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Abstract The dynamic, intracellular, O-GlcNAc modifi-
cation is of continuing interest and one whose study
through targeted “chemical genetics” approaches is set to
increase. Of particular importance is the inhibition of the
O-GIcNAc hydrolase, O-GlcNAcase (OGA), since this
provides a route to elevate cellular O-GIcNAc levels, and
subsequent phenotypic evaluation. Such a small molecule
approach complements other methods and potentially
avoids changes in protein—protein interactions that mani-
fest themselves in molecular biological approaches to
O-GIcNAc transferase knockout or over-expression. Here we
describe the kinetic, thermodynamic and three-dimensional
structural analysis of a bacterial OGA analogue from
Bacteroides thetaiotaomicron, BtGH84, in complex with a
lactone oxime (LOGNAc) and a lactam form of N-acetyl-
glucosamine and compare their binding signatures with
that of the more potent inhibitor O-(2-acetamido-2-
deoxy-p-glucopyranosylidene)amino N-phenyl carbamate
(PUGNACc). We show that both LOGNACc and the N-acetyl
gluconolactam are significantly poorer inhibitors than
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PUGNACc, which may reflect poorer mimicry of transition
state geometry and steric clashes with the enzyme upon
binding; drawbacks that the phenyl carbamate adornment
of PUGNACc helps mitigate. Implications for the design of
future generations of inhibitors are discussed.
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Introduction

The “O-GlcNAc” modification, first reported by Torres and
Hart (1984), is the dynamic post-translational modification
of intracellular targets through the reversible incorporation
of S-linked N-acetyl-p-glucosamine to serine and threonine
residues. Since its discovery, over 600 eukaryotic proteins
have been found to be O-GlcNAc modified (reviewed in, for
example, Wells et al. 2001; Hart et al. 2007; Butkinaree et al.
2010) and this number will only increase as more experi-
ments are performed and methods of detection improve. In
mammals (this paper will not cover the roles of O-GlcNAc
in plants, for which the reader is directed to Olszewski et al.
2010), much of the implied importance of O-GIcNAc
reflects its cross talk and potential reciprocity with phos-
phorylation (recently reviewed in Butkinaree et al. 2010).
The interplay with phosphorylation, together with the
cellular targets for the O-GlcNAc modification, implicates
O-GlcNAc in many pathological processes (see Hart et al.
2007; Lefebvre et al. 2010 for review) including
Alzheimer’s disease (Griffith and Schmitz 1995; Yao and
Coleman 1998; Liu et al. 2004; Yuzwa et al. 2008), cancer
(Chou and Hart 2001; Donadio et al. 2008) and type II
diabetes (McClain et al. 2002; Vosseller et al. 2002; Dias
and Hart 2007; Macauley et al. 2008).
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In contrast to phosphorylation, where over 500 kinases
and 140 phosphatases are believed to act (Manning et al.
2002), in mammals just two enzymes are capable of mod-
ulating the O-GlcNAc modification. The enzyme respon-
sible for the installation of the O-GIcNAc moiety is
uridine  diphospho-N-acetylglucosamine:polypeptide  f-N-
acetylglucosaminyltransferase (OGT) (Kreppel and Hart 1999;
Lubas and Hanover 2000), whilst O-GlcNAcase (OGA)
(Dong and Hart 1994) is responsible for its removal. In the
CAZy classification of carbohydrate-active enzymes
(http://www.cazy.org; Cantarel et al. 2009), OGA lies in
family GH84, which also contains bacterial OGA homo-
logues with high sequence identity to the domain of the
human enzyme responsible for catalysis. This homology
has facilitated structural analysis of enzyme-ligand com-
plexes notably on the GH84 enzymes from Bacteroides
thetaiotaomicron (BtGH84) (Dennis et al. 2006) and
Clostridium perfringens (Nagl) (Rao et al. 2006); recently
reviewed in (Hurtado-Guerrero et al. 2008; Martinez-
Fleites et al. 2010; Davies and Martinez-Fleites 2010). In the
context of selective chemical intervention to modify cel-
lular O-GlcNAc levels, OGA is a particularly attractive
target, as Dong and Hart (1994) first noted, not least
because glycoside hydrolases are more tractable targets for
inhibition than glycosyltransferases. In addition, a chemi-
cal genetic approach to enzyme inhibition evades potential
problems of alterations in protein—protein interactions that
may occur in gene knockout or over-expression experi-
ments (as is well documented in the kinase field, Knight
and Shokat 2005). Enzyme inhibition, however, is not
without drawbacks, as also illustrated by studies on phos-
phorylation (Knight and Shokat 2005). Inhibitors can be
promiscuous and create complex phenotypes, a facet that is
similarly beginning to emerge in the O-GlcNAc field (see,
for example, Yamamoto et al. 1981; Kroncke et al. 1995;
Macauley et al. 2008; Pathak et al. 2008; He et al. 2009;
Macauley and Vocadlo 2010).

