GlcNAcase remains
unknown. We therefore aimed to first elucidate the catalytic
mechanism of human O-GlcNAcase and second to use this
information in designing simple inhibitors that would be po-
tent, cell permeable, and highly selective for O-GlcNAcase over
the lysosomal �-hexosaminidases.

EXPERIMENTAL PROCEDURES

General Procedures for Synthesis of Compounds—All buffer salts
used in this study were obtained from Sigma. Dry methanol and toluene
were purchased from Acros Organics. Dicloromethane and triethyl-
amine were dried by distillation over CaH2 prior to use. �-Hexosamini-
dase was purchased from Sigma (lot 043K3783). STZ was purchased
from Sigma, and samples were freshly dissolved just prior to assays.
PUGNAc was obtained from Toronto Research Chemicals. All other
reagents were purchased from Sigma and used without further purifi-
cation. Milli-Q (18.2 megohms cm�1) water was used to prepare all
buffers. Synthetic reactions were monitored by TLC using Merck
Kieselgel 60 F254 aluminium-backed sheets. Compounds were detected
by charring with 10% ammonium molybdate in 2 M H2SO4 and heating.
Flash chromatography under a positive pressure was performed with
Merck Kieselgel 60 (230–400 mesh) using the specified eluants. 1H
NMR spectra were recorded on a Varian AS500 Unity Innova spectrom-
eter at 500 MHz (chemical shifts quoted relative to CDCl3, CD3OD, or
(CD3)2SO where appropriate). 19F NMR spectra were recorded on a
Varian AS500 Unity Innova spectrometer at 470 MHz and are proton-
coupled with CF3CO2H as a reference. 13C NMR spectra were recorded
on a Varian AS500 Unity Innova spectrometer at 125 MHz (chemical
shifts quoted relative to CDCl3, CD3OD, or (CD3)2SO). Elemental anal-
yses of all compounds used in cell culture and enzyme assay were
performed at the Simon Fraser University Analytical Facility.

Synthesis of 4-Methylumbelliferone 2-Deoxy-2-acetamido-�-D-gluco-
pyranosides—4-Methylumbelliferyl 2-amino-2-deoxy-�-D-glucopyrano-
side hydrochloride (3) was prepared essentially as described by Roeser
and Legler (51) and was used without further purification.

4-Methylumbelliferyl 3,4,6-Tri-O-acetyl-2-deoxy-2-trifluoroacet-
amido-�-D-glucopyranoside—Triethylamine (0.06 ml, 0.042 g, 0.41
mmol) was added to a cooled (0 °C) solution of the hydrochloride salt 3
(0.10 g, 0.2 mmol) in a solution of dimethylformamide (DMF, 6 ml). The
reaction mixture was then cooled to 0 °C, and trifluoroacetic anhydride
(0.08 ml, 0.12 g, 5.7 mmol) was added via syringe. The resulting solution
was allowed to stand for 16 h at 0 °C, after which time the reaction was
judged complete by TLC analysis. The reaction mixture was then di-
luted with ethyl acetate (20 ml), and a solution of saturated sodium
chloride (40 ml) was added. The organic layer was collected, and the
aqueous layer was extracted twice with ethyl acetate. The combined
organic extracts were washed successively with water, twice with sat-
urated sodium bicarbonate, and finally with a solution of saturated
sodium chloride. The organic extracts were dried over MgSO4 and
filtered, and the solvent was removed in vacuo to yield a light yellow
syrup. The desired product was purified using flash column silica chro-
matography using a gradient solvent system (1:1; hexanes/ethyl ace-
tate) to yield the partially purified desired compound as an amorphous
white solid (�0.093 g, 0.17 mmol, 82%) that was used in the next step
without further purification.

4-Methylumbelliferyl 3,4,6-Tri-O-acetyl-2-deoxy-2-difluoroacet-
amido-�-D-glucopyranoside—Triethylamine (0.09 ml, 0.063 g, 0.62
mmol) and dry pyridine (3 ml) were added to a cooled (0 °C) solution of
the hydrochloride salt 3 (0.15 g, 0.3 mmol) in a solution of DMF (6 ml).
Dicyclohexylcarbodiimide (DCC, 0.48 g, 2.3 mmol) and difluoroacetic
acid (0.12 ml, 0.18 g, 1.3 mmol) were added to the reaction mixture via
syringe. The resulting solution was allowed to stand for 16 h at 0 °C,
after which time 2 drops of difluoroacetic acid were added. After a
further 3.5 h at room temperature, the reaction was judged complete by
TLC analysis. The solvent was partially removed in vacuo, and then
ethyl acetate (50 ml) and a solution of saturated sodium chloride (20 ml)
were added. The organic layer was collected, and the aqueous layer was
extracted twice with ethyl acetate. The combined organic extracts were
washed successively with water, twice with saturated sodium bicarbon-
ate, and finally with a solution of saturated sodium chloride. The
organic extracts were dried over MgSO4 and filtered, and the solvent
was removed in vacuo to yield a light yellow syrup. The desired product
was purified using flash column silica chromatography using a gradient
solvent system (1:1; hexanes/ethyl acetate) to yield the partially puri-
fied desired compound as a white amorphous solid (�0.10 g, 0.19 mmol,
64%) that was used in the next step without further purification.
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4-Methylumbelliferyl 3,4,6-Tri-O-acetyl-2-deoxy-2-fluoroacetami-
do-�-D-glucopyranoside—Triethylamine (0.3 ml, 0.21 g, 2.1 mmol)
and dry pyridine (10 ml) were added to a cooled (0 °C) solution of the
hydrochloride salt 3 (0.50 g, 1.0 mmol) in a solution of DMF (10 ml).
Sodium fluoroacetate (0.9 g) was added to a stirred mixture of dry
DMF (45 ml) containing dried Dowex 50-H� resin (6 g). (Caution:
fluoroacetic acid is highly toxic, and proper precautions must be
taken during its use and disposal!) After 1 h, DCC (1.6 g, 7.8 mmol)
and 30 ml of the fluoroacetic acid solution (6.0 mmol) were added via
cannula to the reaction vessel containing the hydrochloride salt 3.
The resulting solution was allowed to stand for 16 h at 0 °C, after
which time the reaction was judged complete by TLC analysis. The
solvent was partially removed in vacuo, after which ethyl acetate (50
ml) and a solution of saturated sodium chloride (20 ml) were added.
The organic layer was collected, and the aqueous layer was extracted
twice with ethyl acetate. The combined organic extracts were washed
successively with water, twice with saturated sodium bicarbonate,
and finally with a solution of saturated sodium chloride. The organic
extracts were dried over MgSO4 and filtered, and the solvent was
removed in vacuo to yield a light yellow syrup. The desired product
was purified using flash column silica chromatography (2:1; ethyl
acetate/hexanes) to yield the partially purified desired compound as
an amorphous white solid (�0.36 g, 0.68 mmol, 68%) that was used in
the next step without further purification.

General Procedure for the Synthesis of 4-Methylumbelliferyl 2-Deoxy-
2-fluoroacetamido-�-D-glucopyranosides—A spatula tip of anhydrous
sodium methoxide was added to a solution of each glycoside in dry
methanol. The resulting basic solution was stirred under nitrogen until
the reaction was judged complete by TLC analysis. Dowex 50-H� resin
was added to the stirred reaction mixture until the pH of the solution
became neutral. The suspension was filtered, and the filter cake was
rinsed extensively with methanol, after which the solvent from the
combined filtrates was removed in vacuo. The desired deprotected gly-
cosides were isolated by flash column silica chromatography using the
following solvent systems: ethyl acetate/methanol/water (12:1:1) for the
N-tri- and N-difluoroacetyl derivatives (5b and 5c) and ethyl acetate/
methanol (1:1) for the N-monofluoroacetyl derivative (5a). Products
were recrystallized from ethanol and diethyl ether to yield the desired
products with the overall yields over two steps of 66% for the N-
trifluoroacetyl derivative (5c), 37% for the N-difluoroacetyl derivative
(5b), and 45% for the N-fluoroacetyl derivative (5a).

