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ABSTRACT

In order to accelerate the hydrolysis of glycosidic bonds by factors
approaching 10Y7-fold, glycosidases have evolved finely tuned active
sites optimally configured for transition-state stabilization. Struc-
tural analyses of various enzyme complexes representing stable
intermediates along the reaction coordinate, in conjunction with
detailed mechanistic studies on wild-type and mutant enzymes,
have delineated the contributions of nucleophilic and general acid/
base catalysis, as well as the roles of noncovalent interactions, to
these impressive rate enhancements.

The glycosidic bond, particularly that between two glucose
residues, is the most stable of the linkages within naturally
occurring biopolymers, with half-lives for spontaneous
hydrolysis of cellulose and starch being in the range of 5
million years.! Enzymes responsible for the hydrolyses of
these materials therefore face a challenging task, yet they
accomplish this with rate constants up to 1000 s™2, earning
them a reputation as some of the most proficient of
catalysts. This Account will focus upon the current view
of how this class of enzymes achieves these extraordinary
rate enhancements. The review is not intended to be
exhaustive: for that the reader is referred to other
sources.>"8 Rather this review will focus primarily upon
mechanisms of hydrolysis of -glycosides, with an em-
phasis on studies of the Agrobacterium sp. -glucosidase
(Abg), the Cellulomonas fimi exoglycanase (Cex), and the
Bacillus circulans xylanase (Bcx). However, most of the
principles elaborated should be common to all glycosi-
dases.

There has been a veritable explosion of structural
information on glycosidases in recent years both in terms
of sequences and in terms of three-dimensional structures.
The predicted amino acid sequences of well over 2000
different glycoside hydrolases are now available, and, at
last count, these were divided into 76 different families
on the basis of sequence similarities, this information
being currently available on an excellent Web site (http://
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FIGURE 1. General mechanisms for inverting (a) and retaining (b)
glycosidases.

afmb.cnrs-mrs.fr/~pedro/CAZY/db.html)® and having been
reviewed recently.’® Three-dimensional structures have
now been determined for representatives of at least 30 of
these families, revealing incredible structural diversity
despite the fact that all these enzymes catalyze the same
reaction, hydrolysis of an acetal. Nonetheless, some
families adopt similar folds and on this basis have been
assigned to so-called “clans”, as also reviewed recently.*!
However, many active-site features, such as a pair of
carboxyl groups, are retained throughout, as will become
apparent.

Hydrolysis of the glycosidic bond can occur with one
of two possible stereochemical outcomes: inversion or
retention of anomeric configuration. This observation
demands (at least) two different mechanisms (Figure 1).
However, all enzymes within a sequence-related family
appear to catalyze reactions with the same stereochemical
outcome.*?

The two carboxyl groups in inverting glycosidases serve
as general acid and general base catalysts and are suitably
placed, some 10.5 A apart on average,>!® to allow the
substrate and a water molecule to bind between them
(Figure 1a). Reaction occurs via a single-displacement

* To whom correspondence should be addressed. E-mail: withers@
chem.ubc.ca.
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FIGURE 2. General mechanism for retaining [-N-acetylhexos-
aminidases.
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FIGURE 3. Bransted relationship for a series of aryl S-glucosides
with Agrobacterium sp. S-glucosidase.

mechanism involving an oxocarbenium ion-like transition
state. By contrast, the carboxyl groups in retaining gly-
cosidases are only 5.5 A apart, consistent with a double-
displacement mechanism involving a covalent glycosyl—
enzyme intermediate (Figure 1b).2412 In the first step, one
of the carboxyl groups functions as a general acid catalyst,
protonating the glycosidic oxygen concomitantly with
bond cleavage. The other acts as a nucleophile, forming
a covalent glycosyl—enzyme intermediate. In the second
step, the side-chain carboxylate deprotonates the incom-
ing water molecule, which attacks at the anomeric center
and displaces the sugar. Both steps occur via transition
states with substantial oxocarbenium ion character. A
variant of this mechanism appears to be followed by some
N-acetyl f-hexosaminidases (those from families 18 and
20), in which the N-acetyl group plays the role of the
catalytic nucleophile. Reaction therefore proceeds via an
oxazoline intermediate, as shown in Figure 2.14%

