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Considerable interest has developed over the past decade in the
design and synthesis of specific glycosidase inhibitors of high
affinity.1 A driving force has been the potential for such inhibitors
as therapeutics, with successful examples being the neuraminidase
inhibitors Tamiflu and Relenza (influenza)2,3 and theR-glucosidase
inhibitors acarbose and miglitol (diabetes).4,5 Other inhibitors under
development include those of mannosidases (cancer)6 and of
nucleoside hydrolases/phosphorylases.7 In many cases, when high
affinities are attained, the inhibitors are claimed to be transition-
state analogues. However, high affinity by itself does not indicate
transition-state mimicry, yet design of inhibitor modifications to
improve affinity is frequently based upon such assumptions. In this
paper, we describe an analysis of transition-state mimicry of two
major classes of glycosidase inhibitors using a well-characterized
enzyme system. We demonstrate that, at least with the enzyme
chosen, aza-sugars bearing a formally sp2-hybridized “anomeric
center” are good transition-state mimics, whereas sp3-hybridized
aza-sugars of the deoxynojirimycin and isofagomine class, although
equally potent, fit this description less well.

The xylanase Cex fromCellulomonas fimi, a “classical” retaining
glycosidase that performs catalysis via oxocarbenium ion-like
transition states, is an ideal test-bed for such an analysis since three-
dimensional structures of the catalytic domain of this enzyme, of
its covalent glycosyl-enzyme intermediate (Figure 1), and of
complexes with a series of high affinity inhibitors have been
described, along with numerous kinetic studies on wild-type and
mutant forms.8-14

As described by Lienhard15 and Wolfenden16 and as reviewed
by Mader and Bartlett,17 a critical analysis of transition-state
mimicry can be achieved by comparing the effects of equivalent
structural perturbations on the affinity of the true transition state
(via effects on substratekcat/Km) and on the affinity of the transition
state analogue (viaKi values). Two approaches may be used to
introduce perturbations: (a) modifications to the inhibitor and the
corresponding substrate and measurement of kinetic parameters with
the wild-type enzyme, or (b) mutation of enzymic active site
residues to afford mutant enzymes, which are studied with the same
inhibitor and substrate. The second approach was used here. Ten
different mutants representing modifications to eight active site
residues (shown in red in Figure 1), including “first sphere” and
“second sphere” side chains, were constructed. Kinetic parameters
(kcat, Km, andkcat/Km) were determined for each of these mutants
with the substrateo-nitrophenylâ-xylobioside at pH 7.0 (Table S1
of Supporting Information). Values ofkcat/Km cover almost 3 orders
of magnitude.

Five high affinity (Ki values between 0.13 and 5.8µM) xylobiose-
based inhibitors of Cex formed the basis for this study (Figure 2).
Three of these (1, 2, and3) possess sp2-hybridized anomeric centers,
thereby resembling the flattened anomeric stereochemistry at the

transition state and, in the case of1 and2, including an exocyclic
heteroatom at C1 that mimics the protonated glycosidic oxygen.
At the pH at which inhibition constants (Ki) were obtained (pH
7.0),1 and2 (conjugate acid pKa values of 4.9 and 5.9) are neutral,
but likely protonated by the enzyme. The other two aza-sugars,4
and 5 (conjugate acid pKa values of 6.9 and 8.8), are of the
deoxynojirimycin and isofagomine types and are fully sp3-hybrid-
ized with a4C1 conformation for both sugars. Three-dimensional
structures of complexes of Cex with each inhibitor have been
described.12,13Ki values for each of these inhibitors with each mutant
are presented in Table S1 of Supporting Information.

To probe whether these inhibitors function as transition-state
mimics, linear free energy relationships were plotted relating relative
free energies of activation (fromkcat/Km values for substrate
hydrolysis) to free energies of inhibitor binding (fromKi values)
as shown in Figure 3. Excellent correlations are observed for the
three sp2-hybridized inhibitors, with correlation coefficients from
0.97 to 0.99 and slopes of close to 1. Somewhat weaker correlations
were seen for the isofagomine and deoxynojirimycin analogues,
with correlation coefficients of 0.77 and 0.89 and slopes also close
to 1. Importantly, no significant correlations were seen in log plots
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Figure 1. Schematic of the active site of Cex trapped as its 2-deoxy-2-
fluoroxylobiosyl-enzyme intermediate.18

Figure 2. Structures of the five aza-sugar inhibitors studied, withKi values
against wild-type Cex xylanase shown.
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of Ki versusKm (Supporting Figure 1), clearly showing that these
are not simply ground-state effects.

These plots reveal differences in behavior of these two classes
of inhibitors and the degree to which they reflect features of the
transition state. An oxocarbenium ion-like transition state for this
class of glycosidase, with the planar arrangement of C5, O5, C1,
and C2 being accommodated within a half chair or envelope
conformation, is strongly indicated by a number of studies, including
heavy atom kinetic isotope effect analyses on a related clan
member.19 The excellent correlations for the sp2-hybridized inhibi-
tors (0.97-0.99) indicate that they quite accurately reflect the shape
and charge of such a transition state. The poorer correlations
observed for the sp3-hybridized deoxynojirimycin (0.89) and
isofagomine (0.77) type inhibitors indicate that while elements of
their structure, presumably their charge, reflect the transition state
other aspects, possibly their geometry, do not replicate the transition
state as faithfully. The poorer correlation seen for the isofagomine
5 over the deoxynojirimycin4 might reflect the absence of a
2-hydroxyl, which is known to contribute greatly to transition-state
stabilization in â-glycosidases,20 but could also reflect poorer
mimicry of transition-state charge distribution. Indeed, this finding
of poorer transition-state mimicry by5 is reminiscent of conclusions
of the calorimetric study on binding of isofagomine to the
Thermotoga maritimaâ-glucosidaseTmGH1, where a large entropic
contribution was detected, at odds with the normal requirement for

enthalpic stabilization of the transition state.21 The fact that theKi

value of the tightest binding inhibitor studied here, compound2,
falls far short of the theoretical limit for a perfect transition-state
analogue (estimated at 10-22 M)22 reflects fundamental chemical
limitations of transition-state mimicry: an inability to mimic the
partial bonds to the nucleophile and nucleofuge and imperfection
in van der Waals contacts. Strikingly, the poorest transition-state
mimic studied here, the isofagomine5, binds to Cex as tightly as
the best mimic, the imidazole2, demonstrating that powerful
inhibition can be obtained even with limited resemblance of the
transition state. While our results show that the sp2-hybridized
inhibitors appear to be the best transition state mimics for Cex,
and presumably most other retaining glycosidases, recent studies
have shown them to be poor mimics for retaining glycosidases that
use substrate-assisted catalysis; NAG-thiazolines, which possess an
sp3-hybridized anomeric center, are better transition state mimics
in that case.23 Future design and elaboration of both sp2- and sp3-
hybridized compounds as bespoke glycosidase inhibitors should be
performed with these findings clearly in mind.
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Figure 3. Transition-state analogy plots forC. fimi xylanase Cex.
Comparison betweenkcat/Km values for hydrolysis ofo-nitrophenylâ-xy-
lobioside and inhibitorKi values for xylobiose-based (A) lactam oxime1;
(B) imidazole2; (C) isofagomine lactam3; (D) deoxynojirimycin4; and
(E) isofagomine5 with each of 10 mutants.
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