Inhibition of OGA with small molecules thus provides a
way to increase cellular O-GlcNAc levels, which can aid
understanding how the O-GIcNAc modification affects dif-
ferent processes in the cell; recent examples of this approach
are described in Vosseller et al. (2002), Arias et al. (2004),
Akimoto et al. (2007), Zou et al. (2007) and Yuzwa et al.
(2008) and reviewed in Macauley and Vocadlo (2010).
Generation of specific and potent inhibitors is thus of great
interest to aid characterisation of the role O-GIcNAc plays in
biological systems. An approach sometimes employed in the
design of highly potent and selective inhibitors is to mimic
the transition state (Pauling 1946), or closely related species,
of the enzyme catalysed reaction (recently reviewed in a
glycoside hydrolase context, Gloster and Davies 2010).
Glycoside hydrolysis by OGA is accomplished with a dou-
ble displacement “substrate-assisted catalysis”, which was
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deduced using physical-organic methods (Macauley et al.
2005). Key features of this mechanism involve two neigh-
bouring catalytic carboxylate-bearing residues in the
enzyme active site, the substrate N-acetyl carbonyl acting as
the catalytic nucleophile, and the formation of a bicyclic
oxazoline intermediate. Our recent study (He et al. 2010),
which examined the mechanistic details of BtGH84 cataly-
sis, revealed that the conformational itinerary (Fig. 1a) for
this class of enzyme proceeds with a distorted '“*B/'S;
conformation in the Michaelis complex, via a *C; oxazoline
intermediate, towards the formation of the f-linked product.
This process involves two transition states with substantial
oxocarbenium cation character. In the initial cyclisation
step, the general acid Asp243 (BtGH84 numbering) donates
a proton to the f-linked glycosidic oxygen, whilst Asp242
assists the N-acetyl carbonyl for nucleophilic attack at the
anomeric centre, resulting in cleavage of the glycosidic bond
and formation of a high energy bicyclic oxazoline interme-
diate. In the subsequent ring-opening step, the deprotonated
Asp243 now acts as a base assisting attack of a water mol-
ecule at the anomeric carbon, whilst the protonated Asp242
facilitates opening of the oxazoline ring to obtain the product
with retained stereochemistry.

Glucono-1,5-lactone (1a) has been known for over half a
century (Conchie and Levvy 1957; Lalegerie et al. 1982) as
a glycosidase inhibitor. With an sp*-hybridised carbon at
the (pseudo) anomeric centre and the possibility for delo-
calisation/resonance (1b), glucono-1,5-lactone is thought to
partially resemble the transition state oxocarbenium cation
in terms of a distorted pyranose ring (Leaback 1968) and
partial positive charge on the endocyclic oxygen (Reese
et al. 1971). Glucono-1,5-lactone can, however, undergo
hydrolysis in physiological conditions (Combes and Birch
1988), which hinders its usage for biological applications.
Synthetic efforts have therefore been devoted to the
development of analogues, such as the gluconolactams (2
and 3) (Inouye et al. 1968; Fleet et al. 1990; Overkleeft
et al. 1993; Nishimura et al. 2000) and the lactone oximes
(4-7) (Beer and Vasella 1985, 1986; Mohan and Vasella
2000; Stubbs et al. 2006). Of particular interest are the
N-acetylglucosamine forms of these lactone oximes S and
7, termed LOGNAc and PUGNAC, respectively (Beer et al.
1990). These are known inhibitors of f-N-acetylglucos-
aminidases (Horsch et al. 1991; Miller et al. 1993),
including human OGA (Dong and Hart 1994; Gao et al.
2001; Macauley et al. 2005). The chemical structures for
these inhibitors are shown in Fig. 1b.

