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One useful methodology that has been used to give insight into how chemically synthesized inhibitors
bind to enzymes and the reasons underlying their potency is crystallographic studies of inhibitor–enzyme
complexes. Presented here is the X-ray structural analysis of a representative family 20 exo-β-N-
acetylhexosaminidase in complex with various known classes of inhibitor of these types of enzymes,
which highlights how different inhibitor classes can inhibit the same enzyme. This study will aid in the
future development of inhibitors of not only exo-β-N-acetylhexosaminidases but also other types of
glycoside hydrolases.

Introduction

The glycoside hydrolases are an important group of carbo-
hydrate-processing enzymes found in nature as they have roles in
the biosynthesis and degradation of glycoconjugates. A subgroup
of these, the exo-β-N-acetylhexosaminidases (β-HEXs), have
been shown to cleave both β-N-acetylgalactosamine (β-GalNAc)
and β-N-acetylglucosamine (β-GlcNAc) linkages in oligosac-
charides, glycoproteins and glycolipids. Due to the importance
of these enzymes in the modeling of glycoconjugates in cells,
various chemical tools and inhibitors have been developed to
study them. One methodology that has been used to great effect
in this regard is crystallographic studies of inhibitor–enzyme
complexes, which have given insight into how chemically syn-
thesized inhibitors bind to these types of enzymes and the
reasons underlying their potency.1–15 An excellent example of
this methodology is the extensive work that has been conducted
on the glycoside hydrolase family 84,16–18 the most notable
member of this family being the β-N-acetylglucosaminidase
(OGA) whose function is to cleave β-GlcNAc residues from

serine and threonine residues of nucleocytoplasmic proteins.19

This modification, known more commonly as the ‘O-GlcNAc
modification’, has been linked to various disease states.8,20–26

Using crystal structures of known inhibitors bound to bacterial
homologues of OGA,8,11 far more potent and selective inhibitors
have been developed for the OGA8,11 which now potentially
have therapeutic benefits.8

On the other hand, the same rigorous analysis has not been
conducted for the human family 20 β-HEXs, the dimeric iso-
zymes, hexosaminidase A and B (HexA and HexB).27 These
two enzymes share high sequence similarity and are localized in
the lysosome, where they hydrolyze β-GalNAc and β-GlcNAc
residues of glycosphingolipids such as the ganglioside GM2.28

Similarly to OGA, HexA and HexB have biological importance,
with direct links to the neurodegenerative disorders known as
Tay–Sachs and Sandhoff diseases,29 whilst other effects have
been shown to be mediated by the accumulation of GM2.30,31

Although there have been efforts towards developing thera-
peutics to treat Tay–Sachs and Sandhoff diseases by using struc-
tural complexes of known inhibitors and the associated enzyme
as a guide (most notably for pharmacological chaperone
therapy32,33), a more rigorous structural analysis using known
inhibitors of HexA and HexB would be very useful in develop-
ing tools to study and potentially treat these disease states.

HexA and HexB and other members of family 20 of the
glycoside hydrolases use a two-step catalytic mechanism invol-
ving substrate-assisted catalysis to form a transient oxazoline
intermediate (Fig. 1) that is broken down to liberate the free
sugar hemiacetal, with an overall retention of anomeric
configuration.34–37 This overall catalytic mechanism is common
to glycosidases from families 18, 56, 84, 85 and 123, all of
which have evolved two carboxyl residues (for α-subunit
(HexA), Glu323 and Asp322,6 for the β-subunit (HexA and
HexB) Glu355 and Asp3542,3) located within the active site that
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perform this key catalytic role.4–6,15,38–43 Based on the success
of previous studies,44–46 the three general features used in the
development of glycosidase inhibitors,47–50 (compounds that
adopt a potential transition state-like conformation, or an sp2-
hybridized centre installed at C-1 of the pyranose ring to mimic
the geometric requirements of the putative planar oxocarbenium
ion-like transition state or compounds where a nitrogen replaces
C-1 or O-5 in the pyranose ring to mimic the relative positive
charge development at these centres within the transition state)
have also been used in the development of inhibitors of enzymes
that use substrate-assisted catalysis.