4-Methylumbelliferyl 2-Deoxy-2-fluoroacetamido-�-D-glucopyrano-
side (5a)—1H NMR (500 MHz, d6-Me2SO) � 7.71 (1H, d, JH5AR-H6AR �
8.8, H-5AR), 7.00 (1H, JH8AR-H6AR � 2.4, H-8AR), 6.96 (1H, dd, H-6AR),
6.26 (1H, d, JH3AR-CH3 � 1.1, H-3AR), 5.21 (1H, d, JH1-H2 � 8.5, H-1), 4.81
(2H, d, JH-F � 47.0, CH2F), 3.86 (1H, dd, JH2-H3 � 9.9, H-2), 3.74 (1H,
dd, JH6-H6� � 11.7, JH6-H5 � 1.7, H-6), 3.53–3.46 (2H, m, H-3, H-6�), 3.38
(1H, ddd, JH5-H4 � 9.6, JH5-H6� � 6.0, H-5), 3.20 (1H, dd, JH4-H3 � 8.9,
H-4), 2.39 (1H, d, CH3) ppm; 19F NMR (500 MHz, d6-Me2SO) �225.24
(dd, JF-H � 53) ppp;

C18 H20 FNO8

Calculated: C 54.41 H 5.07 N 3.53
Found: C 54.20 H 4.97 N 3.59

4-Methylumbelliferyl 2-Deoxy-2-difluoroacetamido-�-D-glucopyrano-
side (5b)—1H NMR (500 MHz, d6-Me2SO) � 7.69 (1H, d, JH5AR-H6AR �
8.8, H-5AR), 6.97 (1H, JH8AR-H6AR � 2.4, H-8AR), 6.92 (1H, dd, H-6AR),
6.24 (1H, d, JH3AR-CH3 � 1.2, H-3AR), 6.21 (1H, d, JH-F � 53.6 Hz, CHF2),
5.16 (1H, d, JH1-H2 � 8.5, H-1), 3.79 (1H, dd, JH2-H3 � 10.3, H-2), 3.72
(1H, dd, JH6-H6� � 11.8, JH6-H5 � 1.9, H-6), 3.53–3.42 (2H, m, H-3, H-5,
H-6�), 3.20 (1H, dd, JH4-H5 � 9.6 Hz, JH4-H3 � 8.9 Hz, H-4), 2.38 (1H, d,
CH3) ppm; 19F NMR (500 MHz, d6-Me2SO) �127.32 (d, J � 54 Hz);

C18 H19F2 NO8

Calculated: C 52.05 H 4.61 N 3.37
Found: C 51.92 H 4.62 N 3.31

4-Methylumbelliferyl 2-Deoxy-2-Trifluoroacetamido-�-D-glucopyran-
oside (5c)—1H NMR (500 MHz, d6-Me2SO) � 7.70 (1H, d, JH5AR-H6AR �
8.8, H-5AR), 6.86 (1H, JH8AR-H6AR � 2.3, H-8AR), 6.91 (1H, dd, H-6AR),
6.25 (1H, d, JH3AR-CH3 � 1.2, H-3AR), 5.16 (1H, d, JH1-H2 � 8.5, H-1), 3.80
(1H, dd, JH2-H3 � 10.2, H-2), 3.72 (1-H, dd, JH6-H6� � 11.7, JH6-H5 � 1.8,
H-6), 3.50–3.42 (2H, m, H-6�, H-3, H-5), 3.22 (1H, dd, JH4-H5 � 9.5 Hz,
JH4-H3 � 8.9 Hz, H-4), 2.38 (1H, d, CH3) ppm; 19F NMR (500 MHz,
d6-Me2SO) �77.29;

C18 H18 F3NO8

Calculated: C 49.89 H 4.19 N 3.23
Found: C 49.80 H 4.29 N 3.11

Kinetic Analysis of O-GlcNAcase and �-Hexosaminidase—All assays
were carried out in triplicate at 37 °C for 30 min by using a stopped
assay procedure in which the enzymatic reactions (25 �l) were
quenched by the addition of a 6-fold excess (150 �l) of quenching buffer
(200 mM glycine, pH 10.75). Assays were initiated by the addition, via
syringe, of enzyme (3 �l), and in all cases the final pH of the resulting
quenched solution was greater than 10. Time-dependent assay of �-hex-
osaminidase and O-GlcNAcase revealed that both enzymes were stable
over this period in their respective buffers: 50 mM citrate, 100 mM NaCl,
0.1% BSA, pH 4.25, and 50 mM NaH2PO4, 100 mM NaCl, 0.1% BSA, pH
6.5. The progress of the reaction at the end of 30 min was determined by
measuring the extent of 4-methylumbelliferone liberated as determined
by fluorescence measurements using a Varian CARY Eclipse Fluores-
cence Spectrophotometer 96-well plate system and comparison to a
standard curve of 4-methylumbelliferone under identical buffer condi-
tions. Excitation and emission wavelengths of 368 and 450 nM were
used, respectively, with 5 mm slit openings. The possible time-depend-
ent inactivation of O-GlcNAcase was assayed by incubating 10 mM STZ
with 0.016 mg/ml O-GlcNAcase in the presence of 50 mM NaH2PO4, 100
mM NaCl, 1% BSA, 5 mM �-mercaptoethanol, pH 6.5, or 0.036 mg/ml
�-hexosaminidase in the presence of 50 mM citrate, 100 mM NaCl, 0.1%
BSA, pH 4.25. At several time intervals, the residual enzyme activity
contained in the inactivation mixture was assayed. Assays were carried
out as described above for each enzyme except that reactions were
initiated by the addition of an aliquot of the reaction mixture into the
assay mixture containing 5.7 mM MU-GlcNAc and the appropriate
buffer for each enzyme. The stability of STZ was first tested by following
its decomposition in deuterated water by NMR. The half-life of STZ in
aqueous solution at room temperature was greater than 6 h as deter-
mined by following its decomposition by NMR at room temperature.
Human placental �-hexosaminidase was purchased from Sigma (lot
043K3783). The cloning and expression of O-GlcNAcase will be de-
scribed elsewhere. Both enzymes were dialyzed against PBS buffer and
their concentrations determined with the Bradford assay using BSA as
a standard. The concentrations (�g/�l) of �-hexosaminidase and O-
GlcNAcase used in assays with fluorinated substrates were as follows:
for 4-methylumbelliferyl 2-acetamido-2-deoxy-�-D-glucopyranoside (5),
0.00077, 0.0126; 5a, 0.0031, 0.0189; 5b, 0.0154, 0.0756; and for 5c,
0.0154, 0.01523. In addition, �-hexosaminidase and O-GlcNAcase were
used in inhibition assays at a concentration (�g/�l) of 0.0154 and
0.0378, respectively, using substrate 5 at a concentration of 0.64 mM.
All inhibitors were tested at eight concentrations ranging from 5 times
to 1/5th KI, with the exception of the assay of inhibitor 8e with �-hex-
osaminidase, where a such high concentrations of inhibitor could not be
reached because of the high KI value of 8e. KI values were determined
by linear regression of data from Dixon plots. Where necessary, assays
were carried out in triplicate, and error bars are included in plots of the
data.

General Procedure for the Synthesis of 1,3,4,6-Tetra-O-acetyl-2-
deoxy-2-N-acyl-�-D-glucopyranoses—Two eq of dry triethylamine was
added to a solution of the hydrochloride salt of 2-amino-2-deoxy-
1,3,4,6-tetra-O-acetyl-�-D-glucopyranose (6) (52) in 1 volume of dry
dichloromethane, at which time the starting material dissolved. The
reaction mixture was cooled to 0 °C, and 1.2 eq of the appropriate acyl
chloride was added via syringe. The resultant mixture was stirred for
approximately 2 h at room temperature. When the reaction mixture
was judged complete by TLC analysis, 5 volumes of ethyl acetate were
added. The resulting organic phase was washed successively with
water, 1 M NaOH, and saturated sodium chloride. The organic phase
was dried over MgSO4, filtered, and concentrated to yield a white
crystalline solid. The material was recrystallized using a mixture of
ethyl acetate and hexanes to yield the desired N-acylated materials in
yields ranging from 46 to 74%.

1,3,4,6-Tetra-O-acetyl-2-deoxy-2-N-propyl-�-D-glucopyranose (7b)—
1H NMR (500 MHz, CDCl3) �: 5.68 (1H, d, JH1,H2 � 8.8 Hz, H-1), 5.42
(1H, d, JNH,H2 � 6.7 Hz, NH), 5.14 (1H, dd, JH3,H4 � 8.7 Hz, H-3), 5.12
(1H, dd, JH4,H5 � 8.7 Hz, H-4), 4.34 (1H, ddd, JH2,H3 � 8.7 Hz, H-2),
4.27 (1H, dd, JH6,H6� � 12.5 Hz, JH5,H6 � 4.6 Hz, H-6), 4.12 (1H, dd,
JH5,H6� � 2.1 Hz, H-6�), 3.79–3.75 (1H, m, H-5), 2.12 (3H, s, OAc), 2.10
(3H, s, OAc), 2.04 (3H, s, OAc), 2.02 (3H, s, OAc), 2.15–2.10 (2H, m, H-7),
0.90 (3H, t, JH8,H7 � 7.4 Hz, H-8) ppm. 13C NMR (125 MHz, CDCl3) �:
174.1, 171.5, 170.9, 169.8, 169.5, 92.9, 73.2, 72.8, 67.9, 61.8, 53.1, 30.0,
21.1, 21.0, 20.9, 20.8, 10.1 ppm.
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1,3,4,6-Tetra-O-acetyl-2-deoxy-2-N-butyl-�-D-glucopyranose (7c)—1H
NMR (500 MHz, CDCl3) �: 5.73 (1H, d, JH1,H2 � 8.8 Hz, H-1), 5.58 (1H,
d, JNH,H2 � 9.5 Hz, NH), 5.21–5.14 (2H, m, H-3/H-4), 4.38 (1H, ddd,
H-2), 4.31 (1H, dd, JH6,H6� � 12.5 Hz, H-6), 4.16 (1H, dd, JH5,H6� � 2.2
Hz, H-6�), 3.84 (1H, ddd, JH5,H6 � 4.7 Hz, H-5), 2.16 (3H, s, OAc), 2.13
(3H, s, OAc), 2.18–2.10 (2H, m, H-7), 2.08 (3H, s, OAc), 2.05 (3H, s,
OAc), 1.64 (2H, ddd, H-8), 0.94 (3H, t, JH8,H9 � 7.4 Hz, H-9) ppm. 13C
NMR (125 MHz, CDCl3) �: 173.1, 171.4, 170.9, 169.8, 169.5, 92.9, 73.2,
72.8, 67.9, 61.9, 53.0, 38.8, 21.1, 21.0, 20.9, 20.8, 19.2, 13.7 ppm.

