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Recent work on the mechanistic -elucidation of the
polysaccharide lyases, the a-1,4-glucan lyases, and the Family
4 glycosidases have demonstrated that nature has evolved to
use elimination steps for the degradation of oligosaccharides.
The polysaccharide lyases (E.C. 4.2.2.-) have been shown to
cleave uronic acid-containing polysaccharides via a stepwise
E1cB mechanism. The mechanism of the a-1,4-glucan lyases
(E.C. 4.2.2.13) is similar to the Family 31 glycosidases, forming
a covalent glycosyl-enzyme intermediate, which is subsequently
cleaved by an El-like E2 mechanism. Meanwhile, the Family
4 glycosidases (E.C. 3.2.1.6) are suggested to undergo an
oxidation-elimination-addition-reduction sequence. These three
groups of enzymes are examples of stark contrast to the vast
number of well-characterized glycosidases (E.C. 3.2.1.-), which
utilize either the direct or double displacement mechanisms as
proposed by Koshland over 50 years ago.

1 Introduction

Carbohydrates are amongst the most crucial molecules for life,
accounting for as much as two-thirds of the carbon found in
the biosphere.! Therefore, the biological significance of carbo-
hydrates should not be underestimated, although it has been
greatly overshadowed in the past by interest in nucleic acids
and proteins. Traditionally, carbohydrates were thought of
only as reservoirs for metabolic energy or as inert polymers
for providing structural support. However, carbohydrates,
along with glycoproteins and glycolipids, are now known to
serve much more diverse and vital roles in biological processes,
including roles in signal recognition systems that regulate inter-
cellular communication and cellular activity.>? Carbohydrates
are amongst the most ideal media for information transfer, their
ability to encode information and act as signalling devices being
a direct consequence of their structural diversity. Indeed, it is
estimated that a simple reducing hexasaccharide can have 10
isomeric forms,* this large number of isomers arising from the
many different potential stereoisomers, side branching as well
as the possibility of different ring sizes. Although the study of
glycobiology is over a century old,’ only in recent years, with
a burst of recent reviews and influential publications,>>*® has
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it really enjoyed such attention. Due to the vast number of
biological functions of oligosaccharides, glycoproteins, and
glycolipids, there are potential applications in biochemistry,
medicine and biotechnology for molecules that interfere with
their processing. These include potential cures for infections and
diseases, such as diabetes, cancer, HIV, and influenza.>$

1.1 Carbohydrate degradation and glycosidases

The glycosidic linkage is one of the most stable bonds
found in natural polymers, being 100 times more stable than
the phosphodiester bond in DNA.® which is in turn 1,000
and 100,000 times more stable than the peptide bond of
proteins and the phosphodiester bond of RNA respectively.'*1?
The estimated half-life for spontaneous hydrolysis of a
single glycosidic bond of polysaccharides such as cellulose
is approximately 5 million years.!* In spite of this, nature has
evolved a class of enzymes, the glycoside hydrolases (E.C.
3.2.1.-), that catalyse the hydrolysis of the glycosidic bond by
factors of up to 10'7 times.'3 With this kind of rate acceleration,
glycosidases are amongst the most proficient of enzymes.'* This
class of enzymes has been the subject of extensive studies, and
the interested reader is referred to a number of excellent recent
reviews. 1422