Although kinetic data with N-acetyl lactone and lactam
derivatives have been reported, dissection of the thermo-
dynamics of inhibition and the conformation of these
compounds in the active site of OGA or its homologues has
rarely been investigated. Previously, the binding mode of
PUGNAc with BrfGH84 has been presented (Macauley
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Fig. 1 The catalytic mechanism of OGA and inhibitors described in
the text. a The two-step “substrate-assisted catalysis” utilised by
OGA and its homologues in family GH84. In the first step, Asp243
(BtGH84 numbering) acts as a general acid catalyst to aid departure of
the leaving group. The adjacent Asp242 facilitates nucleophilic attack
of the substrate 2-acetamido group to form an oxazoline intermediate.
In the second step, Asp243 now acts as a general base, assisting the
attack of an incoming water molecule at the anomeric centre to yield
the product GlcNAc with retained f-configuration. Both steps involve

et al. 2008). Here, we present the X-ray crystallographic
structures of N-acetyl gluconolactam (3) and LOGNAc (5)
in complex with B#GH84. The inhibitory activities of these
compounds, along with PUGNAc (7), are assessed by
kinetics and the thermodynamic profiles are established
with isothermal titration calorimetry (ITC). The results
indicate that both 3 and 5 are poorer inhibitors of BfGH84
than 7, which is most likely due to their failure to capture
key interactions with the catalytic acid, and the resultant
steric clash with residues in the enzyme active site. The
presence of a hydrophobic group in the 41 subsite (see
Davies et al. 1997 for nomenclature), which facilitates
substrate distortion and provides favourable interactions, as
demonstrated by 7, is therefore important. We hope these
data will inform the process of rational inhibitor design for
potential pharmaceutical applications.

Materials and methods

Inhibitors

N-acetyl gluconolactam (3), synthesised according to
Granier and Vasella (1998), was a kind gift from Professor

a transition state with oxocarbenium ion character (not shown).
b Inhibitors relevant to this study and described in the text are shown.
(1a), glucono-1,5-lactone; (1b), resonance form of glucono-1,5-
lactone; (2), glucono-1,5-lactam; (3), N-acetyl gluconolactam; (4),
glucono-1,5-lactone oxime; (5), N-acetylglucosaminono-1,5-lactone
(Z)-oxime (LOGNACc); (6), glucono-1,5-lactone phenylcarbamoyl
oxime; (7), N-acetylglucosaminono-1,5-lactone O-(phenylcarba-
moyl)-(Z)-oxime (PUGNACc)

Andrea Vasella (ETH Ziirich). LOGNACc (5) and PUGNAc
(7) were synthesised using literature methods (Beer et al.
1990; Stubbs et al. 2000).

X-ray crystallography

N-terminal Hisg-tagged recombinant BfGH84 protein was
expressed and purified as described previously (Dennis
et al. 2006). To form inhibitor complexes, 10 mM of
each compound was added to BtGH84 prior to crystal-
lisation. Crystals were grown using the hanging drop
vapour diffusion method from a solution containing 15%
PEG3350 (w/v), 0.1 M MES, pH 6.0, 0.3 M ammonium
acetate and 10% glycerol. The same solution, but with
the glycerol concentration raised to 20% (v/v), was used
for cryo-protection before the crystals were flash frozen
in liquid nitrogen. Diffraction data for BfGH84 in
complex with 3 and 5 were collected at the European
Synchrotron Radiation Facility (ESRF, Grenoble) on
beamlines ID14-2 and ID23-1, respectively. Data were
integrated using MOSFLM and scaled with SCALA from
the CCP4 suite (Collaborative Computational Project
Number 4 1994) of programs. Structures were solved by
molecular replacement methods using the apo BrGH84
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Table 1 Data collection and refinement statistics for BtGH84 in
complex with 3 and 5