The best characterised inhibitor of HexA and HexB is NAG-
thiazoline. NAG-thiazoline, first prepared by Knapp and co-
workers34 is a highly potent competitive inhibitor of both the
family 20 β-HEXs1,34,51 family 8452 and family 85 enzymes.42

The potential reason behind the potency of NAG-thiazoline lies
in its geometric resemblance to the transient oxazoline inter-
mediate.12,53,54 Furthermore, elegant crystallographic studies
have provided insight into the potency of NAG-thiazoline
toward both HexA6 and HexB2,3 as well as bacterial homologues
of these enzymes.40,55 Recently, investigations into the binding
mode of another inhibitor of HexA and HexB, O-(2-acetamido-
2-deoxy-D-glucopyranosylidene)-amino N-phenylcarbamate,
commonly known as PUGNAc,56,57 were conducted on bacterial
homologues.58,59 Unfortunately, the same rigorous crystallo-
graphic analysis has not occurred for other known potent inhibi-
tors of HexA and HexB. These molecules include: a molecule
related to NAG-thiazoline, termed Gal-NAG-thiazoline,60 a mol-
ecule related to PUGNAc, termed Gal-PUGNAc,61 and the
iminosugars 2-acetamido-2-deoxy-deoxynojirimycin (NHAc-
DNJ)62 and 6-acetamido-6-deoxy-castanospermine (NHAc-
CAS)63 (Fig. 2).

Due to all of these compounds being potent inhibitors of both
HexA and HexB, either based on literature precedent or tested
here (Table 1), gaining insight into the important binding inter-
actions that these molecules make with these enzymes, or closely
related bacterial homologues, could lead to the rational

development of more potent inhibitors based on these structural
scaffolds. Indeed, this has occurred for NHAc-DNJ, through the
use of molecular docking, which has resulted in more potent and
selective inhibitors for family 20 enzymes.64

Previously, we reported the molecular cloning and characteriz-
ation of two novel β-HEXs, Hex1 and Hex2, from Paenibacillus
sp. TS12, which are members of family 20 of the glycoside
hydrolases, and solved the crystal structure of a C-terminal-trun-
cated TS12 β-HEX (Hex1-ΔC; position 1–502 amino acid), at
1.8 Å resolution, as well as in complex with β-GlcNAc and
β-GalNAc.65 Paenibacillus sp. TS12 β-HEX1 is the first enzyme
found capable of hydrolyzing glycosphingolipids in prokar-
yotes.65 Structurally, Hex1-ΔC consists of two domains, an N-
terminal domain which consists of two long α-helices and seven
β-sheets, and a central catalytic (β/α)8-barrel domain. In the (β/α)8-
barrel is located the substrate-binding pocket with the active site
having amino acid conservation versus HexA and HexB (see
ESI Fig. 1†) and is therefore a potentially suitable representative
for these enzymes. Here, we report the crystal structures of
Hex1-ΔC complexed with six known potent inhibitors of HexA
and HexB, covering the three general features of inhibitor
design, which gives the first rigorous structural insight into these
inhibitors’ binding mode and potential reasons for their potency,
using one representative enzyme of family 20 β-HEXs.

Results and discussion

First, we examined whether the six compounds in question were
inhibitors of Hex1-ΔC. We found in all cases that the compounds
were potent competitive inhibitors of Hex1-ΔC (Table 1 and ESI
Fig. 2†) and were in good agreement with what has been deter-
mined for these compounds against not only HexA and HexB
but also for other bacterial homologues that have been used for
comparison to the human enzymes.1,60

To elucidate the inhibitor recognition of Hex1-ΔC, we deter-
mined the crystal structure of the Hex1-ΔC complexed with the
six compounds at high resolution of 1.6–1.9 Å (refinement stat-
istics in ESI Table 1†) to reveal an unambiguous density for
each of the six compounds within −1 subsite of the active site
(Fig. 3A–F). The root-mean-square deviation values between the
known β-GlcNAc-bound form65 and the six inhibitor-bound

Table 1 Inhibition constants of inhibitors of HexA, HexB and Hex1-ΔC

Compound
HexA Ki
(μM)

HexB Ki
(μM)

Hex1-ΔC Ki
(μM)

NAG-thiazoline 0.2751 0.0752 70 ± 4
Gal-NAG-thiazoline 0.8260 0.32 ± 0.04 71 ± 5
Gal-PUGNAc 0.05161 0.01861 0.003 ± 0.002
PUGNAc 0.048 ± 0.006 0.03652 0.014 ± 0.002
NHAc-DNJ 0.067 ± 0.007 0.00362 28 ± 4
NHAc-CAS 0.38 ± 0.01 0.2513 20 ± 3

Fig. 1 The catalytic mechanism used by family 20 enzymes involves
substrate-assisted catalysis from the 2-acetamido group of the substrate
to form a transient oxazoline intermediate. The amino acids depicted are
directly involved in catalysis.

Fig. 2 The compounds used in this study.