1,3,4,6-Tetra-O-acetyl-2-deoxy-2-N-pentyl-�-D-glucopyranose (7d)—
1H NMR (500 MHz, CDCl3) �: 5.68 (1H, d, JH1,H2 � 8.8 Hz, H-1), 5.50
(1H, d, JNH,H2 � 9.5 Hz, NH), 5.18–5.12 (2H, m, H-3/H-4), 4.36–4.30
(1H, m, H-2), 4.26 (1H, dd, JH6,H6� � 12.5 Hz, H-6), 4.13 (1H, dd, JH5,H6� �
2.2 Hz, H-6�), 3.82–3.77 (1H, m, JH5,H6 � 4.5 Hz, H-5), 2.11 (3H, s, OAc),
2.11 (2H, m, H-7), 2.09 (3H, s, OAc), 2.04 (3H, s, OAc), 2.02 (3H, s, OAc),
1.56 (2H, dd, JH7,H8 � 7.5 Hz, H-8), 1.52 (2H, dd, JH7�,H8 � 7.5 Hz, H-8),
1.26 (2H, ddq, JH8,H9 � 7.5 Hz, H-9), 0.94 (3H, dd, JH9,H10 � 7.5 Hz, H-10)
ppm. 13C NMR (125 MHz, CDCl3) �: 173.4, 171.4, 170.9, 169.8, 169.5, 92.9,
73.2, 72.7, 67.9, 61.9, 53.0, 36.7, 27.9, 22.4, 21.1, 21.0, 20.9, 20.8, 13.9 ppm.

1,3,4,6-Tetra-O-acetyl-2-deoxy-2-N-hexyl-�-D-glucopyranose (7e)—1H
NMR (500 MHz, CDCl3) �: 5.69 (1H, d, JH1,H2 � 8.8 Hz, H-1), 5.52 (1H,
d, JNH,H2 � 9.5 Hz, NH), 5.14 (2H, m, H-3/H-4), 4.37–4.30 (1H, m, H-2),
4.26 (1H, dd, JH6,H6� � 12.5 Hz, H-6), 4.15–4.08 (1H, m, H-6�), 3.82–3.77
(1H, m, JH5,H6 � 4.7 Hz, H-5), 2.11 (3H, s, OAc), 2.09 (3H, s, OAc), 2.04
(3H, s, OAc), 2.02 (3H, s, OAc), 1.58–1.52 (2H, m, H-7), 1.33–1.08 (6H,
m, H-8, H-9, H-10), 0.87 (3H, t, JH11,H10 � 7.1 Hz, H-11) ppm. 13C NMR
(125 MHz, CDCl3) �: 173.4, 171.4, 170.9, 169.8, 169.5, 92.9, 73.2, 72.8,
67.9, 61.9, 60.6, 53.0, 36.9, 31.4, 25.5, 22.5, 21.1, 21.0, 20.9, 20.8,
14.1 ppm.

1,3,4,6-Tetra-O-acetyl-2-deoxy-2-N-isobutyl-�-D-glucopyranose (7f)—
1H NMR (500 MHz, CDCl3) �: 5.70 (1H, d, JH1,H2 � 8.8 Hz, H-1), 5.58 (1H,
d, JNH,H2 � 9.6 Hz, NH), 5.18–5.12 (2H, m, H-3/H-4), 4.36–4.30 (1H, m,
H-2), 4.27 (1H, dd, JH6,H6� � 12.5 Hz, H-6), 4.12 (1H, dd, JH5,H6� � 2.2 Hz,
H-6�), 3.84–3.87 (1H, m, JH5,H6 � 4.8 Hz, H-5), 2.10 (3H, s, OAc), 2.08 (3H,
s, OAc), 2.28 (1H, m, H-7), 2.04 (3H, s, OAc), 2.03 (3H, s, OAc), 1.08 (6H,
t, JH8,H7 � 2.8 Hz, H-8) ppm. 13C NMR (125 MHz, CDCl3) �: 177.2, 171.5,
170.9, 169.8, 169.5, 93.0, 73.3, 72.7, 67.9, 61.9, 52.9, 36.0, 21.0, 21.0, 20.8,
20.8, 19.6 ppm.

1,3,4,6-Tetra-O-acetyl-2-deoxy-2-N-isopentyl-�-D-glucopyranose (7g)—
1H NMR (500 MHz, CDCl3) �: 5.67 (1H, d, JH1,H2 � 8.8 Hz, H-1), 5.58 (1H,
d, JNH,H2 � 9.5 Hz, NH), 5.18–5.10 (2H, m, H-3/H-4), 4.38–4.32 (1H, m,
H-2), 4.27 (1H, dd, JH6,H6� � 12.5 Hz, H-6), 4.12 (1H, dd, JH5,H6� � 2.2 Hz,
H-6�), 3.82–3.78 (1H, m, JH5,H6 � 4.6 Hz, H-5), 2.10 (3H, s, OAc), 2.08 (3H,
s, OAc), 2.06–2.01 (2H, m, H-7), 2.04 (3H, s, OAc), 2.03 (3H, s, OAc), 1.98
(1H, ddd, H-8), 0.94 (6H, d, JH8,H9 � 6.5 Hz, H-9) ppm. 13C NMR (125
MHz, CDCl3) �: 172.6, 171.4, 170.9, 169.8, 169.5, 92.9, 73.2, 72.7, 67.9,
61.8, 52.8, 46.2, 26.3, 22.4, 22.3, 21.1, 21.0, 20.9, 20.8 ppm.

General Procedure for the Synthesis of 3,4,6-Tri-O-acetyl-1,2-
dideoxy-2�-alkyl-�-D-glucopyranoso-[2,1-d]-�2�-thiazolines (3,4,6-Tri-
O-acetyl-NAG-thiazoline Analogues)—Lawesson’s Reagent (0.6 eq)
was added to a solution of the appropriate 1,3,4,6-tetra-O-acetyl-2-
N-acyl-2-deoxy-�-D-glucopyranose (7a–g) in anhydrous toluene, and
the reaction mixture was refluxed for 2 h, after which time the
reaction was judged to be complete by TLC analysis. The solution was
cooled to room temperature, and the solvent was removed in vacuo.
The residue was dissolved in toluene, and the desired material was
isolated by flash column silica chromatography using a solvent sys-
tem of hexanes and ethyl acetate in ratios ranging from 4:1 to 1:2 as
appropriate. Products were isolated in yields ranging from 62 to 83%.
3,4,6-Tri-O-acetyl-1,2-dideoxy-2�-ethyl-�-D-glucopyranoso-[2,1-d]-
�2�-thiazoline (8a) was prepared previously by using similar reaction
conditions as described above (28). All spectral characterization
agreed with the literature values.

3,4,6-Tri-O-acetyl-1,2-dideoxy-2�-ethyl-�-D-glucopyranoso-[2,1-d]-
�2�-thiazoline (8b)—1H NMR (500 MHz, CDCl3) �: 6.28 (1H, d, JH1,H2 �
7.4 Hz, H-1), 5.60 (1H, dd, JH3,H4 � 3.3 Hz, H-3), 4.97 (1H, d, JH4,H5 �
9.3 Hz, H-4), 4.56–4.52 (1H, m, H-2), 4.18–4.10 (2H, m, H-6/H-6�), 3.58
(1H, ddd, JH5,H6 � 3.2 Hz, H-5), 2.74–2.67 (1H, m, H-7), 2.14 (3H, s,
OAc), 2.11 (3H, s, OAc), 2.09 (3H, s, OAc), 1.29 (3H, t, JH8,H7 � 7.60 Hz,
H-8) ppm.