BtGH84 with 3 BtGH84 with 5

Data collection

Space group P1 Pl
Cell dimensions
a, b, c (A) 51.4,94.1,99.5 51.5, 93.5, 99.0
o, B,y (®) 104.7, 94.0, 102.9 104.1, 94.3, 102.9
Resolution (A) 49.63-2.00 44.65-1.95
(2.11-2.00) (2.06-1.95)
Rinerge 0.038 (0.15) 0.062 (0.31)
lial 15.3 (4.9) 8.1 (2.3)
Completeness (%) 97.4 (96.5) 95.1 (93.8)
Redundancy 22 (2.2) 2.1 (2.1)
Refinement
Resolution (10\) 2.0 1.95
No. reflections 108,848 113,702
Ryork/Riree 0.18/0.22 0.18/0.22
RMS deviations
Bond lengths (A) 0.01 0.02
Bond angles (°) 1.3 1.3
PDB code 2XM1 2XM2

structure (PDB entry 2CHO) as the initial model. Manual
corrections to the model were made with COOT (Emsley
and Cowtan 2004). Cycles of restrained refinement were
performed with REFMAC with TLS parameters (Winn
et al. 2001) included in the later stages. Details of X-ray
data and structure refinement statistics are given in
Table 1.

Isothermal titration calorimetry

Isothermal titration calorimetry measurements were carried
out in triplicate using a MicroCal VP calorimeter (North-
ampton, MA, USA). For sample preparation, purified
BtGHB84 protein was extensively dialysed against 50 mM
MES, pH 6.5 and 200 mM NaCl, and concentrated to
32-89 uM. Inhibitors were diluted into the same buffer to a
final concentration of 0.5-1.0 mM. All samples were cen-
trifuged and degassed prior to use. Titrations were per-
formed by injection of 10 pL aliquots of the inhibitor into
BtGHS84, at an interval of 4 min, with 307 rpm stirring
speed. Experiments with 3 and 7 were carried out at 25°C,
whilst measurements were also taken at 15 and 35°C for §
(as no heat could be observed, see “Results”). The data
were fitted to a non-linear regression model using Microcal
Origin software, with stoichiometry (n), enthalpy (AH®)
and association constant (K,) as adjustable parameters.
Other thermodynamic parameters were derived from the
equation —RT In K, = AG° = AH° — TAS"°.
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Kinetics

Kinetic studies of BtGH84 were conducted by monitoring
the change in UV-visible absorbance in thermally equili-
brated disposable cuvettes using a Cintra 10 spectropho-
tometer. Assays were carried out at 25°C in a total volume
of 1 mL buffer (50 mM MES, pH 6.5, 200 mM NaCl) with
50 uM  4-nitrophenyl N-acetyl bD-glucosaminide (pNP-
GIcNAc) as substrate. Reactions were initiated by the
addition of 10 pL. BrGH84, using a syringe, to give a final
concentration of 45 nM. Inhibitor concentrations in the
assay varied from 10 to 100 uM for 5, 0.5 to 7.5 puM for 3,
and 0.25 to 5 uM for 7 (in each case spanning the K;
value). 4-Nitrophenolate release was recorded continuously
at 400 nm for 300 s. Rates were determined in both the
presence and absence of inhibitor. The K; value was
determined using the following equation:

Vo 1
" EU] +1

where v, and v; are the rates of catalysis in the absence
and presence of inhibitor, respectively. Under conditions
where [S] < Ky, the fractional decrease in rate thus
yields the K; for a competitive inhibitor. A plot of vy/v;
against inhibitor concentration yields a gradient of 1/K;,
with an intercept of 1.

Results

Compounds N-acetyl gluconolactam (3), LOGNAc (5) and
PUGNAC (7) were tested for their ability to inhibit BrGH84
in a kinetic assay (Fig. 2), using pNP-GIcNAc as the sub-
strate, which yielded K; values of 920 nM for 7, 2 uM for 3
and 24 pM for § (Table 2). ITC (Fig. 3) was performed (at
the pH optimum for catalysis), which yielded Ky values for
7 and 3 (Table 2). The K4 values obtained using ITC are in
reasonable agreement with the K; values determined by
kinetic means. ITC was also used to determine the ther-
modynamic parameters (enthalpy and derived entropy) of
binding (Table 2). The thermodynamic signature for the
binding of 3 with BtGH84 is dominated by a large
favourable enthalpy and a small favourable entropic con-
tribution, whereas the binding of 7 is dominated by a
favourable enthalpic contribution partially offset by unfa-
vourable entropy. In our experiments, S yielded no heat
change upon binding with BtGH84 at 25°C, implying a
AH° of 0. Experiments were repeated at both 15 and 35°C,
where we hoped the significant heat capacity dependence
on temperature would render AH° measurable, but still no
heat change upon binding could be detected. If one
assumes that the kinetic Kj is equivalent to the K, deter-
mined by ITC, a AH® of 0 kcal/mol for LOGNAc binding
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Fig. 2 Plot of vo/v; against inhibitor concentration fora 3, b 5 and ¢ 7
with BtGH84. Reaction rate is determined by measuring the release of
4-nitrophenolate in the absence (vy) and presence (v;) of inhibitor. The