2608 | Org. Biomol. Chem., 2012, 10, 2607–2612 This journal is © The Royal Society of Chemistry 2012

D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
T

Y
 O

F 
N

E
B

R
A

SK
A

 o
n 

09
 M

ar
ch

 2
01

2
Pu

bl
is

he
d 

on
 2

7 
Fe

br
ua

ry
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2O

B
06

63
6J

View Online

http://dx.doi.org/10.1039/c2ob06636j


forms were 0.12–0.14 Å for 504 Cα atoms, indicating the seven
forms share very similar overall structures. The arrangement of
the active site residues is almost identical, with the most impor-
tant being the three Trp residues (Trp352, Trp370 and Trp441),
which are thought to be important for positioning of the 2-aceta-
mido group of the substrate in the active site (see ESI
Fig. 3†).2,3,6,39,40 The other amino acid residues (Arg170,
Asp321, Glu322, Tyr395, Asp397 and Glu443), which form the
active site, also directly interact with the six inhibitors.

The pyranose rings of NAG-thiazoline and Gal-NAG-thia-
zoline, adopt a 4C1 conformation which is similar to what is
observed when β-GlcNAc is complexed with Hex1-ΔC (PDB ID
3GH5)65 and is also consistent with what has been observed for
other members of family 20 and other glycoside hydrolase
families that use substrate-assisted catalysis, complexed with

these compounds.2,4,40,42,55 An overlay of the NAG-thiazoline·
Hex1-ΔC and Gal-NAG-thiazoline·Hex1-ΔC structures, against
the known β-GlcNAc parent structure (Fig. 4A) reveals the pyra-
nose rings of both compounds are in good agreement with the
conformation of the β-GlcNAc with all critical amino acid inter-
actions remaining in place. Minor conformational changes were
observed at Trp370 and Trp410. The side chain of Trp370 and
Trp410 was rotated by 8° and 5°, respectively, in the inhibitor-
bound forms compared to the β-GlcNAc-bound form. Tyr395
also makes a hydrogen bond with the sulfur atom of the thia-
zoline ring instead of the O7 atom of the 2-acetamido group of
β-GlcNAc (Fig. 3A and B). Glu322, which is the general acid/
base residue of Hex1-ΔC, makes no hydrogen bond with NAG-
or Gal-NAG-thiazoline which is consistent with what is observed
for other family 20 enzymes.

Fig. 3 The recognition of the inhibitors by Hex1-ΔC. Fo–Fc omit maps for (A) NAG-thiazoline, (B) Gal-NAG-thiazoline (C) PUGNAc (D) Gal-
PUGNAc (E) NHAc-DNJ and (F) NHAc-CAS all at the 4.0 σ contour level. The hydrogen bonds recognizing the inhibitors are indicated by broken
orange lines. The water molecules around the inhibitors are shown by red balls and the hydrogen bonds formed with water molecules are indicated by
broken light blue lines.

Fig. 4 (A) Superimposed β-GlcNAc (orange and grey), NAG-thiazoline (yellow and white), and Gal-NAG-thiazoline (green) in the catalytic site of
Hex1-ΔC. (B) Superimposed β-GlcNAc (orange and grey), PUGNAc (yellow and white), Gal-PUGNAc (green) and chitobiose (magenta and pink).
(C) Superposed β-GlcNAc (orange and grey), NHAc-DNJ (yellow and white), NHAc-CAS (green). Water molecules are depicted by light blue balls.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 2607–2612 | 2609
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For the binding modes of PUGNAc and Gal-PUGNAc on the
other hand, the pyranose ring of these compounds appear to be
in a 4E conformation, similar to what is observed for the binding
of PUGNAc with family 2058,59 and 84 β-N-acetylhexosamini-
dases5,9 and this conformation is close to what is believed to be
part of the conformational itinerary of the pyranose ring in the
putative transition state for enzymes that use substrate-assisted
catalysis.12,43,53,54 In the PUGNAc·Hex1-ΔC and Gal-PUGNA-
c·Hex1-ΔC structure, the electron density of the phenyl moiety
of PUGNAc is slightly weaker than that of Gal-PUGNAc
(Fig. 3C and D) and this was attributed to slight structural dis-
order in the crystal lattice. PUGNAc and Gal-PUGNAc bind
with the N-acetyl group nestled in the acyl binding pocket that is
lined by tryptophan residues. The extended phenyl N-carbamate
moiety in PUGNAc and Gal-PUGNAc is located in a similar
orientation to that of the +1 subsite that is observed in the Serra-
tia marcescens chitobiose·chitobiase structure39 and a recent
structure of PUGNAc complexed with a mutant of OfHex1.58

Furthermore, the moiety is also involved in a stacking-type inter-
action with Trp410 (Fig. 4B). In contrast to the thiazolines,
which only interact with residues found directly within the active
site, the binding of PUGNAc/Gal-PUGNAc is enhanced by
adventitious interactions of its extended N-phenylcarbamate
moiety. This gives a direct insight into why these two com-
pounds exhibit a more potent inhibition profile compared to
these inhibitors. In addition to the interaction of the phenyl N-
carbamate moiety with Trp410, the carboxyl group of
Glu322 makes two hydrogen bonds with the oxime nitrogen N1
and carbonyl oxygen O9 atom of the phenyl N-carbamate
moiety instead of the O1 atom of β-GlcNAc (Fig. 3C and D).
These interactions likely contribute significantly to the binding
of PUGNAc and Gal-PUGNAc as LOGNAc, an analogue of
PUGNAc lacking the phenyl carbamoyl moiety, is a poorer
inhibitor of family 20 β-HEXs.66 The nitrogen N3 atom of the
phenyl N-carbamate moiety of PUGNAc makes a water-
mediated hydrogen bonding interaction with the Glu443
(Fig. 3C). In Gal-PUGNAc, the O4 atom makes a water-
mediated hydrogen bond with the Thr282 (Fig. 3D).