Defining Rate-Determining Steps

To fully characterize each mechanistic step, it is necessary
to first identify a number of substrates for which different
steps are rate-limiting. The aryl glycosides have proved
ideal for this purpose with a number of $-glycosidases,
early studies being performed on the almond j-glucosi-
dase?® and Escherichia coli s-galactosidase.'” In the case
of Abg, a plot of log k.. values for the hydrolysis of a series
of aryl glucoside substrates versus the aglycone pK, values
produces a biphasic, concave-downward Brgnsted rela-
tionship, indicating a change in rate-determining step as
the aglycone leaving group ability increases (Figure 3).18

The glycosylation step is rate-limiting for substrates to
the right of the break, as indicated by the strong depen-
dence (Biy = —0.7) in this region. Below the break, the kca
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value is independent of the leaving group, indicating that
some other step is rate-limiting. This was shown to be
the deglycosylation step through nucleophilic competition
studies and the observation of “burst” kinetics in the pre-
steady state.’®19

Noncovalent Interactions

A significant component of catalysis in most enzymes
derives from noncovalent enzyme/substrate interactions
that are optimized at the transition state. To probe the
importance of hydrogen-bonding interactions at each
sugar hydroxyl position for each step along the reaction
coordinate with Abg, a series of deoxygenated and deoxy-
fluorinated derivatives of the substrate 2,4-dinitrophenyl
pB-glucoside were synthesized and subjected to detailed
kinetic analysis.'® Use of the very good 2,4-dinitrophenol
leaving group made it probable that the deglycosylation
step would be rate-limiting in each case; thus, pre-steady-
state and steady-state kinetic parameters for each sub-
strate allowed the apparent contribution of a specific
hydroxyl to be evaluated at both the glycosylation and
deglycosylation transition states. Key conclusions from
this study were that binding interactions at the 3-, 4-, and
6-positions individually contribute 3—10 kJ mol~* to each
transition state, whereas contributions in the ground state
are much weaker (=<3 kJ mol™!). However, the most
interesting interactions are those at the 2-position, which
contribute substantially (18—22 kJ mol~1) to stabilization
of the glycosylation and deglycosylation transition states.
This appears to be a common phenomenon with §-gly-
cosidases,’® with interactions at this position in some
enzymes reaching 45 kJ mol=.

Transition-State Structure

Substantial oxocarbenium ion character has been shown
to be present at the anomeric center in the transition
states of the enzyme-catalyzed process, as is also the case
for the spontaneous hydrolysis mechanism.'®2 Perhaps
the best such evidence is that derived from measurements
of a secondary deuterium kinetic isotope effects (aDKIEs).
Such measurements on glycosidases have a long history®
and are illustrated here in studies with Abg. The aDKIE
values measured*® for two substrates for which deglyco-
sylation was rate-limiting averaged ky/kp = 1.11, while
aDKIE values for the glycosylation step averaged kny/kp =
1.06. The larger aDKIE values measured for deglycosyla-
tion suggest that this step has more oxocarbenium ion
character than does glycosylation; thus, it involves a more
dissociative transition state. This might be expected since
the departing carboxylate is axial and may receive some
stereoelectronic assistance from the endocyclic oxygen.
The relatively large value of §,; = —0.7 measured for the
glycosylation step clearly indicates substantial bond cleav-
age at that transition state; thus, the smaller isotope effect
must indicate more preassociation by the nucleophile.
Indeed, since the leaving group is equatorial (unless
distorted, vide infra), this step will require more nucleo-
philic “push” from the enzymatic nucleophile.
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Substrate Distortion

The role of substrate distortion in the mechanism of
pB-glycosidases is a contentious issue with a long history.
First posited for hen egg white lysozyme on the basis of
models of bound oligosaccharides, this concept has
received support from measurements of subsite affinities,
which indicated a negative contribution from the —1 site,
and from stereoelectronic arguments, which require such
distortion in order to place the lone pair on the endocyclic
oxygen antiperiplanar to the scissile bond.??? Structural
evidence for such distortion has been ambiguous, possibly
because the complexes under investigation in many cases
had no sugar filling the +1 site. Recently, however, there
have been three separate structure determinations of
p-glycosidases with uncleaved substrates spanning the
active sites, in which large distortions of the pyranoside
ring bound in the —1 site into a 'S; skew boat have been
seen.?3~25 Such distortion, which is likely driven by inter-
actions between the enzyme and the substrate in the +1
site, can assist bond cleavage in several ways. First, it
permits an in-line attack of the enzymic nucleophile at
the anomeric center, unencumbered by the repulsive 1,3-
diaxial interactions otherwise present when displacing an
equatorial leaving group. It also moves the substrate closer
to the conformation of the oxocarbenium ion transition
state, as well as placing the glycosidic oxygen in an
appropriate position for protonation by the general acid
catalyst. Finally it is consistent with the dictates of
stereoelectronic theory alluded to earlier.

