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A cellobio-derived isofagomine glycosidase inhibitor (Ki ~
400 nM) displays an unusual distorted 2,5B (boat) conforma-
tion upon binding to cellobiohydrolase Cel6A from Humi-
cola insolens, highlighting the different conformational
itineraries used by various glycosidases, with consequences
for the design of therapeutic agents.

The enzymatic hydrolysis of glycosides is performed via
transition states that display substantial oxocarbenium-ion like
character. This demands that at, or extremely close to, this
transition state, C5, O5, C1 and C2 lie approximately co-planar,
an arrangement accommodated only by 4H3 and 3H4 half-chair
and 2,5B and B2,5 classical boat conformations.1 Here we
demonstrate that the cellobio-derived isofagomine, (3R,4R,5R)-
4-(b-D-glucopyranosyl)oxy-3-hydroxy-5-(hydroxymethyl)pi-
peridine, 1)2 is distorted towards a 2,5B conformation upon
binding to the inverting b-glucosidase, Cel6A, which together
with the 2SO conformation recently revealed for non-hydroly-
sable “Michaelis” complexes of this enzyme, supports a novel
conformational agenda for these enzymes. The widely held, but
incorrect, belief that all glycosidases perform catalysis via 4H3-
configured transition states must be readdressed in light of
recent structural insight.

Over 7000 glycosidase sequences are known. These enzymes
have been classified into over 90 “GH” families based upon
amino acid sequence similarities.3 A feature of these families is
that the configuration of both substrate and subsequent product
is conserved within a family. The nature of the conformational
pathways harnessed by particular families and which of the four
potential conformations is adopted at the oxocarbenium-ion-
like transition states remains unclear. Family “GH-6” is a
grouping of related endoglucanases and cellobiohydrolases that
hydrolyse the b-1,4 linkages of gluco-oligo- and polysaccha-
rides with inversion of anomeric configuration. 3-D structural
and kinetic analyses have led to a dissection of the binding
subsites and some components of the catalytic apparatus.1
Trapping of non-hydrolysable thio-oligosaccharides revealed
an unusual 2SO skew-boat conformation for the “Michaelis”
complex in the “catalytic” 21 subsite,4,5 although displacement
of the catalytic acid away from the active centre in these
structures confuses interpretation.

Compound 1 is a competitive inhibitor of Cel6A with an
apparent Ki of 412 nM.‡ The 3-D structure of the Humicola
insolens Cel6A (D416A mutant), at 1.3 Å resolution,‡ reveals
two molecules in the active-centre tunnel occupying the 22,21
and +1,+2 subsites. The isofagomine moiety in the catalytic 21
subsite is distorted to a conformation between 2SO skew-boat
and 2,5B boat (closer to the latter), Fig. 1. This places C6
pseudo-axial and would similarly place O1 pseudo-axial were
such an atom present. Distortion appears to be driven, in part,
through the steric barrier posed by Tyr174, Fig. 2, “behind” the
21 subsite and through optimal hydrogen-bonding from O3 to
the side-chain of invariant Asp405. A feature of the complex
with 1, absent from previous studies, is the correct positioning
of the Brønsted acid, Asp226, via a 2.7 Å hydrogen-bond to the
O4 atom of the +1 subsite sugar.

† Electronic supplementary information (ESI) available: details of data and
structure quality for complex of cel6A with 1. See http://www.rsc.org/
suppdata/cc/b3/b301592k/

Fig. 1 Electron density for 1 bound to Cel6A. The map is a 2Fobs–Fcalc

synthesis at 1.6 e Å23. Only the 22,21 and +1 sites are shown.