Overall, the potent inhibition by PUGNAc and Gal-PUGNAc,
therefore, stems from two key features. First, it has a trigonal sp2

center at the pseudoanomeric position (C1) that enhances
binding through partial mimicry of the transition states of exo-
β-N-acetylhexosaminidases. PUGNAc and Gal-PUGNAc also
gain significant binding energy through adventitious interactions
between enzyme and the pendant N-phenyl carbamate group.

The iminosugars NHAc-DNJ and NHAc-CAS both adopt a
4C1 conformation when bound, which is similar to what was
observed when β-GlcNAc is complexed with Hex1-ΔC (PDB ID
3GH5)65 but, quite strikingly, is not consistent with what has
been observed for family 84 glycoside hydrolases, which use
substrate-assisted catalysis, complexed with these compounds.13

In the co-crystal structure of NHAc-CAS with BtGH84, a bac-
terial homologue of OGA, the pyranose ring of the iminosugar
adopts a1,4 B/4E conformation, which is similar to what was
observed when castanospermine (a compound structurally
similar to NHAc-CAS) is bound to the family 1 β-glucosidase
from Thermotoga maritima.67 With regards to the important
2-acetamido moiety needed for substrate-assisted catalysis, the
structures for both NHAc-DNJ and NHAc-CAS show the group

is located in a similar position to that of the β-GlcNAc 2-aceta-
mido moiety which is nestled in with the three Trp residues (Trp
352, Trp370 and Trp441) forming interactions with Tyr395 and
Asp321. Despite the similarity in the positioning of the 2-aceta-
mido moiety, the piperidine ring of NHAc-DNJ and NHAc-CAS
in both these structures is rotated by 40° as compared to the pyr-
anose ring of β-GlcNAc, and the 2-acetamido carbonyl oxygen
does not make any significant hydrogen bonding interaction with
the amine moiety which is in stark contrast to what is observed
in the BtGH84·NHAc-CAS structure where the 2-acetamido car-
bonyl oxygen is suitably positioned below the amine moiety of
castanospermine to make an important hydrogen bonding
interaction.13

When comparing the NHAc-DNJ and NHAc-CAS structures
with the β-GlcNAc structure (Fig. 4C), the amine nitrogen of
both inhibitors is found in the position corresponding to exocyc-
lic oxygen (O1) of β-GlcNAc. This drastic change presumably
may be in an effort to make a hydrogen bond with general acid–
base residue, Glu322. As a result of this movement, the position
of the O6 atom of the NHAc-DNJ and NHAc-CAS is quite
different to that seen with β-GlcNAc, with this atom making a
water-mediated hydrogen bond with the Thr282. In terms of
changes to the enzyme active site to compensate for the changes
in the position of the inhibitor, the indole side chain of Trp410 is
rotated by 14° in the NHAc-DNJ- and NHAc-CAS-bound forms
(Fig. 4C). This then allows the five-membered ring of NHAc-
CAS to make a stacking interaction with Trp410. Additionally,
presumably in an effort to compensate for these structural
changes, a water molecule (indicated by a light blue ball) is
found in the same position as the O6 atom of β-GlcNAc which
allows Asp397 and Trp410 to make hydrogen bonding inter-
actions with the O4 of NHAc-DNJ and NHAc-CAS.

Comparison of the known family 84 NHAc-CAS·BtGH84
structure with the NHAc-CAS·Hex1-ΔC structure reveals that the
amine nitrogen is farther away from the general acid–base
residue than that found for family 20.13 Indeed, in case of family
84, the amine nitrogen of NHAc-CAS is located in the same pos-
ition as that of the ring oxygen of NAG-thiazoline and is not
positioned within hydrogen bonding distance to any active site
residues. On the other hand, in the family 20 structure, the amine
nitrogen of NHAc-CAS is in close proximity to the general
acid–base residue, potentially allowing a critical hydrogen bond
to be made.