Acid/Base Catalysis

Cleavage of a glycosidic bond between two sugar residues
requires substantial general acid catalytic assistance, as
well as general base catalysis to assist the attack of the
nucleophilic water molecule, and glycosidases seem to be
well evolved to provide such help. Three-dimensional
structures generally provide good clues regarding the
identities of the acid/base catalysts. Alternatively, candi-
dates identified through sequence alignments can be
investigated by detailed kinetic analysis of mutants modi-
fied at those conserved residues.2 However, simple mea-
surement of activities can lead to misassignments.

Replacement of the acid/base catalyst carboxyl group
with a methyl group (Ala) or an amide functionality (Asn
or GIn) should yield a mutant with kinetic parameters that
vary widely with the leaving group ability of the substrate
aglycone. Thus, the glycosylation step, as measured
through kc.«/Kn values or pre-steady-state kinetics, is
drastically slowed for substrates such as disaccharides with
poor leaving groups that need protonic assistance for
departure but is affected relatively little for substrates such
as dinitrophenyl glycosides or glycosyl fluorides that need
no such assistance. However, the deglycosylation step is
slowed equally (typically 200—2000-fold) for all substrates
of the same glycone structure, due to removal of general
base catalytic assistance. This results in accumulation of
the covalent intermediate when reactive substrates are
employed,?~% as suggested by unusually low substrate
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FIGURE 4. Rescue of catalytic activity in the acid/base mutant of
Agrobacterium sp. [(-glucosidase by azide (a) and substrate-

assisted protonation (b).

Km values and “burst” kinetics in the pre-steady state. In
some cases, the intermediate can be trapped entirely, and
thus isolated, as will be discussed below. The altered
dependence on leaving group ability is also reflected in
the different slopes of Brgnsted plots of log(Kca/Km) versus
pKa for hydrolysis of aryl cellobiosides by Cex and its acid
catalyst mutant. Removal of the acid catalyst from Cex
increases the iy value for cleavage of aryl cellobiosides
from —0.3 in the wild-type enzyme to —1 in the acid
catalyst mutant, consistent with the removal of significant
proton donation.?® Interestingly, family 1 myrosinases do
not appear to have a general acid/base catalyst, yet they
still function effectively.3! Possibly such enzymes use the
substrate’s own acid catalyst and compensate for the
absence of a general base catalyst by forming more
reactive glycosyl—enzymes.

The kinetic characteristics described above are neces-
sary, but not sufficient, indicators of mutation of the acid/
base catalyst. Changes in the pH/rate profile should also
be observed, ideally involving complete removal of the
ionization from the profile,?®3° though in many cases this
can be masked by other proton-transfer events. A more
definitive and rapid diagnostic test for having mutated the
acid/base catalyst is the observation of a large increase
in rate of cleavage of substrates for which deglycosylation
is rate-limiting upon addition of nucleophilic anions such
as azide, formate, or acetate. This is accompanied by the
formation of a new product with retained anomeric
configuration (Figure 4a). These effects are due to the
anion reacting more rapidly with the glycosyl—enzyme
than does water in the absence of general base catalysis.
No such effect is seen with wild-type enzyme, charge
screening by the base catalyst presumably denying access
to the anions in that case. This approach allows relatively
facile and certain identification of the acid/base catalyst
and appears to be general.®

Catalytic activity has also been restored to the acid/
base mutant of Abg (Glul70Gly) by the inclusion of a
suitably positioned carboxyl group into the substrate.3?
Thus, the ke./Kn, value for cleavage of 2-carboxyphenyl
B-glucoside by this mutant is some 107-fold greater than
that for its 4-substituted isomer, due to intramolecular
delivery of a proton, as is shown in Figure 4b.