3,4,6-Tri-O-acetyl-1,2-dideoxy-2�-propyl-�-D-glucopyranoso-[2,1-d]-
�2�-thiazoline (8c)—1H NMR (500 MHz, CDCl3) �: 6.26 (1H, d, JH1,H2 �
7.2 Hz, H-1), 5.58 (1H, dd, JH3,H4 � 3.3 Hz, H-3), 4.96 (1H, d, JH4,H5 �
9.2 Hz, H-4), 4.54–4.50 (1H, m, H-2), 4.16–4.08 (2H, m, H-6/H-6�), 3.58
(1H, ddd, JH5,H6 � 3.3 Hz, H-5), 2.70–2.58 (2H, m, H-7), 2.14 (3H, s,
OAc), 2.08 (3H, s, OAc), 2.07 (3H, s, OAc), 1.76–1.69 (2H, m, H-8), 1.00
(3H, t, JH9,H8 � 7.4 Hz, H-9) ppm.

3,4,6-Tri-O-acetyl-1,2-dideoxy-2�-butyl-�-D-glucopyranoso-[2,1-d]-
�2�-thiazoline (8d)—1H NMR (500 MHz, CDCl3) �: 6.21 (1H, d, JH1,H2 �
7.2 Hz, H-1), 5.57 (1H, dd, JH3,H4 � 3.3 Hz, H-3), 4.94 (1H, d, JH4,H5 �
9.4 Hz, H-4), 4.48–4.44 (1H, m, H-2), 4.12–4.07 (2H, m, H-6/H-6�), 3.53
(1H, ddd, JH5,H6 � 3.0 Hz, H-5), 2.60–2.57 (2H, m, H-7), 2.12 (3H, s,
OAc), 2.07 (6H, s, OAc), 1.67–1.63 (2H, m, H-8), 1.40 (2H, ddd, JH9,H8 �
7.3 Hz, H-9), 0.92 (3H, t, JH10,H9 � 7.4 Hz, H-10) ppm.

3,4,6-Tri-O-acetyl-1,2-dideoxy-2�-pentyl-�-D-glucopyranoso-[2,1-d]-
�2�-thiazoline (8e)—1H NMR (500 MHz, CDCl3) �: 6.24 (1H, d, JH1,H2 �
7.2 Hz, H-1), 5.60 (1H, s, H-3), 4.96 (1H, d, JH4,H5 � 9.4 Hz, H-4),
4.52–4.49 (1H, m, H-2), 4.14–4.10 (2H, m, JH6,H6� � 12.2 Hz H-6/H-6�),
3.56 (1H, ddd, JH5,H6 � 3.1 Hz, JH5,H6� � 5.6 Hz, H-5), 2.65–2.60 (2H, m,
H-7), 2.14 (3H, s, OAc), 2.09 (3H, s, OAc), 2.08 (3H, s, OAc), 1.71–1.68
(2H, m, H-8), 1.38–1.33 (4H, m, H-9/H-10), 0.91 (3H, t, JH11,H10 � 6.9
Hz, H-11) ppm.

3,4,6-Tri-O-acetyl-1,2-dideoxy-2�-isopropyl-�-D-glucopyranoso-[2,1-
d]-�2�-thiazoline (8f)—1H NMR (500 MHz, CDCl3) �: 6.27 (1H, d, JH1,H2 �
7.2 Hz, H-1), 5.60 (1H, m, H-3), 4.97 (1H, d, JH4,H5 � 9.3 Hz, H-4),
4.55–4.49 (1H, m, H-2), 4.18–4.11 (2H, m, H-6/H-6�), 3.60 (1H, ddd,
JH5,H6 � 3.1 Hz, H-5), 2.55 (2H, s, H-7), 2.15 (3H, s, OAc), 2.09 (3H, s,
OAc), 2.08 (3H, s, OAc), 1.07 (6H, t, JH8,H7 � 6.6 Hz, H-8) ppm.

3,4,6-Tri-O-acetyl-1,2-dideoxy-2�-isobutyl-�-D-glucopyranoso-[2,1-d]-
�2�-thiazoline (8g)—1H NMR (500 MHz, CDCl3) �: 6.26 (1H, d, JH1,H2 �
7.2 Hz, H-1), 5.60 (1H, dd, JH3,H4 � 3.3 Hz, H-3), 4.97 (1H, d, JH4,H5 �
9.3 Hz, H-4), 4.56–4.50 (1H, m, H-2), 4.16–4.10 (2H, m, H-6/H-6�),
3.62–3.58 (1H, m, JH5,H6 � 3.1 Hz, H-5), 2.57–2.52 (2H, m, H-7), 2.15
(3H, s, OAc), 2.09 (3H, s, OAc), 2.08 (3H, s, OAc), 2.08–2.05 (2H, m,
H-8), 1.02 (6H, t, JH9,H8 � 6.6 Hz, H-9) ppm.

General Procedure for the Synthesis of 1,2-Dideoxy-2�-alkyl-�-D-gluco-
pyranoso-[2,1-d]-�2�-thiazolines (NAG-thiazoline Analogues)—A spatula
tip of anhydrous sodium methoxide was added to a solution of the appro-
priate protected thiazoline (8a–g) in dry methanol. The basic solution was
stirred until the reaction was judged complete by TLC analysis (typically
2 h). A solution of glacial acetic acid in methanol (1:20) was added drop-
wise to the reaction mixture until the pH of the solution was found to be
neutral. The solvent was then removed in vacuo, and the desired mate-
rials (9a–g) were isolated by flash column silica chromatography using a
solvent system of ethyl acetate and methanol in ratios ranging from 2:1 to
6:1 as appropriate. Products were isolated in yields ranging from 86 to
99%. 1,2-Dideoxy-2�-ethyl-�-D-glucopyranoso-[2,1-d]-�2�-thiazoline (9a)
was prepared previously using similar reaction conditions as described
above (30). All spectral characterization agreed with the literature values
as did the elemental analysis of the sample used in these assays.

C8 H13 O4 NS

Calculated: C 43.82 H 5.98 N 6.39
Found: C 43.45 H 6.23 N 6.18

1,2-Dideoxy-2�-ethyl-�-D-glucopyranoso-[2,1-d]-�2�-thiazoline (9b)—
1H NMR (500 MHz, CD3OD) �: 6.31 (1H, d, JH1,H2 � 7.0 Hz, H-1),
4.29–4.26 (1H, m, JH2,H3 � 4.32 Hz, H-2), 4.09 (1H, dd, JH3,H4 � 4.32 Hz,
H-3), 3.70 (1H, dd, JH6,H6� � 12.07 Hz, H-6), 3.57 (1H, dd, H-6�) 3.52 (1H,
dd, JH4,H5 � 9.10 Hz, H-4), 3.32–3.29 (1H, m, JH5,H6 � 6.29 Hz, JH5,H6� �
2.21 Hz, H-5), 2.52 (2H, dd, JH7,H8 � 7.59 Hz, H-7), 1.18 (3H, t, H-8) ppm.
13C NMR (125 MHz, CD3OD) �: 175.1, 89.4, 80.2, 75.7, 74.5, 71.4, 62.5,
28.9, 11.1 ppm;

C9 H15 O4 NS

Calculated: C 46.34 H 6.48 N 6.00
Found: C 45.95 H 6.33 N 5.93

1,2-Dideoxy-2�-propyl-�-D-glucopyranoso-[2,1-d]-�2�-thiazoline (9c)—
1H NMR (500 MHz, CD3OD) �: 6.32 (1H, d, JH1,H2 � 7.0 Hz, H-1), 4.28
(1H, m, JH2,H3 � 4.4 Hz, H-2), 4.09 (1H, dd, JH3,H4 � 4.4 Hz, H-3), 3.72
(1H, dd, JH6,H6� � 12.0 Hz, H-6), 3.59 (1H, dd, H-6�), 3.53 (1H, dd, JH4,H5

� 9.1 Hz, H-4), 3.33 (1H, m, JH5,H6 � 6.3 Hz, JH5,H6� � 2.5 Hz, H-5),
2.51–2.48 (1H, m, JH7,H8 � 7.3 Hz, JH7,H7� � 14.9 Hz, H-7), 2.49–2.47 (1H,
m, H-7�), 1.68–1.65 (2H, m, JH8,H9 � 7.4 Hz, H-8) 0.98 (3H, dd, H-9);