Based on these observations we thought we would compare
our results with the structural complex of a related nitrogen con-
taining heterocycle GalNAc-isofagomine, which is an inhibitor
of Streptomyces plicatus SpHEX, a bacterial homologue of
HexA and HexB.1 In both the NHAc-DNJ and NHAc-CAS
structures, the position of the pyranose ring is quite different
from the GalNAc-isofagomine–SpHEX complex (PDB ID,
1JAK).1 In the GalNAc-isofagomine–SpHEX complex the
piperidine ring of GalNAc-isofagomine is in an identical pos-
ition when compared to the analogous β-GlcNAc (PDB ID,
1M01) and NAG-thiazoline (PDB ID, 1HP5) structures.1,40 The
ring nitrogen atom of GalNAc-isofagomine makes a hydrogen
bonding interaction with the general acid–base residue of
SpHEX (Glu314)1 and in the case of this molecule the nitrogen
atom is located at the position corresponding to C1 atom of
β-GlcNAc and the location of Glu314 and the C1 atom of

2610 | Org. Biomol. Chem., 2012, 10, 2607–2612 This journal is © The Royal Society of Chemistry 2012
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β-GlcNAc is close enough to form a hydrogen bond abrogating
the need for the piperidine ring to bind in a different orientation.
Overall, it seems for piperidine-based inhibitors of family 20
β-HEXs, that binding of the compound in the active site so that
the ring nitrogen is able to hydrogen bond with the general acid–
base residue may be critical to the overall potency of these
molecules.

Conclusions

In conclusion, we have successfully crystallized Hex1-ΔC in
complex with six known inhibitors of HexA and HexB. These
structures reveal novel binding modes for the inhibitors and give
structural insight into the reasons behind their potency. The
binding modes of NHAc-DNJ and NHAc-CAS are of interest as
they demonstrate that for Hex1-ΔC, and potentially for family 20
β-HEXs in general, that imino- and aza sugars potentially
change conformation in a way to make a hydrogen bond inter-
action with the general acid–base residue. This observation has
been observed with the parent compounds of NHAc-DNJ and
NHAc-CAS, with β-glucosidases, 1-deoxynojirimycin and casta-
nospermine respectively.67,68 This study also highlights the
importance of designing inhibitors that take advantage of the
three general features used in the development of glycosidase
inhibitors and that using either one or a combination of these fea-
tures could result in highly potent compounds. Using these X-
ray structures and by optimization of the synthetic routes to ana-
logues of the compounds presented, more potent and highly
selective inhibitors of HexA and HexB as well as other family
20 β-HEXs will be able to be realized, which could also translate
to new inhibitors of glycoside hydrolases in general.

Experimental

Enzymatic assays

Activity against β-hexosaminidase A and B. All assays were
carried out in triplicate at 37 °C for 30 minutes by using a
stopped assay procedure in which the enzymatic reactions
(50 μl) were quenched by the addition of a 4-fold excess
(200 μl) of quenching buffer (200 mM glycine, pH 10.75).
Assays were initiated by the careful addition, via pipette, of
enzyme (5 μl), and in all cases the final pH of the resulting
quenched solution was greater than 10. Time-dependent assay of
β-hexosaminidases revealed that the enzymes were stable in the
buffer over the period of the assay: 50 mM citrate, 50 mM NaCl,
0.1% BSA, pH 4.25. The progress of the reaction at the end of
30 minutes was determined by measuring the extent of 4-nitro-
phenol liberated as determined by UV measurements at 400 nm
using a 96-well plate (Sarstedt) and 96-well plate reader (Mol-
ecular Devices/BMG Labtech). Hexosaminidase A from porcine
placenta and hexosaminidase B from human placenta (Sigma)
were used in the assays at a concentration (μg μl−1) of 0.0004
and 0.0006, respectively, using the substrate 4-nitrophenyl 2-
acetamido-2-deoxy-β-D-glucopyranoside at a concentration of
0.5 mM (Km of both enzymes ≈0.5 mM). The compounds were
tested at six concentrations with Ki values determined by linear
regression of data from Dixon plot.69

Activity against Hex1-ΔC. The activity of Hex1-ΔC was
measured using pNP-β-GlcNAc as a substrate (Km 0.117 mM65).
The reaction mixture contained 100 nmol of pNP-β-GlcNAc and
an appropriate amount of the enzyme in 100 μl of 25 mM
sodium acetate buffer, pH 6.0. Following incubation at 37 °C for
a specified period, the reaction was stopped by adding 100 μl of
1 M NaOH, and absorbance was measured at 405 nm. One unit
of the enzyme was defined as the amount which catalyzes the
release of 1 μmol of p-nitrophenol per min from pNP-β-GlcNAc
under the conditions used. Ki values of Hex1-ΔC for inhibitors
were determined from Dixon plots.69