Fig. 2 Interactions between Cel6A and the two molecules of 1. Only the 21
and +1 subsites are shown for simplicity. Water molecules are shown as
shaded spheres.
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In addition to posing questions about distortion during
catalysis, discussed below, the complex also sheds light onto the
nature of the catalytic apparatus in this family where the identity
of a residue to provide Brønsted base-catalysed assistance to the
hydrolytic water molecule has remained elusive. Several
candidates have been discussed6 with a “Grotthus”-style
mechanism via a string of solvent molecules also a possibility.7
The Cel6A complex with 1 reveals a solvent molecule ideally
positioned for “inverting” attack at the anomeric centre, Fig. 2,
2.8 Å from the imino nitrogen. There is no candidate base within
hydrogen-bonding distance of this water molecule in this
complex. Instead, the water molecule interacts with the peptide
main-chain carbonyl of Asp405, the side-chain of Ser186 and a
second solvent molecule, which is itself hydrogen-bonded to the
carboxylate of Asp180. In the absence of conformational
change of either substrate or enzyme, deprotonation of the
attacking water via a solvent chain is most consistent with the
3-D structure of Cel6A with 1.

It has been estimated that b-glucosidases hydrolyse the
glycosidic bond with rates up to 1017-fold above the uncatalysed
rate. This is one of the most powerful enzymatic rate
enhancements known and implies a 10222 M affinity for the
enzyme transition state complex,8 yet despite this affinity, and
the potential to exploit glycosidases as therapeutic targets, the
exact conformation of the transition state harnessed by each
enzyme has remained elusive. 3-D structural analysis of
enzymes trapped in various, necessarily stable, states along the
reaction coordinate has supported a 4H3 half-chair transition
state for a number of retaining b-glucosidases and related
enzymes.9 Recent trapping of a b-mannanase in 1S5 conforma-
tion and its subsequent covalent intermediate in OS2 suggest a
different catalytic strategy10 via a B2,5 transition state. A feature
of both these conformational agendas is a close interaction
between a pseudo-equatorial 2-OH substituent and the carbonyl
group of the catalytic nucleophile, which in some cases is
believed to contribute in excess of 40 kJ mol21 to catalysis.11

Some enzymes do not appear to harness such interactions
(Antoni Planas, personal communication), indeed inverting b-
glucosidases are neither restricted to such a conformational
pathway nor are they in a position to harness such an interaction,
since the attacking group is a water molecule and not an
enzymatic carboxylate.

It seems likely that all the possible transition state conforma-
tions, Scheme 1, are harnessed by different enzyme classes.9 In
the case of family GH-6 cellulases, observation of a 2SO
“Michaelis” complex and a distorted 2,5B conformation for 1 is
most simply interpreted as reflecting an active-centre environ-
ment that favours binding of the 2,5B transition state; perhaps
via a 2SO?

2,5B itinerary. Use of an alternate conformation
would require conformational change of the active centre
groups, particularly those that favour a pseudo-axial position for
C6–O6. Furthermore, a recent 0.8 Å structure of an unrelated
inverting b-glucosidase, the endoglucanase Cel(8)A from
Clostridium thermocellum, also reveals a 2,5B conformation12

for unhydrolysed substrate, whilst family GH-11 xylanases
reveal a similarly conformed covalent intermediate13 support-
ing a wider applicability for such a transition state.

Piperidine derivatives, whilst often powerful inhibitors, are
not considered “transition-state mimics” since their most-
favoured (4C1) conformation does not reflect any potential
transition-state shape.14 The synthesis and analysis of con-
formationally-locked inhibitors may therefore provide a power-
ful route to novel, enzyme-specific inhibitors as opposed to
those that are generic or merely fortuitous.

Novozymes A/S, in particular the late Martin Schülein, are
thanked for provision of Cel6A. The Biotechnology and
Biochemical Sciences Research Council and the European
Union are thanked for funding. G.J.D. is a Royal Society
University Research Fellow.
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Scheme 1 Partial pyranose-ring pseudo-rotational itinerary (adapted from
Stoddart15). Potential transition state conformations that possess C5, O5, C2
and C1 co-planar are shown boxed.
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