C10 H17 O4 NS

Calculated: C 48.57 H 6.93 N 5.66
Found: C 48.32 H 6.77 N 5.45

1,2-Dideoxy-2�-butyl-�-D-glucopyranoso-[2,1-d]-�2�-thiazoline (9d)—
1H NMR (500 MHz, CD3OD) �: 6.31 (1H, d, JH1,H2 � 7.0 Hz, H-1),
4.30–4.28 (1H, m, JH2,H3 � 4.4 Hz, H-2), 4.09 (1H, dd, JH3,H4 � 4.4 Hz,
H-3), 3.71 (1H, dd, JH6,H6� � 12.0 Hz, H-6), 3.59 (1H, dd, H-6�), 3.53 (1H,
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dd, JH4,H5 � 9.1 Hz, H-4), 3.35–3.30 (1H, m, JH5,H6 � 6.3 Hz, JH5,H6� � 2.5
Hz, H-5), 2.58–2.53 (1H, m, JH7, H8 � 7.8 Hz, JH7,H7� � 14.8 Hz, H-7)
2.53–2.50 (1H, m, JH7�,H8 � 7.6 Hz, H-7�) 1.60 (2H, ddd, JH8,H9 � 14.9 Hz,
H-8) 1.37 (2H, ddd, JH9,H10 � 7.4, H-9) 0.92 (3H, t, H-10) ppm. 13C NMR
(125 MHz, CD3OD) �: 175.5, 89.4, 79.1, 75.2, 74.2, 71.5, 62.7, 36.9, 20.4,
15.2 ppm;

C11 H19 O4 NS

Calculated: C 50.55 H 7.33 N 5.36
Found: C 50.68 H 7.12 N 5.13

1,2-Dideoxy-2�-pentyl-�-D-glucopyranoso-[2,1-d]-�2�-thiazoline (9e)—
1H NMR (500 MHz, CD3OD) �: 6.20 (1H, d, JH1,H2 � 6.9 Hz, H-1),
4.29–4.27 (1H, m, JH2,H3 � 6.0 Hz, H-2), 4.09 (1H, dd, JH3,H4 � 4.4 Hz,
H-3), 3.72 (1H, dd, JH6,H6� � 12.0 Hz, H-6), 3.59 (1H, dd, H-6�), 3.53 (1H,
dd, JH4,H5 � 9.1 Hz, H-4), 3.35–3.31 (1H, m, JH5,H6 � 6.3, JH5,H6� � 2.4 Hz,
H-5), 2.52 (2H, ddd, JH7,H8 � 6.2 Hz, H-7), 1.37–1.32 (2H, m, H-8),
1.35–1.30 (2H, m, H-9), 1.66–1.63 (2H, m, JH10,H11 � 7.1 Hz, H-10), 0.90
(3H, t, H-11) ppm. 13C NMR (125 MHz, CD3OD) �: 174.8, 89.3, 79.2, 75.5,
73.4, 71.5, 62.2, 35.4, 30.3, 28.8, 22.1, 13.1 ppm;

C12 H21 O4 NS

Calculated: C 52.34 H 7.69 N 5.09
Found: C 52.48 H 7.67 N 4.40

1,2-Dideoxy-2�-isopropyl-�-D-glucopyranoso-[2,1-d]-�2�-thiazoline
(9f)—1H NMR (500 MHz, CD3OD) �: 6.31 (1H, d, JH1,H2 � 7.0 Hz, H-1),
4.29 (1H, m, JH2,H3 � 4.4 Hz, H-2), 4.11 (1H, dd, JH3,H4 � 4.4 Hz, H-3),
3.60 (1H, dd, JH6,H6� � 12.0 Hz, H-6), 3.72 (1H, dd, H-6�), 3.55 (1H, dd,
JH4,H5 � 9.1 Hz, H-4), 3.35–3.32 (1H, m, JH5,H6 � 6.4 Hz, JH5,H6� � 2.4
Hz, H-5), 2.87–2.83 (2H, m, JH7,H8 � 6.9 Hz, H-7), 1.24 (3H, d, H-8), 1.21
(3H, d, H-8�) ppm. 13C NMR (125 MHz, CD3OD) �: 175.2, 89.5, 79.7,
75.6, 72.3, 70.8, 62.3, 35.1, 30.3, 22.5, 13.8 ppm;

C10 H17 O4 NS

Calculated: C 48.57 H 6.93 N 5.66
Found: C 48.40 H 6.70 N 5.33

1,2-Dideoxy-2�-isobutyl-�-D-glucopyranoso-[2,1-d]-�2�-thiazoline (9g)—
1H NMR (500 MHz, CD3OD) �: 6.38 (1H, d, JH1,H2 � 7.1 Hz, H-1),
4.28–4.24 (1H, m, JH2,H3 � 6.0 Hz, H-2), 4.06 (1H, dd, JH3,H4 � 6.0 Hz,
H-3), 3.71 (1H, dd, JH6,H6� � 12.0 Hz, H-6), 3.58 (1H, dd, H-6�), 3.58 (1H,
dd, JH4,H5 � 9.2 Hz, H-4), 3.35–3.30 (1H, m, JH5,H6 � 6.3 Hz, JH5,H6� � 2.4
Hz, H-5), 2.46–2.40 (1H, m, JH7,H8 � 7.3 Hz, JH7,H7� � 14.1 Hz, H-7)
2.37–2.33 (1H, m, JH7�,H8 � 7.3 Hz, H-7�) 2.00 (2H, ddd, JH8,H9 � 6.7 Hz,
H-8) 0.97 (3H, d, H-9) 0.96 (3H, d, H-9�) ppm;

C11 H19 O4 NS

Calculated: C 50.55 H 7.33 N 5.36
Found: C 50.68 H 7.12 N 5.13

Cell Culture and Inhibition—COS-7 cells were cultured in Dulbecco’s
modified Eagle’s medium (Invitrogen) supplemented with 5–10% fetal
bovine serum (Invitrogen). Aliquots of inhibitors (50 �l of a stock in 95%
ethanol) were delivered onto tissue culture plates, and the ethanol was
evaporated. The cells were incubated at 37 °C for 40 h at which time
they reached �80% confluence. The time-dependent accumulation of
O-GlcNAc-modified proteins in response to treatment with 50 �M of
compound 9c cells was studied as follows. COS-7 cells were cultured to
25% confluence in 5% fetal bovine serum, and an aliquot (100 �l) of
inhibitor dissolved in media and filter-sterilized was added to each
plate to yield a final concentration of 50 �M of inhibitor. COS-7 cells (2 �
10-cm plates) were harvested at the appropriate times by scraping and
were pooled by centrifugation (200 � g, 10 min). Cells were washed once
with PBS, pH 7.0 (10 ml), and pelleted (200 � g, 10 min). The cells could
be frozen at �80 °C at this point. Control cultures without inhibitor
were treated in the same manner.

Western Blot Analyses—COS-7 cells were cultured in the presence
of inhibitors 9a, 9c, or 9g as described above to �90% of confluence.
A culture of control cells was treated in the same manner as follows,
but the cultures contained no inhibitor. Cells were harvested as
described above. Frozen cells were thawed at 4 °C, and cold lysis
buffer (1 ml of 50 mM Tris, pH 8.0, containing 150 mM NaCl, 1 mM

EDTA, 1 mM phenylmethylsulfonyl fluoride, 1% Nonidet P-40, 0.5%
sodium deoxycholate, and 1 mM of inhibitor 9f) was added. After 10
min at 4 °C, the solution was centrifuged at 14,000 rpm in an Eppen-

dorf 5415C microcentrifuge, and the supernatant was collected. SDS-
PAGE loading buffer was added to an aliquot (15 �l) of each sample,
and after heating at 96 °C aliquots were loaded onto 10 or 12%
Tris�HCl polyacrylamide gels. After electrophoresis, the samples were
electroblotted to nitrocellulose membrane (0.45 �m, Bio-Rad). Trans-
fer was verified by visual inspection of the transfer of prestained
markers (Dual Color Precision Plus Protein Standard, Bio-Rad). The
membrane was blocked by using 5% BSA (fraction V, Sigma) in PBS
(blocking buffer A for samples probed with mouse anti-O-GlcNAc
monoclonal IgM antibody (mAb CTD 110.6, Covance)) or 5% low-fat
dry powdered milk (blocking buffer B for samples probed with anti-
�-actin), pH 7.4, containing 0.1% Tween 20 for 1 h at room temper-
ature or overnight at 4 °C. The blocking solution was decanted, and a
solution of blocking buffer A containing mAb CTD 110.6 (1:2500 of the
stock) or blocking buffer B containing mouse monoclonal anti-�-actin
IgG (clone AC-40, Sigma) was added (1:1000 dilution) as appropriate.
The membrane was incubated at room temperature for 1 h or over-
night at 4 °C after which the blocking buffer was decanted, and the
membrane was rinsed with PBS, pH 7.4, containing 0.1% Tween 20
(wash buffer). Membranes were then rinsed two times for 5 min and
three times for 15 min with wash buffer. For immunological detection
of O-GlcNAc, the membrane was incubated in blocking buffer A for
1 h at room temperature, and after washing, the membrane was
incubated with a secondary goat anti-mouse-IgM-HRP conjugate (1:
2500, Santa Cruz Biotechnology) for 1 h at room temperature or 4 °C
overnight in blocking solution. For detection of �-actin levels, the
membrane was incubated with a secondary goat anti-mouse IgG-HRP
conjugate (1:100,000, Sigma) for 1 h at room temperature or 4 °C
overnight in blocking solution B. Membranes were washed, and de-
tection of membrane-bound goat anti-mouse IgG-HRP conjugate was
accomplished by chemiluminescent detection using the SuperSignal
West Pico chemiluminescent detection kit (Pierce) and film (Kodak
Biomax MR).