Table 2 Inhibition constants and thermodynamic data for compounds 3,

[LOGNAC 5] (uM)

[PUGNAC 7] (M)
1/K; values for each compound were derived from the slope of the

best fit line. Assays were carried out in 50 mM MES, pH 6.5,
200 mM NaCl

5 and 7 binding to BtGH84

Compound BrGHS84 OGA
K (uM)
K; (LM) Ky (uM) AH, (kcal/mol) TAS, (kcal/mol)
N-acetyl gluconolactam (3) 2 85+3 —65£04 +0.5 N/D
LOGNAc (5) 24 ND 0)° (+6.3)° 1.7¢
PUGNAc (7) 0.92 25402 —10£ 0.5 -23 0.050*"

Values, where known, for the human O-GlcNAcase (OGA) are also shown

N/D Not determined
4 Data from (Dong and Hart 1994)
® Data from (Macauley et al. 2005)

¢ No heat change was observed with 5 and BtGH84. If a AH, value of 0 is considered, and the Kj is assumed to be the same as the kinetically

determined Kj, the TAS, can be estimated

Fig. 3 Isothermal titration a Time (min) b Time (min)
calorimetry plots for B(GH34 410 0 10 20 30 40 50 60 70 80 90 100110120 410 0 10 20 30 40 50 60 70 80 90 100110120
w1tha$andb7.Theupper 04_'I'I'I'I'I'I'I'I'I'I'I'I'I_ 04_'I'I'I'I'I'l'l'l'l'l'l'l'l_
panel shows the power supplied 02.] 1 0‘2 E 1
to the system to maintain a -] ] <] 7
constant temperature against 0.0 ””ﬂr T ] 0-0'_ 7
time (the area of each peak 0.2 . -0.2 4
gives the heat of interaction for § -0»4-_ 7 8 044 J
that injection). The lower panel 5 06 4 % 06 ]
shows the bimolecular fit of the g 084 ] =5 05.] 1
normalised heats of interaction 104 ] h j
plotted against the molar 2] b 1.0 7]
concentration. Titrations were 14] E -1.24 e
performed at 25°C in 50 mM ' r . r r r T 14 ; ; T . . .
MES, pH 6.5, 200 mM NaCl 0 ) 0 4

= £ ]

& 8 24 7

= £ 44 -
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Fig. 4 a Cartoon representation of the N-terminal and catalytic
domains of BtGH84 (residues 4-372), in complex with LOGNAc (5),
which highlights the active site pocket (shown in surface represen-
tation). Ball and stick representation of b 3 and ¢ 5 bound to BtGH84

to BtGH84 implies a favourable 74S of approximately
+6.3 kcal/mol.

The X-ray crystal structures of BtGH84 (Fig. 4) in com-
plex with LOGNAc (5) and N-acetyl gluconolactam (3)
were determined to 1.95 and 2 A resolution, respectively
(Table 1; the PUGNAc complex has been reported previ-
ously; Macauley et al. 2008). N-acetyl gluconolactam (3)
(Fig. 4b) is found in a ‘E (envelope) conformation, which is
consistent with the *H; half-chair structure of the parent
gluconolactam (Inouye et al. 1968). The O6 hydroxyl group
of 3 receives a hydrogen bond from a water molecule, sitting
above the plane, and donates a hydrogen bond to Asp344
(Fig. 4d). The O4 hydroxyl group is engaged in two
hydrogen bonds with Asn344 and Asn372, and the O3
hydroxyl group interacts with the main chain carbonyl of
Gly135 and the side chain of Lys166. The 2-acetamido
group of 3, sandwiched by Trp337 and Tyr282 in a hydro-
phobic pocket, accepts a hydrogen bond from Asn339 on its
carbonyl oxygen, whilst the hydrogen atom on the nitrogen
in the 2-acetamido group provides a hydrogen bond to res-
idue Asp242. Intriguing features in the complex with 3 are
an “over-coordinated” exocyclic carbonyl (involved in 3
hydrogen bonds: with an incoming water, the catalytic acid/