Data collection and structure determination

Purification, crystallization and preparation of the protein crystals
for data collection were described previously.65 The apo crystals
of Hex1-ΔC were soaked in a solution (2.5 mM) of the inhibitor
for 1 h. Before measurement, the crystals were soaked in a cryo-
protection solution containing 15% glycerol and the inhibitor
(2.5 mM). The data sets were collected on the BL26B2 beam
line (SPring-8). Phasing of the Hex1-ΔC structures in a complex
with various inhibitors was carried out by molecular replacement
using MOLREP and the coordinates of the apo enzyme (ligand
free form, Protein Data Bank ID, 3GH4) as a search model. The
atomic model was built manually using CueMol (http://www.
cuemol.org/en/) and Coot.70 The refinement was carried out
using CNS71 and Refmac.72 After the ligands were built, further
rounds of refinement were performed. Ramachandran plots ana-
lyzed using the program PROCHECK73 showed that all of the
residues in the six structures were in the most favored or
additionally allowed regions. The data collection and refinement
statistics are summarized in ESI Table 1†.

Data bank accession codes

The atomic coordinates and structure factors of the Hex1-ΔC in
complex with the six inhibitors have been deposited in the
Protein Data Bank (http://www.rcsb.org) under accession codes
3SUR, 3SUS, 3SUT, 3SUU, 3SUVand 3SUW.

Acknowledgements

This work was supported by the Targeted Proteins Research
Program (TPRP), Ministry of Education, Culture, Sports,
Science and Technology of Japan and the Australian Research
Council.

Notes and references

1 B. L. Mark, D. J. Vocadlo, D. Zhao, S. Knapp, S. G. Withers and M.
N. James, J. Biol. Chem., 2001, 276, 42131.

2 B. L. Mark, D. J. Mahuran, M. M. Cherney, D. Zhao, S. Knapp and M.
N. James, J. Mol. Biol., 2003, 327, 1093.

3 T. Maier, N. Strater, C. G. Schuette, R. Klingenstein, K. Sandhoff and
W. Saenger, J. Mol. Biol., 2003, 328, 669.

4 R. J. Dennis, E. J. Taylor, M. S. Macauley, K. A. Stubbs, J.
P. Turkenburg, S. J. Hart, G. N. Black, D. J. Vocadlo and G. J. Davies,
Nat. Struct. Mol. Biol., 2006, 13, 365.

5 F. V. Rao, H. C. Dorfmueller, F. Villa, M. Allwood, I. M. Eggleston and
D. M. van Aalten, EMBO J., 2006, 25, 1569.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 2607–2612 | 2611

D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
T

Y
 O

F 
N

E
B

R
A

SK
A

 o
n 

09
 M

ar
ch

 2
01

2
Pu

bl
is

he
d 

on
 2

7 
Fe

br
ua

ry
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2O

B
06

63
6J

View Online

http://dx.doi.org/10.1039/c2ob06636j


6 M. J. Lemieux, B. L. Mark, M. M. Cherney, S. G. Withers, D.
J. Mahuran and M. N. James, J. Mol. Biol., 2006, 359, 913.

7 K. A. Stubbs, M. Balcewich, B. L. Mark and D. J. Vocadlo, J. Biol.
Chem., 2007, 282, 21382.

8 S. A. Yuzwa, M. S. Macauley, J. E. Henioen, X. Shan, R. J. Dennis,
Y. He, G. E. Whitworth, K. A. Stubbs, E. J. McEachern, G. J. Davies and
D. J. Vocadlo, Nat. Chem. Biol., 2008, 4, 483.

9 M. S. Macauley, A. K. Bubb, C. Martinez-Fleites, G. J. Davies and D.
J. Vocadlo, J. Biol. Chem., 2008, 283, 34687.

10 F. Marcelo, Y. He, S. A. Yuzwa, L. Nieto, J. Jiménez-Barbero,
M. Sollogoub, D. J. Vocadlo, G. D. Davies and Y. Bleriot, J. Am. Chem.
Soc., 2009, 131, 5390.

11 H. C. Dorfmueller, V. S. Borodkin, M. Schimpl, X. Zheng, R. Kime, K.
D. Read and D. M. van Aalten, Chem. Biol., 2010, 17, 1250.

12 Y. He, M. S. Macauley, K. A. Stubbs, D. J. Vocadlo and G. J. Davies, J.
Am. Chem. Soc., 2010, 132, 1807.

13 M. S. Macauley, Y. He, T. M. Gloster, K. A. Stubbs, G. J. Davies and D.
J. Vocadlo, Chem. Biol., 2010, 17, 937.

14 Y. He, A. K. Bubb, K. A. Stubbs, T. M. Gloster and G. J. Davies, Amino
Acids, 2011, 40, 829.

15 T. Sumida, K. Fujimoto and M. Ito, J. Biol. Chem., 2011, 286, 14065.
16 B. Henrissat and A. Bairoch, Biochem. J., 1993, 293, 781.
17 B. Henrissat and A. Bairoch, Biochem. J., 1996, 316, 695.
18 B. Henrissat and G. Davies, Curr. Opin. Struct. Biol., 1997, 7, 637.
19 D. L. Dong and G. W. Hart, J. Biol. Chem., 1994, 269, 19321.
20 T. Y. Chou and G. W. Hart, Adv. Exp. Med. Biol., 2001, 491, 413.
21 L. S. Griffith and B. Schmitz, Biochem. Biophys. Res. Commun., 1995,

213, 424.
22 P. J. Yao and P. D. Coleman, J. Neurosci., 1998, 18, 2399.
23 F. Liu, K. Iqbal, I. Grundke-Iqbal, G. W. Hart and C. X. Gong, Proc.