RESULTS AND DISCUSSION

Comparative Analysis of the Catalytic Mechanisms of O-
GlcNAcase and �-Hexosaminidase—Three realistic mechanis-
tic alternatives exist for O-GlcNAcase and family 84 glycoside
hydrolases. The first alternative is an inverting mechanism
(Fig. 1A) such as that found for goose lysozyme (53) from family
23 of glycoside hydrolases. This catalytic mechanism generally
involves the nucleophilic attack of water at the anomeric center
concomitant with the acid-catalyzed departure of the leaving
group. The second mechanistic possibility is the canonical two-
step double displacement mechanism that results in retention
of configuration at the anomeric center (Fig. 1B). This mecha-
nism is used by most retaining �-glycosidases and involves, in
the first step, attack of an enzymatic nucleophile at the ano-
meric center with the resulting formation of a transient cova-
lent glycosyl enzyme intermediate (54). Departure of the agly-
con leaving group is facilitated by an enzymatic residue acting
as a catalytic general acid. In the second step this same residue
acts as a catalytic general base to facilitate the attack of a
water molecule at the anomeric center, cleaving the interme-
diate to liberate the hemiacetal product with retained stereo-
chemistry. �-N-Acetylglucosaminidases from family 3 of glyco-
side hydrolases have been shown to use this mechanism (55) as
have the C-type lysozymes from family 22 (56). The third mech-
anistic alternative involves the nucleophilic participation of the
2-acetamido group of the substrate in place of an enzymatic
catalytic nucleophile (Fig. 1C). This last mechanistic option is
exploited by �-hexosaminidases from family 20 of glycoside
hydrolases (30, 57, 58). These three mechanisms differ in sev-
eral aspects. The inverting mechanism is a one-step reaction
that results in the formation of a product with inverted stere-
ochemistry at the anomeric center. The other two alternatives
are retaining in stereochemistry at the anomeric center and
differ from each other primarily in the nature of the interme-
diate; in the second mechanism this species is a covalent en-
zyme adduct, whereas in the third case it is believed to be a
bicyclic oxazoline or oxazolinium ion.

A key difference between these mechanistic alternatives is

Catalytic Mechanism and Selective Inhibition of O-GlcNAcase 25317

 at U
niversity of A

lberta L
ibraries on O

ctober 20, 2017
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


the involvement of the 2-acetamido group of the substrate. This
moiety may actively participate in catalysis as a nucleophile, as
for the lysosomal �-hexosaminidases, or it may act as a by-
stander. To address the role of the 2-acetamido group of the
substrate, we synthesized several substrate analogues bearing
differing levels of fluorine substitution on the N-acetyl group
(Scheme 1). The highly electronegative fluorine substituents
decrease the basicity of the carbonyl group, and the expected
effect of such substitutions on an enzymatic reaction using
anchimeric assistance would be to decrease its rate. These
compounds were first tested with the lysosomal human �-hex-
osaminidase because this enzyme is known to proceed via
a mechanism involving anchimeric assistance (Fig. 1C). Al-
though Michaelian saturation kinetics were not observed for all
substrates (Table I), Vmax/[E]0KM, which is proportional to the
second order rate constant governing the enzyme-catalyzed
reaction, could be determined from the initial slope of the
Michaelis-Menten plot (Fig. 2A, inset). A plot of log Vmax/
[E]0KM against the Taft electronic parameter (�*) of the N-acyl
substituent shows a negative linear correlation on increasing
fluorine substitution (Fig. 2C). As expected, decreasing the
basicity of the carbonyl oxygen has a deleterious effect on
catalysis. The steep negative slope of the Taft-like linear free
energy analysis (given by the reaction constant, � � �1.0 	 0.1)
suggests that the carbonyl oxygen acts as a nucleophile, attack-
ing the anomeric center. The data are consistent with a mech-
anism involving electrophilic migration of the anomeric center
and consequent oxocarbenium-ion like transition states that
have been generally proposed for enzyme-catalyzed glycoside
hydrolysis (54, 56). For O-GlcNAcase, Michaelian saturation
kinetics were observed for all four substrates; therefore, both
kinetic parameters were determined (Table I and Fig. 2B). For
O-GlcNAcase, the value of Vmax/[E]0KM is also dependent on
the extent of fluorine substitution, but the slope is more shal-
low (� � �0.42 	 0.08, Fig. 2C). On the basis of these results,

it appears that O-GlcNAcase, in common with lysosomal �-hex-
osaminidase, uses a catalytic mechanism involving anchimeric
assistance.

The reaction constant (�), which is the slope of the correlations
in the Taft-like analyses, is an indication of the sensitivity of the
reaction to different substituents. This constant can be consid-
ered a function of both an electronic component (�*, which is
governed by sensitivity of the reaction to the electronic parame-
ter of the substituents, �*) and a steric component (�, which is
governed by sensitivity of the reaction to the steric Taft param-
eters of the substituent, Es) according to Equation 1,

� � �* � � (Eq. 1)

The difference between the slopes measured for lysosomal
�-hexosaminidase and O-GlcNAcase may thus reflect the posi-
tion of the transition state along the reaction coordinate or
may indicate that the lysosomal �-hexosaminidase has a more
sterically constrained active site architecture than does O-
GlcNAcase. Indeed, a common misconception is that fluorine

SCHEME 1. (i) a, acetone, 4-MU, Na4-MU; b, K2CO3, Et2O; c, HCl;
(ii) a, Dowex 50-H�, NaOOCCH2F; b, DMF, Et3N, Py, DCC, 4 °C;
(iii) DMF, Et3N, Py, DCC, F2HCCOOH, 4 °C; (iv) DMF, Et3N, Py,
DCC, (F3CCO)2O, 4 °C; (v) a, NaOMe, MeOH; b, Dowex 50-H�.

FIG. 1. Three possible catalytic
mechanisms for O-GlcNAcase. A, the
single step inverting mechanism; B, the
double displacement retaining mecha-
nism involving formation and breakdown
of a covalent glycosyl enzyme intermedi-
ate; C, the double displacement retaining
mechanism involving formation and
breakdown of a bicyclic oxazoline inter-
mediate. ENZ, enzyme.
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(147 pm van der Waals radius and 138 pm C–F bond length) is
often considered to have a negligible difference in size as com-
pared with hydrogen (120 pm van der Waals radius and 109 pm
C–H bond length). Therefore, it is possible that unfavorable
steric interactions between the substrate and the active site of
human �-hexosaminidase may play an additional role, beyond

electronics, in discriminating between the varying levels of
fluorine substitution. Indeed, the recent crystal structures of
human hexosaminidase B revealed a carefully structured
pocket that tightly nestles the acetamido group between three
tryptophan residues (50, 59). For O-GlcNAcase, no three-di-
mensional structure is available. The relatively constant KM

values measured for all of the substrate analogues (Table I)
suggest, however, that steric effects are not a major contributor
and that the electronic effect of the N-acyl-fluorine substitu-
ents predominate. An earlier study of an isolated enzyme of
unknown family using two para-nitrophenyl 2-acetamido-2-
deoxy-�-D-glucopyranoside (pNP-GlcNAc) analogues, with ei-
ther two or three fluorine substituents in the acetamido group,
yielded a � of �1.41 	 0.1 when log Vmax/KM was plotted
against �* (60). This value is even greater than that found for
the lysosomal �-hexosaminidase in this study (� � �1.0 	 0.1),
suggesting that the enzyme Jones and Kosman (60) studied
from Aspergillus niger is more likely a member of family 20 of
glycoside hydrolases than of family 84.