@ Springer

(the key catalytic residues, Asp242 and Asp243, are shown). The
observed electron density map (2F,s — Feqc) is contoured at lo.
Figures were made using PYMOL. d Schematic diagram of the
interactions between 3 and BrtGH84

base Asp243 and Tyr282) and bifurcated hydrogen bonds
formed between the Asp243 carboxyl group, the exocyclic
carbonyl oxygen and the Tyr282 hydroxyl group. As a
crystal structure reflects an average arrangement of all
molecules in the crystal lattice, the interactions observed
here may imply a dynamic motion of the hydrogen bond
network between Tyr282, Asp243 and a water molecule in
the active site. This is supported by the observation that the
catalytic acid/base Asp243 has a higher B factor (34 A?in
molecule A and 25 A? in molecule B, and two conforma-
tions can be seen in the latter) than the surrounding residues,
and the water molecule is also partially occupied. These
movements in BtGH84 caused by potential clashes with the
carbonyl group of 3 are likely to contribute to the reduced
potency compared to 7. Indeed, the presence of an equatorial
group at the anomeric position is possibly a drawback of
many compounds, as it places the hydrogen bonding
acceptor in the plane of the pyranoside; in the Michaelis
complex or transition state, however, the departing oxygen
is pseudo-axial “above” the ring (see He et al. 2010;
Vocadlo and Davies 2008 for review).

Similarly to the N-acetyl gluconolactam (3), electron
density clearly revealed the presence of LOGNAc (5)
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bound in the active site of BfGH84, in a *E conformation
(Fig. 4c), which reflects some distortion of the lactone
oxime away from the favoured 4C, chair conformation (see
“Discussion” below). LOGNAc (5) hydrogen bonds with a
number of active site residues of BtGH84 and two water
molecules (the interactions are the same as described for 3,
except for those with the lactam group). The oxime nitro-
gen, which mimics the glycosidic oxygen in the substrate,
is within hydrogen bonding distance to Tyr282, and
potentially with Asp243 and a water molecule above the
plane (although both Asp243 and the water molecule show
high mobility and the distances to the oxime nitrogen vary
between the 2 molecules in the asymmetric unit). The
hydroxyl group attached to the oxime nitrogen coordinates
with Tyr282 and a water molecule, most likely in a
Z-configuration, although the density for this atom is sub-
stantially (and surprisingly) weaker than for the rest of the
inhibitor, which may reflect X-ray induced decay of the
compound (the complex was repeated 3 times with dif-
ferent independent samples of material and the same weak
density was observed in all cases).

Discussion

A common feature of both lactone oximes and lactams, in
terms of chemical structure, is the presence of an exocyclic
heteroatom (O or N) next to the “anomeric” carbon centre,
which mimics the glycosidic oxygen atom. Due to the sp*
hybridisation with this heteroatom, and the absence of a
1-H substituent, it is likely that both 3 and 5 have a lower

Tyr282

Fig. 5 a Structure of BtGH84 in complex with PUGNAc (purple)
superimposed with the Michaelis complex (yellow). The aglycone
moiety of PUGNAc resembles the leaving group in the Michaelis
complex in terms of conformation (**B) and the pseudo-axial position
of the group in the +1 subsite, which allows a hydrogen bond
interaction (represented by a dashed line) between the catalytic acid
(Asp243) and the glycosidic oxygen atom in the Michaelis complex.
b Superimposition of BftGH84 in complex with PUGNAc (7) (purple),

energy barrier to ring distortion than a pyranoside, which is
reflected in the *E conformations observed “on-enzyme”
for both compounds. Solution or small molecule structures,
of lactams such as 3 have been shown to favour a *Hj
conformation (Inouye et al. 1968; Nishimura et al. 2000).
Although 5 may be easily distorted in solution, as evi-
denced in an NMR study (Beer and Vasella 1986), it has
preference towards a *C; chair, as demonstrated by the
solid state structure of a closely related compound (Hoos
et al. 1993) and in the protein complex of § with glycogen
phosphorylase (Papageorgiou et al. 1991). As 5 favours a
chair in solid state, but one that may be distorted, it could
be that delocalisation of the amide of 3 is more facile, thus
favouring a half-chair conformation, and this may con-
tribute in part to the better binding of 3 in these
experiments.