Natl. Acad. Sci. U. S. A., 2004, 101, 10804.
24 K. Vosseller, L. Wells, M. D. Lane and G. W. Hart, Proc. Natl. Acad.

Sci. U. S. A., 2002, 99, 5313.
25 D. A. McClain, W. A. Lubas, R. C. Cooksey, M. Hazel, G. J. Parker, D.

C. Love and J. A. Hanover, Proc. Natl. Acad. Sci. U. S. A., 2002, 99,
10695.

26 S. A. Caldwell, S. R. Jackson, K. S. Shahriari, T. P. Lynch, G. Sethi,
S. Walker, K. Vosseller and M. J. Reginato, Oncogene, 2010, 29, 2831.

27 D. Mahuran and R. A. Gravel, Adv. Genet., 2001, 44, 145.
28 E. Klenk, Z. Physiol. Chem., 1942, 273, 76.
29 B. Triggs-Raine, D. J. Mahuran and R. A. Gravel, Adv. Genet., 2001, 44,

199.
30 D. Zhou, J. Mattner, C. Cantu 3rd, N. Schrantz, N. Yin, Y. Gao, Y. Sagiv,

K. Hudspeth, Y. P. Wu, T. Yamashita, S. Teneberg, D. Wang, R. L. Proia,
S. B. Levery, P. B. Savage, L. Teyton and A. Bendelac, Science, 2004,
306, 1786.

31 R. Williamson and C. Sutherland, Curr. Alzheimer Res., 2011, 8, 213.
32 M. B. Tropak, S. P. Reid, M. Guiral, S. G. Withers and D. Mahuran, J.

Biol. Chem., 2004, 279, 13478.
33 K. S. Bateman, M. M. Cherney, D. J. Mahuran, M. Tropak and M.

N. James, J. Med. Chem., 2011, 54, 1421.
34 S. Knapp, D. Vocadlo, Z. N. Gao, B. Kirk, J. P. Lou and S. G. Withers, J.

Am. Chem. Soc., 1996, 118, 6804.
35 S. Drouillard, S. Armand, G. J. Davies, C. E. Vorgias and B. Henrissat,

Biochem. J., 1997, 328, 945.
36 S. J. Williams, B. L. Mark, D. J. Vocadlo, M. N. James and S.

G. Withers, J. Biol. Chem., 2002, 277, 40055.
37 D. J. Vocadlo and S. G. Withers, Biochemistry, 2005, 44, 12809.
38 D. M. van Aalten, D. Komander, B. Synstad, S. Gaseidnes, M. G. Peter

and V. G. Eijsink, Proc. Natl. Acad. Sci. U. S. A., 2001, 98, 8979.
39 I. Tews, A. Perrakis, A. Oppenheim, Z. Dauter, K. S. Wilson and C.

E. Vorgias, Nat. Struct. Biol., 1996, 3, 638.
40 B. L. Mark, D. J. Vocadlo, S. Knapp, B. L. Triggs-Raine, S. G. Withers

and M. N. James, J. Biol. Chem., 2001, 276, 10330.

41 Z. Markovic-Housley, G. Miglierini, L. Soldatova, P. J. Rizkallah,
U. Muller and T. Schirmer, Structure, 2000, 8, 1025.

42 D. W. Abbott, M. S. Macauley, D. J. Vocadlo and A. B. Boraston, J. Biol.
Chem., 2009, 284, 11676.

43 J. Jitonnom, V. S. Lee, P. Nimmanpipug, H. A. Rowlands and A.
J. Mulholland, Biochemistry, 2011, 50, 4697.

44 M. L. Sinnott, Chem. Rev., 1990, 90, 1171.
45 G. J. Davies, M. L. Sinnott and S. G. Withers, in Comprehensive Biologi-

cal Catalysis, ed. M. L. Sinnott, 1998, pp. 119–209.
46 M. L. Sinnott and I. J. Souchard, Biochem. J., 1973, 133, 89.
47 A. E. Stutz, Iminosugars as Glycosidase Inhibitors, Nojirimycin and

Beyond, Wiley-VCY, Weinheim, 1999.
48 A. Vasella, G. J. Davies and M. Bohm, Curr. Opin. Chem. Biol., 2002, 6,

619.
49 V. H. Lillelund, H. H. Jensen, X. Liang and M. Bols, Chem. Rev., 2002,

102, 515.
50 D. J. Vocadlo and G. J. Davies, Curr. Opin. Chem. Biol., 2008, 12, 539.
51 M. B. Tropak, J. Blanchard, S. G. Withers, E. Brown and D. Mahuran,

Chem. Biol., 2007, 14, 153.
52 M. S. Macauley, G. E. Whitworth, A. W. Debowski, D. Chin and D.