Inhibition of O-GlcNAcase and �-Hexosaminidase with NAG-
thiazoline—As a further test of whether O-GlcNAcase uses a
catalytic mechanism involving anchimeric assistance, we
tested the inhibitor NAG-thiazoline (9a) with this enzyme.
NAG-thiazoline, designed as a mimic of the bicyclic oxazoline
intermediate, has been demonstrated previously to function as
an inhibitor of family 20 hexosaminidases (30, 57). Using pNP-
GlcNAc (5) as a substrate, we found NAG-thiazoline to be a
potent inhibitor of family 84 human O-GlcNAcase, and a clear
pattern of competitive inhibition was observed (Fig. 3). Nonlin-
ear regression revealed a KI value of 180 nM at pH 7.4, and
analysis using 4-methylumbelliferyl 2-acetamido-2-deoxy-�-D-
glucopyranoside (MU-GlcNAc) revealed a KI value of 70 nM at
pH 6.5 (Table II). NAG-thiazoline is therefore a potent inhibitor
of O-GlcNAcase, binding �21,000-fold more tightly than the
parent saccharide, GlcNAc (KI � 1.5 mM), at pH 6.5. This
potent inhibition may be attributed to the resemblance of NAG-
thiazoline to a putative oxazoline intermediate or a structur-
ally related transition state. Indeed, the observed inhibition
data are similar to those measured by us for the family 20
human lysosomal �-hexosaminidase (KI � 70 nM, 17,000-fold
more tightly than GlcNAc for which the KI value is 1.2 mM)
and strongly support the Taft-like analysis indicating that O-
GlcNAcase, in common with the family 20 �-hexosaminidases,
uses a catalytic mechanism involving anchimeric assistance.
Glycoside hydrolases from families 18 (61) and 56 (62), which
are endoglycosidases acting to cleave oligosaccharide chains,
have also been shown to use a mechanism involving anchimeric
assistance (63). Thus families 18, 20, 56 and 84 are all com-
prised of retaining glycosidases that use a catalytic mechanism

TABLE I
Michaelis-Menten parameters for the �-hexosaminidase and O-GlcNAcase-catalyzed hydrolysis of a series of 4-methylumbelliferone

2-N-acetyl-2-deoxy-�-D-glucopyranosides

Substrate �*a Enzyme KM Vmax/
E�0 Vmax/
E�0KM

mM �mol min�1 mg�1 �mol mM
�1 min�1

mg�1

MuGlcNAc (5) 0.0 Hexosaminidase 0.88 	 0.05 8.3 	 0.2 9.5 	 0.8
O-GlcNAcase 0.43 	 0.04 0.74 	 0.02 1.7 	 0.2

MuGlcNAc-F1 (5a) 0.8 Hexosaminidase 3.8 	 0.4b 3.3 	 0.2b 0.40 	 0.07c

O-GlcNAcase 0.49 	 0.06 0.60 	 0.03 1.2 	 0.2

MuGlcNAc-F2 (5b) 2.0 Hexosaminidase NDd NDd 0.069 	 0.001c

O-GlcNAcase 0.45 	 0.05 0.16 	 0.01 0.36 	 0.06

MuGlcNAc-F3 (5c) 2.8 Hexosaminidase NDd NDd 0.0077 	 0.0010c

O-GlcNAcase 0.38 	 0.03 0.033 	 0.001 0.0077 	 0.0008
a The Taft electronic parameters (�*) used for each N-acyl substituent were obtained from Hansch and Leo (66).
b Values were estimated by nonlinear regression of the Michaelis-Menten data. Note that substrate concentrations assayed matched but did not

exceed KM due to limited substrate solubility.
c Values were determined by linear regression of the second order region of the Michaelis-Menten plot.
d These values could not be determined as saturation kinetics were not observed because of limitations in substrate solubility.

FIG. 2. Activity of O-GlcNAcase and �-hexosaminidase with
N-fluoroacetyl derivatives of MU-GlcNAc. A, initial velocities of the
human �-hexosaminidase-catalyzed hydrolysis of N-fluoroacetyl deriv-
atives of MU-GlcNAc; �, MU-GlcNAc (5); �, MU-GlcNAc-F (5a); f,
MU-GlcNAc-F2 (5b); ●, MU-GlcNAcF 3 (5c). Inset, detail of the region of
the plot at the intersection of the axes. B, initial velocities of the human
O-GlcNAcase-catalyzed hydrolysis of N-fluoroacetyl derivatives of MU-
GlcNAc; �, MU-GlcNAc (5); �, MU-GlcNAc-F (5a); f, MU-GlcNAc-F2
(5b); ●, MU-GlcNAcF 3 (5c). Inset, detail of the region of the plot at the
intersection of the axes. C, linear free energy analysis plotting the Taft
parameter (�*) of the N-fluoroacetyl substituent of MU-GlcNAc sub-
strate analogues against the log Vmax/[E]0KM values measured for each
substrate as shown in A and B with O-GlcNAcase (●) and �-hex-
osaminidase (�).
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involving anchimeric assistance from the acetamido group of
the substrate. This is in marked contrast to retaining �-glyco-
sidases from families 3 and 22 that also act on substrates
bearing an acetamido group at the 2-position of their respec-
tive substrates (55, 56) as well as the family 23 inverting
endoglycosidases (53).

Design, Synthesis, and Testing of Selective O-GlcNAcase In-
hibitors—With the mechanism of human O-GlcNAcase, and by
extension other members of family 84 of glycoside hydrolases,
established, we turned our attention to using this information
in the design of inhibitors that would be selective for this
enzyme over the human lysosomal hexosaminidases. Because
both �-hexosaminidase and O-GlcNAcase use a mechanism
involving anchimeric assistance, we chose NAG-thiazoline as a
scaffold that could be elaborated to generate the required se-
lectivity. Three observations provided a starting point in the
design of the inhibitor. The first is that the slope of the Taft-like
analysis for the lysosomal enzyme is much steeper than that
measured for O-GlcNAcase, thereby suggesting that the bulk of
the N-acyl group may be a determinant in substrate recogni-
tion (see above). The second, and related, consideration is that
the structure of the human lysosomal �-hexosaminidase B
reveals a snug pocket into which the methyl group of the
acetamido substituent is poised (50). The third is that STZ,
which bears a bulky N-acyl substituent, shows some selectivity
for O-GlcNAcase over �-hexosaminidase (46).

We therefore prepared a series of seven inhibitors in which
the thiazoline ring was elaborated with aliphatic chains of
increasing length in the expectation that these compounds
would allow the discriminative inhibition of O-GlcNAcase over
lysosomal hexosaminidase. The synthesis of this panel of in-
hibitors is outlined in Scheme 2. This facile synthetic route
enables the production of quantities of inhibitor from commer-
cially available starting materials in three steps or from the
inexpensive starting material 2-amino-2-deoxyglucopyranose
in six steps. Analysis of the inhibition of human �-hexosamini-
dase reveals that increasing the chain length resulted in a
marked decrease in the potency of these inhibitors (Fig. 4 and
Table II). The inclusion of even one methylene unit (compound
9b) resulted in a 460-fold increase in the value of KI for �-hex-
osaminidase as compared with the parent compound NAG-

thiazoline (9a). Further increases in the chain length lead to
still greater increases in KI values. For O-GlcNAcase, however,
the situation is markedly different (Fig. 4 and Table II). In-
creases in chain length are much better tolerated, and the
inclusion of two methylene units yields a compound (9c) for
which the KI value (KI � 230 nM) is only 3-fold greater than
that measured for the parent compound (9a) NAG-thiazoline
(KI � 70 nM). Branching of the aliphatic chain also does not
abrogate binding because both compounds 9f and 9g are good
inhibitors of O-GlcNAcase. From analysis of the data, it can
be seen that compounds 9b, 9c, and 9f are potent inhibitors
of O-GlcNAcase and show a remarkable selectivity for
O-GlcNAcase over lysosomal hexosaminidase. Indeed, the
selectivity ratio for O-GlcNAcase over �-hexosaminidase is
3100-fold for compound 9d, 1500-fold for compound 9c, and
700-fold for compound 9f (Fig. 4 and Table II).

We also tested existing inhibitors of O-GlcNAcase for their
inhibitory properties and selectivities. We determined the KI

values for STZ (Table II) with both O-GlcNAcase (KI � 1.5 mM)
and �-hexosaminidase (KI � 47 mM), and we found the value
measured for O-GlcNAcase to be consistent with previous de-
terminations of the IC50 values that were in the range of 1 to
2.5 mM (42, 46). The selectivity of STZ for O-GlcNAcase over
�-hexosaminidase is surprisingly modest (31-fold) given the
bulk of the N-acyl group of this compound. Perhaps the thiaz-
oline compounds demonstrate greater selectivity than STZ by
virtue of the fact that they may emulate a transition state or
tightly bound intermediate. We also investigated the possible
STZ-induced irreversible inactivation of O-GlcNAcase and
�-hexosaminidase. Irreversible inhibitors result in the time-de-
pendent loss of enzyme activity as the inactivator modifies the
protein. To first check the stability of STZ in aqueous solution
and the purity of the commercially available material, we mon-
itored, by NMR, the time-dependent decomposition of STZ
freshly dissolved in deuterated water. STZ decomposed over
time with a half-life clearly greater than 6 h. In our hands,
freshly dissolved STZ did not act as a time-dependent inacti-
vator of O-GlcNAcase nor of �-hexosaminidase over a period of
6 h (see the Supplemental Material).3 The selectivity of PUG-
NAc was also investigated. We measured the KI value for
PUGNAc (KI � 46 nM) with O-GlcNAcase, and we found it in
close agreement with the value determined previously (KI � 52
nM) (21). This compound, however, shows no selectivity for
O-GlcNAcase as compared with �-hexosaminidase (KI � 36
nM). It is interesting to speculate that an N-acyl group bulkier
than an acetyl group would yield selective PUGNAc-based in-
hibitors. Regardless, the remarkably high selectivities of the
thiazoline-containing compounds described herein should
greatly facilitate finding the appropriate dose to obtain entirely
selective inhibition of O-GlcNAcase at the organismal level.