Given the poor inhibition by LOGNAc (5), it is sur-
prising that PUGNAc (7) is such a strong OGA inhibitor
(although inhibition of BrGH84 is weaker than human
OGA). No doubt, this reflects the addition of the aglycone-
mimicking N-phenylcarbamate moiety on 7 that extends
out of the active site pocket and, in addition to aromatic
interactions, makes several hydrogen bond interactions
with residues including His433, Tyr282 and Asp243.
Similar to the hydrogen bond observed between Asp243
and the glycosidic oxygen in the Michaelis complex with
BtGHS84 (He et al. 2010) (Fig. 5a), Asp243 in the structure
of the PUGNAc complex donates a proton to the lone pair
of electrons on the sp? hybridised nitrogen through its 052
atom. However, the equivalent interaction in the complexes
with 3 and 5 are with the Od1 atom of Asp243, and neither

His433

Tyr282 Trp286

LOGNACc (5) (cyan), and N-acetyl gluconolactam (3) (green). 3 and 5
are bound in a *E conformation, causing the pseudo-glycosidic
oxygen atom to lie in the plane of the glycoside, which is sterically
unfavoured by the enzyme. 7 is distorted towards a "**B conformation,
and its N-phenylcarbamate group makes hydrophobic interactions
with Trp286 and favourable hydrogen bond interactions (shown by
dashed lines) with active site residues (His433, Asp243, and Tyr282)

@ Springer



836

Y. He et al.

satisfies optimum hydrogen bond geometry. The binding of
the N-phenylcarbamate group of 7 in the aglycone subsites
appears to be sufficient to distort the pyranose ring of 7
away from its favoured *C; chair, and beyond the *E con-
formation observed in the complex with 5, towards a
4B conformation (Fig. 5b). This distortion means that the
aglycone is almost pseudo-axial and allows the hydrogen
bond between the exocyclic heteroatom nitrogen atom
(corresponding to the glycosidic oxygen in the substrate)
and catalytic acid Asp243. Such distortion also avoids any
steric clash with enzyme active site residues (as 7 is
elevated in the active site pocket; Trp286 and Asp243 are
also slightly perturbed from their position compared to
what is observed with other inhibitors). It is becoming
apparent, from diverse complexes with both BrGH84
(imidazole-PUGNAc hybrid, Shanmugasundaram et al.
2006; N-butyryl-PUGNAc, Balcewich et al. 2009) and
C. perfringens Nagl (PUGNAc, Rao et al. 2006;
GlcNAcstatins, Dorfmueller et al. 2006, 2009) that pseudo-
aglycone moieties provide additional binding energy to
facilitate distortion, causing reorientation of the sugar ring
and thus allowing the pseudo-glycosidic atom to interact
with the catalytic acid. This important interaction (see
Heightman and Vasella 1999; Vasella et al. 2002 for
reviews) is not captured to the same extent in the complex
with compounds 3 and 5. In contrast, the sp” pseudo-ano-
meric centre of a l-acetamido derivative of 6-epivalien-
amine (Scaffidi et al. 2007) is more capable of forming this
interaction, as can some azepane derivatives (Marcelo et al.
2009), but is at the expense of the distorted half-chair or
envelope geometry. PUGNACc (7) is a weaker inhibitor of
BtGH84 than human OGA, which may reflect a difference
in the interactions formed in the 41 (aglycone) subsites.
Although the critical —1 subsite of BfGH84 is invariant
with the human enzyme (based on sequence alignments), in
the 41 subsite Trp286 of BrGH84 is equivalent to a Phe in
human OGA. In addition, 7 was observed to bind differ-
ently in the aglycone subsite of BfGH84 (Macauley et al.
2008) and NagJ (Rao et al. 2006). The diverse binding
constants are therefore not surprising given the adventi-
tious nature of the pseudo-aglycone interactions.
LOGNACc (5) binds ten-fold less tightly to BfGH84 than
N-acetyl gluconolactam (3). This result agrees with an
earlier report in which 5 was shown to inhibit diverse
f-N-acetylglucosaminidases of animal, higher plant and
fungus origin only 40-70% as effectively as an N-acetyl-
glucosaminono-1,5-lactone (Horsch et al. 1991). A similar
situation pertains for the gluco-variant where the inhibition
of sweet-almond f-glucosidase by 1,5-lactone oxime (4) is
ten-fold weaker than the parent glucono-1,5-lactone (2)
(Heightman and Vasella 1999). This suggests that the
additional hydroxyl group may not promote favourable
interactions in the active site of enzymes. Indeed, when
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LOGNACc is bound in a *E conformation in the complex
with BtGH84, the hydroximonyl group is closely sur-
rounded by Val314, Asp243 and Tyr282 where interactions
are not sterically optimal.

