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Glycosidase inhibitors have proven to be valuable probes of
enzymic mechanism1 and show considerable promise as thera-
peutic drugs.2 Design of inhibitors for these enzymes is best
based upon a knowledge of their mechanisms. Retaining
glycosidases3 are generally believed4-6 to follow a double-
displacement mechanism in which a covalent glycosyl-enzyme
intermediate is formed and hydrolyzedVia oxocarbenium ion
like transition states, as shown for anR-glucosidase in Scheme
1. A successful strategy for inactivation of retainingâ-gly-
cosidases involves the use of activated 2-deoxy-2-fluoro gly-
cosides that form a stabilized 2-deoxy-2-fluoroglycosyl-enzyme
intermediate that turns over only slowly. Unfortunately, this
approach has been notably unimpressive with allR-glycosidases
tested.7,8 Further, the requirement for a fluorine at C2 limits
the utility of these inhibitors if the enzyme (e.g., anN-
acetylhexosaminidase) is intolerant of substitution at this
position. This paper describes a novel approach which obviates
both these problems and allows inhibition of bothR- and
â-glycosidases through accumulation of a covalent glycosyl-
enzyme intermediate, without compromising specificity through
substitution of any ring hydroxyl. It also provides substantial
evidence against an alternative mechanism for retaining gly-
cosidases involving endocyclic ring opening.9-11

5-Fluoro glycosides with good leaving groups, such as1 and
2, might be expected to inactivate “retaining” glycosidases by
formation of a stabilized 5-fluoroglycosyl-enzyme intermediate
through a trapping mechanism analogous to that of the 2-deoxy-
2-fluoro glycosides. A sterically conservative fluorine substitu-
tion at C5 of a glycosyl oxocarbenium ion exerts electronic
effects similar to or greater than those of a C2 fluorine, both
atoms being adjacent to centers of developing positive charge.12

However, crucial transition state binding interactions between
the enzyme and the usual C2 substituent13-15which are disrupted

in the case of the 2-deoxy-2-fluoro sugars are still possible for
the 5-fluoro glycosides.
Synthesis of the 5-fluoroglycosyl fluorides hinged upon the

known radical photobromination reaction at C5 of per-O-
acetylatedâ- and R-glucosyl fluorides.16-18 Fluorination of
these 5-bromoglucosyl fluorides and deacetylation afforded
products1 and2, which were purified by chromatography and
characterized.19
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Scheme 1.Presumed Mechanism of a Retaining
R-Glucosidase
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5-Fluoro-â-D-glucosyl fluoride (5FâGluF), 1, inactivated
Agrobacterium faecalisâ-glucosidase according to essentially
pseudo-first-order kinetics20 although inactivation, particularly
at lower inactivator concentrations, did not proceed to comple-
tion (Figure 1). This is consistent with a kinetic model21 in
which turnover (kcat) of the glycosyl-enzyme is significantly
slower than its formation (ki) at high, but not low, inactivator
concentrations. A replot of the rate constants from the initial
exponential phase showed no saturation at concentrations up
to 3.7µM (Figure 1, inset), beyond which inactivation became
too rapid to accurately measure. Nonetheless, a second-order
rate constant ofki/Ki ) 660 min-1 mM-1 was obtained from
the slope of this plot. Protection against inactivation was
afforded by 4.7µM castanospermine (Ki ) 3 µM22 ), the pseudo-
first-order rate constant at 1.84µM 5FâGluF being reduced from
1.07 to 0.18 min-1. When freed of excess inhibitor by
ultrafiltration, followed by incubation in buffer at 37°C, a first-
order recovery of enzyme activity was observed (kcat ) 0.082

min-1, corresponding tot1/2) 8.5 min), indicating a catalytically
competent intermediate that is capable of normal turnover, but
at greatly reduced rates. An electrospray mass spectrum of the
5FGlu-inactivatedâ-glucosidase showed that the mass of the
protein increased from 51 216( 6 Da to 51 397( 6 Da upon
inactivation. This increase of 181( 12 Da is that expected
for the covalent attachment ofone5-fluoroglucosyl moiety (181
Da). A further measure of the effectiveness of this inhibitor is
provided by the steady stateKi′ value of 0.3µΜ determined,21

one of the best inhibitors yet found for this enzyme.
Incubation of yeastR-glucosidase with 5-fluoro-R-D-glucosyl

fluoride (5FRGluF), 2, resulted in very rapid inhibition, even
when assaying at the shortest possible time intervals.23 How-
ever, complete inhibition was not observed since turnover of
the intermediate (kcat) was also rapid, allowing the establishment
of a significant steady state rate. Furthermore, incubation of
5FRGluF with R-glucosidase resulted in a slow release of 2
(2.0 ( 0.3) equiv of fluoride. The time course of fluoride
release was linear over virtually the entire course of the
hydrolysis reaction, even at micromolar concentrations of
5FRGluF, indicating an extremely lowKm ()Ki′) value and
providing akcat value of 6.6 min-1. This very tight binding,
due to the significant accumulation of an intermediate, precluded
direct determination of theKm value due to the insensitivity of
the fluoride electrode at the low concentrations required.
However, a steady stateKi′ of 1.4µM was determined, one of
the lowest such values yet seen with yeastR-glucosidase.
In conclusion, these 5-fluoroR- andâ-glycosides are potent

mechanism-based inhibitors ofR- andâ-glycosidases, respec-
tively, forming catalytically competent intermediates that are
capable of turnover, at rates reduced 105- and 103-fold,
respectively, from those of theâ-24 andR-D-glucosyl fluoride25
parent substrates. In addition, the fact that successful inactiva-
tion is seen provides further substantial evidence26 against an
enzymic mechanism involving initial endocyclic bond cleav-
age.9-11 According to such a mechanism, a reactive fluorohy-
drin would be generated at C5 which should eliminate fluoride
rapidly, releasing a 5-ketoglucose derivative. Thus hydrolysis,
not inactivation, would be observed.
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Figure 1. Inactivation ofAgrobacteriumâ-glucosidase with1. Enzyme
was incubated with the following concentrations of1: 3.68µM (1),
1.84µM (O), 0.921µM (×), 0.736µM ([), 0.368µM (0). Inset: replot
of rate constants from Figure 1.
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