These results suggest that rigorous positioning of the
acid/base catalyst may not be as crucial as that of the
catalytic nucleophile, consistent with the differing stereo-
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FIGURE 5. Structures of gluco-configured triazoles (a and b) and
imidazole (c), illustrating “side-on” protonation by the acid/base
catalyst (c and d). K; values for the inhibition of almond $-glucosidase
are shown.

electronic demands of the two processes. Thus, increasing
or decreasing the length of the side chain of the acid/
base catalyst in Bex (Glul72Ala and Glu172CysCH,COOH)
reduced rate constants for glycosylation only 2—23-fold
for aryl xylobiosides and 400-fold for xylan.?° By contrast,
shortening the nucleophile side chain reduced the gly-
cosylation rate for aryl xylobiosides by 1600—5000-fold.33
Nevertheless, the development of protonation site-specific
transition-state analogue inhibitors has elegantly revealed
a subtlety in the positioning of the acid/base catalyst.®*
The vastly reduced potency of 1,2,3-triazoles (Figure 5a)
relative to 1,2,4-triazoles and imidazoles (Figure 5b and
¢, respectively) with glycosidases belonging to clan GH-A
implies that protonation of the glycosidic oxygen occurs
within the plane of the sugar ring rather than from above
(Figure 5d). Recent structural analysis of a cellobiose
imidazole complex with a cellulase has confirmed the
mode of binding.®

Exciting insight into the modulation of the pK, of the
acid/base catalyst to suit its role at each step in catalysis
was obtained from ¥C NMR titrations on Bcx that had
been specifically 3C-labeled in the side-chain carboxyl
groups of the nucleophile (Glu78) and the acid/base
catalyst (Glul72).%¢ pK, values of 4.6 and 6.7 were mea-
sured for Glu78 and Glul72, respectively, identical to those
deduced from the pH dependence of Kq./Kn. However,
when the 2-fluoroxylobiosyl—enzyme intermediate was
titrated, it was seen that the pK, of Glul72 had dropped
some 2.5 units, thereby producing the ionization state
required for the subsequent deglycosylation step. Such
“pK, cycling” is ascribed to changes in the active-site
environment arising from the presence and absence of
charge on Glu78 and is most likely a general feature of
the mechanisms of retaining glycosidases.

Covalent Intermediate: Trapping

The covalent intermediate shown in Figure 1 is signifi-
cantly different from the ion-pair generally depicted for
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the “textbook” glycosidase lysozyme. In reality, the struc-
ture of the lysozyme intermediate remains unclear be-
cause it has not been possible to make the deglycosylation
step rate-limiting. However, the covalent intermediate is
now firmly established with a number of other glycosi-
dases. Important evidence has been provided by aDKIEs
of ku/kp > 1.0 measured on the deglycosylation step,
which are consistent only with a covalent intermediate
reacting through an oxocarbenium ion-like transition
state.> An ion-pair intermediate would demand inverse
isotope effects.

Direct trapping of the covalent intermediate has been
achieved in several different ways. One approach involves
the introduction of a fluorine substituent into the 2- or
5-position of the substrate (Figure 6) to slow the reaction
by destabilizing the positive charge that develops at the
transition state and removing the important transition-
state hydrogen-bonding interactions which develop at the
2-position (for leading references, see refs 37—40). Since
such substitutions slow both the glycosylation and degly-
cosylation steps, a good leaving group, typically fluoride
or dinitrophenolate, is generally incorporated into the
analogue to ensure that the glycosylation step is faster
than the deglycosylation, and thus that the intermediate
accumulates.

Inactivation of the enzyme is accompanied by the
release of one full equivalent of aglycone per equivalent
of enzyme. This has allowed facile active-site titrations to
be performed, which have proved invaluable in the
characterization of mutant enzymes.*34! The formation of
a covalent intermediate is now trivially demonstrable by
electrospray mass spectrometric analysis, and **F NMR
studies have provided good evidence for the stereochem-
istry of the linkage.*>*® The catalytic competence of these
intermediates (with typical lifetimes of days) has been
evidenced by their accelerated turnover in the presence
of acceptor sugars, via the transglycosylation process
shown in Figure 7.

The identity of the nucleophilic amino acid residue
involved in intermediate formation has been determined
in a number of cases by proteolytic cleavage of the labeled
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FIGURE 8. Active-site environment of the Cellulomonas fimi
exoglycanase Cex trapped as a covalent 2-fluorocellobiosyl inter-
mediate.

protein, followed by isolation and sequencing of the
glycosylated peptide.*® This process has been significantly
accelerated by the use of LC/MS/MS protocols. Using this
or closely related approaches, the active-site nucleophiles
of 21 glycosidases have been identified, representing 13
of the 26 different families of retaining glycosidases.”