These data also support the view, see above, that the steric
bulk of the N-acyl group of the fluorine-substituted substrates
does not contribute greatly to the slope of the Taft-like analysis
(� � �0.42) measured with O-GlcNAcase. The slope (� � �1.0)
measured with lysosomal �-hexosaminidase, however, appears
likely to be a composite of both electronic and steric effects
according to Equation 1. The sensitivity of the reaction to the
electronic effect of the fluorine substituents (�*) may therefore
be the same for both enzymes, but the significant sensitivity of
the lysosomal �-hexosaminidase catalyzed reaction to the
steric effect of the substrates (�) results in an apparently

3 In our work, both O-GlcNAcase and �-hexosaminidase incubated
with STZ showed no significant time-dependent loss of enzymatic ac-
tivity when compared with a control containing no STZ (see Supple-
mental Material). Thus STZ does not appear to act as an irreversible
inhibitor of O-GlcNAcase nor �-hexosaminidase.

FIG. 3. Inhibition of human O-GlcNAcase-catalyzed hydrolysis
of pNP-GlcNAc (5) by NAG-thiazoline (9a) shows a pattern of
competitive inhibition. The concentrations of 9a (�M) used were 3.04
(�), 0.900 (ƒ), 0.300 (●), 0.100 (‚), 0.033 (f), and 0.00 (E). Inset,
graphical analysis of KI from plotting KM apparent against NAG-thia-
zoline (9a) concentration.
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steeper slope for �-hexosaminidase than that measured for
O-GlcNAcase. Together, the Taft-like linear free energy anal-
yses and the selective inhibition data suggest that the active
site of O-GlcNAcase has considerably more space in the region
surrounding the 2-acetamido group of the substrate than does
lysosomal �-hexosaminidase. Clarification of the precise molec-
ular differences in the active site architectures of these two
enzymes awaits structural elucidation of O-GlcNAcase.

Evaluation of Selective Inhibitors in Cell Culture—Having
demonstrated the selectivity of these compounds in vitro, we
now turned to evaluating their use in living cells. COS-7 cells
incubated in plates with 50 �M of inhibitor 9a, 9c, or 9g re-
vealed no abnormalities in proliferation rate or morphology as
compared with control cells (data not shown). Cellular O-
GlcNAc levels within cells cultured for 40 h in the presence of
inhibitors 9a, 9c, or 9g, or in their absence were carried out using
the O-GlcNAc directed monoclonal antibody (64) mAb CTD

110.6. Marked increases in cellular O-GlcNAc levels within the
cells were observed as compared with the control (Fig. 5A), indi-
cating that these compounds readily gain access to the interior of
the cell where they act to block O-GlcNAcase function. We also
probed the speed with which the thiazoline inhibitor (9c) acts to
block O-GlcNAcase action within COS-7 cells. By monitoring the
level of O-GlcNAc-modified proteins using Western blot analysis,
we found a clear time-dependent increase in levels of O-GlcNAcy-
lated proteins. Even after 1 h of exposure to inhibitor (9c), in-
creases in O-GlcNAc levels were observed. The inhibitor appears
to quickly enter into the cells where it immediately blocks O-
GlcNAcase activity, resulting in a time-dependent accumulation
of O-GlcNAc-modified proteins (Fig. 6). After an initial rapid rise,
the level of O-GlcNAcylated proteins in cells treated with inhib-
itor (9c) appears to approach symptotically a steady state within
the cell (Fig. 6). This behavior is consistent with the similar
time-dependent increase previously observed for HT29 cells in-
cubated with PUGNAc (49). Western blot analysis of blots probed
with anti-�-actin (Fig. 5B), followed by the appropriate secondary
HRP-conjugate, revealed that in all cases the sample loading was
equivalent. Also worth noting is that the parent compound NAG-
thiazoline (9a) has been demonstrated previously to enter into
cells where it exerts an effect on lysosomal �-hexosaminidase
(65).

Conclusions—In summary, we show that human O-
GlcNAcase and, by extension, members of family 84 of glyco-
side hydrolases are retaining glycosidases and use a mecha-
nism involving substrate-assisted catalysis from the 2-acet-
amido group of the substrate. In this regard, the functionally

FIG. 5. Incubation of COS-7 cells with thiazoline inhibitors
causes an increase in cellular levels of O-GlcNAc-modified pro-
teins. Western blot analysis of proteins from COS-7 cells cultured for
40 h in the presence or absence of 50 �M of different thiazoline inhibi-
tors. Lane 1, thiazoline 9a; lane 2, thiazoline 9c; lane 3, thiazoline 9g;
lane 4, no inhibitor. A, Western blot analysis of cellular O-GlcNAc levels
using anti-O-GlcNAc mAb CTD 110.6 followed by an anti-mouse IgG-
HRP conjugate. B, Western blot of samples loaded in A treated with
anti-�-actin mAb clone AC-40 followed by an anti-mouse IgG-HRP
conjugate reveals equivalent �-actin levels in each sample.

TABLE II
Inhibition constants and selectivity of inhibitors for both O-GlcNAcase and �-hexosaminidase

Compound O-GlcNAcase KI �-Hexosaminidase KI Selectivity ratio (�-Hexosaminidase KI/O-GlcNAcase KI)

�M �M

GlcNAc 1500 1200 0.8
STZ 1500a 47,000a 31
PUGNAc 0.046 0.036 0.8
9a 0.070 0.070 1
9b 0.12 32 270
9c 0.23 340 1500
9d 1.5 4600 3100
9e 57 11,000 100
9f 1.6 720 700
9g 5.7 4000 190

a In our work, both O-GlcNAcase and �-hexosaminidase incubated with STZ showed no significant time-dependent loss of enzymatic activity
when compared with a control containing no STZ (see Supplemental Material). Thus STZ does not appear to act as an irreversible inhibitor of
O-GlcNAcase nor of �-hexosaminidase.

SCHEME 2. (i) RCOCl, Et3N, CH2Cl2, 0 °C; (ii) Lawesson’s rea-
gent, Tol (toluene), �; (iii) a, NaOMe, MeOH; b, AcOH, MeOH.

FIG. 4. Selectivity of inhibition of O-GlcNAcase over �-hex-
osaminidase by a panel of thiazoline inhibitors. Bar graph of the
KI values of the panel of thiazoline inhibitors (9a–f) measured for the
inhibition of the O-GlcNAcase- (f) and �-hexosaminidase (u)-catalyzed
hydrolysis of MU-GlcNAc.
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related human enzymes O-GlcNAcase and lysosomal �-hex-
osaminidase, which both act to cleave terminal N-acetylglu-
cosamine from glycoconjugates, use similar catalytic mecha-
nisms despite their lack of sequence similarity. O-GlcNAcase,
however, has an active site pocket that more readily tolerates
moderately bulky substituents pendent to the acetamido group
of the substrate than does the pocket of lysosomal �-hex-
osaminidase. Despite the similarity of the catalytic mechanism
of these enzymes, we have exploited the differences in active
site architectures between them to generate a small panel of
potent inhibitors, some of which are remarkably selective for
nucleocytoplasmic O-GlcNAcase over lysosomal �-hexosamini-
dase. Furthermore, these compounds are shown to function in
cell culture where they result in dramatic increases in cellular
O-GlcNAc levels. We anticipate that these inhibitors will be
powerful tools in accurately dissecting the role of O-GlcNAc in
model organisms and tissues without the generation of complex
phenotypes stemming from concomitant inhibition of function-
ally related proteins.
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FIG. 6. Incubation of COS-7 cells with thiazoline inhibitor (9c)
results in a time-dependent increase in cellular levels of O-
GlcNAc-modified proteins. Western blot analyses of proteins from
COS-7 cells cultured over 40 h in the presence or absence of 50 �M

thiazoline inhibitor (9c). A, Western blot analysis of cellular O-GlcNAc
levels as a function of time after exposure to inhibitor (9c) using anti-
O-GlcNAc mAb CTD 110.6 followed by an anti-mouse IgG-HRP conju-
gate. B, Western blot of samples loaded in A treated with anti-�-actin
mAb clone AC-40 followed by an anti-mouse IgG-HRP conjugate reveals
equivalent �-actin levels in each sample. C, Western blot analysis of
cellular O-GlcNAc levels as a function of time in the absence of inhibitor
indicate that O-GlcNAc levels do not significantly change as a function
of confluence. At 0-h plates were �25% confluent, and after 40 h plates
were �90% confluent. D, Western blot of samples loaded in C treated as
for B reveals equivalent �-actin levels in both samples.
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