J. Vocadlo, J. Biol. Chem., 2005, 280, 25313.
53 G. E. Whitworth, M. S. Macauley, K. A. Stubbs, R. J. Dennis, E.

J. Taylor, G. J. Davies, I. R. Greig and D. J. Vocadlo, J. Am. Chem. Soc.,
2007, 129, 635.

54 I. R. Greig, F. Zahariev and S. G. Withers, J. Am. Chem. Soc., 2008, 130,
17620.

55 D. B. Langley, D. W. Harty, N. A. Jacques, N. Hunter, J. M. Guss and C.
A. Collyer, J. Mol. Biol., 2008, 377, 104.

56 D. Beer, J. L. Maloisel, D. M. Rast and A. Vasella, Helv. Chim. Acta,
1990, 73, 1918.

57 K. A. Stubbs, N. Zhang and D. J. Vocadlo, Org. Biomol. Chem., 2006, 4,
839.

58 T. Liu, H. Zhang, H. Liu, L. Chen, X. Shen and Q. Yang, Biochem. J.,
2011, 438, 467.

59 B. Pluvinage, M. A. Higgins, D. W. Abbott, C. Robb, A. B. Dalia,
L. Deng, J. N. Weiser, T. B. Parsons, A. J. Fairbanks, D. J. Vocadlo and
A. B. Boraston, Structure, 2011, 19, 1603.

60 B. Amorelli, C. Yang, B. Rempel, S. G. Withers and S. Knapp, Bioorg.
Med. Chem. Lett., 2008, 18, 2944.

61 K. A. Stubbs, M. S. Macauley and D. J. Vocadlo, Angew. Chem., Int. Ed.,
2009, 48, 1300.

62 E. Kappes and G. Legler, J. Carbohydr. Chem., 1989, 8, 371.
63 R. H. Furneaux, G. J. Gainsford, J. M. Mason and P. C. Tyler, Tetra-

hedron, 1994, 50, 2131.
64 C. W. Ho, S. D. Popat, T. W. Liu, K. C. Tsai, M. J. Ho, W. H. Chen, A.

S. Yang and C. H. Lin, ACS Chem. Biol., 2010, 5, 489.
65 T. Sumida, R. Ishii, T. Yanagisawa, S. Yokoyama and M. Ito, J. Mol.

Biol., 2009, 392, 87.
66 M. Horsch, L. Hoesch, A. Vasella and D. M. Rast, Eur. J. Biochem.,

1991, 197, 815.
67 T. M. Gloster, R. Madsen and G. J. Davies, ChemBioChem, 2006, 7, 738.
68 D. L. Zechel, A. B. Boraston, T. Gloster, C. M. Boraston, J.

M. Macdonald, D. M. G. Tilbrook, R. V. Stick and G. J. Davies, J. Am.
Chem. Soc., 2003, 125, 14313.

69 M. Dixon, Biochem. J., 1953, 55, 170.
70 P. Emsley and K. Cowtan, Acta Crystallogr., Sect. D: Biol. Crystallogr.,

2004, 60, 2126.
71 A. T. Brunger, P. D. Adams, G. M. Clore, W. L. DeLano, P. Gros, R.

W. Grosse-Kunstleve, J. S. Jiang, J. Kuszewski, M. Nilges, N. S. Pannu,
R. J. Read, L. M. Rice, T. Simonson and G. L. Warren, Acta Crystallogr.,
Sect. D: Biol. Crystallogr., 1998, 54, 905.

72 S. Bailey, Acta Crystallogr., Sect. D: Biol. Crystallogr., 1994, 50, 760.
73 R. A. Laskowski, M. W. Macarthur, D. S. Moss and J. M. Thornton, J.

Appl. Crystallogr., 1993, 26, 283.

2612 | Org. Biomol. Chem., 2012, 10, 2607–2612 This journal is © The Royal Society of Chemistry 2012

D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
T

Y
 O

F 
N

E
B

R
A

SK
A

 o
n 

09
 M

ar
ch

 2
01

2
Pu

bl
is

he
d 

on
 2

7 
Fe

br
ua

ry
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2O

B
06

63
6J

View Online

http://dx.doi.org/10.1039/c2ob06636j