Covalent Intermediate: X-ray Crystallography

Certainly the best insight into the nature of the glycosyl—
enzyme intermediate has come from X-ray crystallo-
graphic analysis of trapped complexes. Structures of
several such complexes have now been solved,?331:44746 the
first being that of the 2-deoxy-2-fluorocellobiosyl—enzyme
intermediate of Cex* (Figure 8).

No significant changes in protein structure occurred
upon intermediate formation, and the proximal, covalently
linked sugar ring assumed a standard “C, chair conforma-
tion. Of particular interest were the identities of the amino
acid residues that interact with the sugar 2-hydroxyl, and
two close contacts with the fluorine were apparent. One
of these involved Asn126, located at a distance of 2.8 A
from the fluorine. However, site-directed mutagenesis of
this conserved residue indicated*”® an interaction worth
only about 2.5 kcal mol~*. The other nearby atom is the
carbonyl oxygen of the catalytic nucleophile (Glu233)
which, despite the fact that its interaction with the fluorine
at C-2 must be destabilizing, was only 3.1 A away,
suggesting that an important hydrogen bond might be
present when there is a hydroxyl group at the 2-position.

This possibility was probed by the trapping and struc-
tural solution of a covalent glycosyl—enzyme complex in
Cex involving a true cellobiosyl moiety.*® This was achieved
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FIGURE 9. Transition-state optimization of a strong hydrogen bond
between the 2-hydroxyl and the nucleophile of a S-retaining
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FIGURE 10. Active-site structure of Bacillus circulans xylanase
trapped as a covalent 2-fluoroxylobiosyl intermediate (a) and
implications for the transition state (b).

by deleting both the acid/base catalyst (Glul27Ala) and a
histidine (His205Asn) that modulates the position and
ionization state of the nucleophile, and reacting this
double mutant with 2,4-dinitrophenyl s-cellobioside. No
interaction was observed between the sugar 2-hydroxyl
and Asn126 (4.4 A) in this structure, while that with the
carbonyl oxygen of the nucleophile, Glu233, had become
unusually short (2.4 A), strongly suggesting that the very
strong interaction at the 2-hydroxyl deduced from kinetic
studies is, indeed, a hydrogen bond with Glu233. The
interaction observed would become shorter and stronger
at the transition state through flattening of the sugar ring
and approach of the carboxylate. In addition, positive
charge developed at the anomeric center must transiently
increase the acidity of the 2-hydroxyl, making it a better
hydrogen bond donor, as shown in Figure 9. This may be
a general phenomenon for retaining glycosidases with
appropriately configured 2-hydroxyls.

A surprise was obtained when the three-dimensional
structure of the 2-deoxy-2-fluoroxylobiosyl-enzyme inter-
mediate formed on Bcx was determined.* While the distal
xylose moiety adopts a normal “C; conformation, the
proximal xylosyl moiety, through which the sugar is linked
to the enzyme via an ester bond, is distorted into a 2°B
boat conformation, as shown in Figure 10a. In contrast,
the corresponding 2-deoxy-2-fluoroxylobiosyl—enzyme
intermediate in Cex (which possesses dual xylan/cellulose
specificity) accommodates both xylose rings in undistorted
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4C, chair conformations.*® Such distortion has not been
seen previously in a glycosyl—enzyme intermediate but,
as proposed earlier® carries significant mechanistic im-
plications. In such a conformation, C-5, O-5, C-1, and C-2
are held in a planar array ideally set up for stabilization
of oxocarbenium ion character at the transition state. Bcx
may therefore react through a boat transition state rather
than a half-chair!