The thermodynamic signature for 3 and 7 with BrGH84
revealed that the binding for both is dominated by
enthalpy. Large enthalpic contributions to binding have
been demonstrated extensively for a number of inhibitors
with glycoside hydrolases previously (Gloster et al. 2007).
However, it is interesting that other inhibitors studied
which bear a hydrophobic group protruding into the +1
subsite have significant entropic contributions to binding,
but the same is not true for 7 with BfGH84 in this case.
Large beneficial entropic contributions, on other systems,
have been interpreted as reflecting the beneficial desolv-
ation of inhibitor or protein residues upon inhibitor
binding, where that inhibitor itself remains flexible
(Gloster et al. 2007). It is therefore possible that binding
of the N-phenylcarbamoyl group of 7 in the active site of
BtGH84 is associated with a considerable reduction in
mobility compared to some of the aryl-group bearing
inhibitors described in Gloster et al. (2007). That the
N-butyl PUGNAc complex of BtGH84 binds, however,
with the N-phenylcarbamoyl group in a completely dif-
ferent orientation certainly hints at an inherent flexibility
of this group (PDB code: 2wca). The fact that no heat
changes could be observed with 5 binding to BtGH84
suggests that it has no enthalpic contribution to binding
and is driven by entropy under the conditions used. This
is unusual for glycosidase inhibitors and to our knowledge
has only been observed previously with a castanosper-
mine analogue bearing an octyl chain; here, tight binding
was attributed to desolvation of the protein residues upon
binding the large aliphatic group (Aguilar-Moncayo et al.
2009). For compound 5, however, the reasoning is more
difficult to fathom. As demonstrated in the structure of the
complex, a number of hydrogen bond interactions are
formed between 5 and active site residues, which, one
would assume, would be reflected in a measurable
enthalpy by ITC. 5 does bind to two water molecules, but
this is the same as for 3, which has a significant enthalpic
contribution to binding. The reasons for its net AH of zero
remain unclear.

The analysis of the binding of N-acetyl gluconolactam
(3) and LOGNACc (5) to BtGH84 presented here shows that,
consistent with past reports, neither are tight-binding
inhibitors. The work shows that these inhibitors, with sp2
pseudo-anomeric centres, are unable to capture the binding
energy of the mechanistically designed inhibitors such as
GlcNAc-thiazoline, its analogues (Macauley et al. 2005;
Dennis et al. 2006), and the isothiourea containing Thia-
met-G (Yuzwa et al. 2008). Thus, to generate sufficient
binding energy, the lactone oxime needs to be further
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functionalised to generate PUGNAC, in which adventitious
interactions in the 41 subsite benefit binding 30-fold.
Similar situations in which a poor(er) inhibitor is enhanced
through the capture of +1 subsite interactions has been
observed on other glycosidase systems including f-gluco-
sidases (Hrmova et al. 2004; Hrmova et al. 2005; Gloster
et al. 2007) and f-mannosidases (Tailford et al. 2008).
Comparison of the Michaelis and PUGNAc complexes of
BtGH84 reveals different positions for the phenyl rings
with that of PUGNACc displaced 3.4 A from the phenyl ring
of the former and extended further out of the +1 subsite
(Fig. 5a). Such a positional difference, coupled to oppor-
tunities for bicyclic ring systems and linkers optimised for
their adventitious interactions, offer considerable prospects
for both structure-inspired and combinatorial approaches to
generate more potent inhibitors of human OGA in the
future.
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