Another intriguing interaction is a bifurcated hydrogen
bond formed by the Tyr69 hydroxyl group to the “ether”
oxygen of Glu78 and the sugar ring oxygen (Figure 10a).
Upon bond cleavage and positive charge development at
0O-5, the symmetry of this arrangement will be broken, and
a hydrogen bond will develop to the partially negatively
charged Glu78 oxygen. Simultaneously, a stabilizing elec-
trostatic or dipolar interaction could develop with the ring
oxygen, as shown in Figure 10b. This extended network
of interactions from the 2-hydroxyl around to the ring
oxygen could serve to disperse charge and stabilize the
flattened conformation.

o- Vs f-Retaining Glycosidases

A similar mechanism appears to exist in a-retaining
glycosidases, but of course with the complementary
stereochemical itinerary involving a -linked intermediate.
Good evidence for this has come from kinetic studies,®
from the trapping of intermediates, and from the three-
dimensional structure of one such intermediate.* Several
lines of evidence, however, point toward a subtle differ-
ence in the oxocarbenium ion character of the transition
structures formed on o~ and S-glycosidases. On j-glycosi-
dases, the syn interaction of the nucleophile carboxyl
oxygens with the anomeric center and the 2-hydroxyl will
tend to favor a greater share of the positive charge on the
anomeric carbon (Figure 11b). This interaction is not
possible for an a-glucosidase, where instead a syn interac-
tion of the nucleophile carboxyl oxygens with the ano-
meric center and the endocyclic oxygen is observed in the
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intermediate.%° This interaction will favor positive charge
development on the endocyclic oxygen (Figure 11a).

Experimental support for this hypothesis is drawn from
observations with two classes of inhibitors, as follows. The
efficacy of the 2-fluorosugar inhibitors with 5-glycosidases,
but not with a-glycosidases, could be due to the fact that
only with the -glycosidases, wherein the charge is local-
ized to a greater extent on the adjacent anomeric carbon,
is there sufficient inductive destabilization to affect rates
significantly. By contrast, the 5-fluoro inhibitors function
with both o- and f-glycosidases, consistent with the
proximity of the fluorine to the developing charge on the
endocyclic oxygen. The specificities of the reversible
azasugar inhibitors of the deoxynojirimycin and isofago-
mine classes could be explained in this way too. As has
been pointed out previously,35152 the deoxynojirimycins
(Figure 11c), which apparently mimic charge developed
on the ring oxygen, are potent a-glycosidase inhibitors
but very modest inhibitors of 5-glycosidases. By contrast,
the isofagomines (Figure 11d), which arguably mimic
charge development on the anomeric carbon, have the
complementary inhibitory profile.

Changing Mechanisms through Mutagenesis

The similarity of the transition states for inverting and
retaining glycosidases has made it possible to change
mechanisms by changing the relationships of the active-
site carboxyl groups. The normally inverting bacteriophage
T4 lysozyme has been converted into a retaining enzyme
by introduction of a nucleophilic residue (Glu or His) into
a position within the active site that is normally occupied
by a water nucleophile.>3% The opposite change has been
carried out on Abg by mutating the nucleophile to alanine
(Glu3d58Ala). The resultant mutant was hydrolytically
inactive.'®* However, when presented with an alternate
nucleophile such as azide or formate needing no general
base catalytic assistance, the reaction proceeded relatively
efficiently, yielding the substitution product of inverted
configuration (Figure 12a). Consistent with the inverting
mechanism now followed, this 5-glucosidase mutant was
able to cleave a-glucosyl fluoride, forming a disaccharide
product, a-cellobiosyl fluoride. This led to the concept of
“glycosynthases”, mutant glycosidases that can synthesize
oligosaccharides but do not degrade them.5” As shown in
Figure 12b, reaction of the mutant with a-glucosyl fluoride
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in the presence of a suitable g-linked “acceptor” sugar
resulted in efficient synthesis of oligosaccharides in yields
of up to 92%. This approach has since been adopted by
others®® and has considerable potential for large-scale
enzymatic oligosaccharide synthesis.

Conclusions

The picture that emerges of the active site of a retaining
pB-glycosidase is of a largely structurally static, but elec-
tronically dynamic, cavity containing a highly evolved
array of functional groups. It is the substrate that is
choreographed through a series of conformational changes
within this largely static framework, and in this way
problems of rate-limiting protein conformational change
can presumably be avoided. Of critical importance are the
stabilizing effects applied to the oxocarbenium ion transi-
tion states, such as flattening of the sugar ring through a
half-chair or 2°B boat conformation, which appear to be
favored by a strong hydrogen bond between the sugar
2-hydroxyl and the nucleophile, and electrostatic interac-
tions with the sugar endocyclic oxygen. Finally, it is also
overwhelmingly clear that, for the majority of retaining
pB-glycosidases examined thus far, these transition states
bracket a covalent intermediate, and not an ion-pair
intermediate as traditionally shown in biochemistry text-
books.
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