Glycoside hydrolases are classified into different families
based on sequence similarity, and this information can be found
on the frequently updated CAZY Web site (http://afmb.cnrs-
mrs.fr/~cazy/CAZY/index.html).?3>* Glycoside hydrolases can
also be grouped into two major mechanistic classes. Hydrolysis
of the glycosidic linkage can proceed with two distinct stereo-
chemical outcomes: either with retention or inversion of the
anomeric configuration. Thus, there are two general and now
widely accepted mechanisms (see Figs. la and 1b) that glyco-
sidases utilize for catalysis, both involving oxocarbenium ion-
like transition states.!14-161820 Numerous studies on glycosidase
mechanisms have provided significant support for these two
mechanisms, which were first proposed by Koshland in 1953.%
In both mechanisms, two carboxylic acid functionalities (either
glutamate or aspartate residues) are generally found in the en-
zyme active site. For inverting glycosidases, the two carboxylic
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acids acting as general acid and base catalysts are separated by
6-12 A, and the glycosides are hydrolysed via direct displace-
ment of the aglycone moiety.!-1416.18.20.26.27 Meanwhile, the re-
taining glycosidases utilize a double-displacement mechanism
involving a covalent glycosyl-enzyme intermediate in which one
carboxylic acid group acts as the catalytic nucleophile, and the
other carboxylic acid, 5 A away, as the general acid/base catalyst.
The general acid/base carboxyl group therefore promotes the
acid-catalysed formation of the covalent glycosyl-enzyme inter-
mediate with the nucleophile. The intermediate subsequently un-
dergoes hydrolysis via base-assisted catalysis by the same amino
acid residue. 1141618202628 Ag expected, not all glycosidases
conform exactly to these two mechanisms. However, there only
seem to be slight variations upon the same theme. For example,
some N-acetyl-fB-hexosaminidases belonging to Families 18 and
20 as well as hyaluronidases in Family 56 utilize the oxygen atom
on the N-acetyl group of the substrate as an intramolecular
nucleophile in favor of carboxylic acid-containing amino acid
residues.?3! Furthermore, a tyrosine residue, as opposed to
an aspartate or glutamate, has been implicated as the catalytic
nucleophile in a Trypanosoma cruzi trans-sialidase as well as
sialidases from Trypanosoma rangeli and Micromonospora viridi-
Saciens.?>3* Moreover, for the Family 1 myrosinase from Sinapis
alba, the catalytic acid/base is replaced by a glutamine residue
and exogenous ascorbic acid functions in this role.?>%
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Fig. 1 (a) General mechanism of inverting glycosidases and

(b) general mechanism of retaining glycosidases. !4 16.18:20.26.27

2 Elimination reactions and their roles in oligosaccharide
degradation

Interestingly, glycosidases are not the only enzymes that
have evolved to degrade glycosides. Other classes of enzymes
exist that proceed via mechanisms vastly different from those
of the two common types of glycosidases. The following
discussion will focus on three different groups of such enzymes:
the polysaccharide lyases, the a-1,4-glucan lyases, and the
Family 4 glycosidases. The reactions carried out by these en-
zymes are briefly outlined in Fig. 2. A common feature of these
three groups of enzymes is that an elimination step is involved in
each case. This review highlights the importance of elimination
mechanisms in carbohydrate-degrading enzymes.

2.1 The polysaccharide lyases

The polysaccharide lyases (E.C. 4.2.2.-) are enzymes involved
in the degradation of glycosaminoglycans and pectin. These
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Fig. 2 Representative reactions catalysed by the polysaccharide lyase,
a-1,4-glucan lyase, and Family 4 phospho-B-glucosidase classes of
enZymeS.45’51'52’77’78

enzymes have been known for many years and sequences
for many such enzymes have been determined. Indeed, the
CAZY Web site also maintains an up-to-date inventory of
these lyases, classifying them into different families based on
primary sequence similarity.?” Since the early 1960s, it has been
recognized that, even though both the bacterial and testicular
hyaluronidases degrade hyaluronic acid, these two “hyaluroni-
dases” are mechanistically distinct.’®#! The testicular hyaluroni-
dase behaves as a typical glycosidase, hydrolysing the substrate
to give two saturated saccharides as the products and incorporat-
ing an 80 label into C1’ of the uronic acid-containing polymer
when the enzymatic reaction is carried out in H,'#O, a technique
used for identifying the scissile bond for other glycosidases.?*#
Meanwhile, the products of the bacterial hyaluronidase reac-
tion were a saturated reducing sugar and an o,p-unsaturated
carboxylic acid-containing sugar.*’ Furthermore, when the
reaction was carried out in H,'30O, *O was not incorporated
into either of the sugar products. The bond cleaved therefore
is that between C4 and the glycosidic oxygen rather than
that between C1’ and the glycosidic oxygen, with reaction
involving an elimination process. As such, it is evident that
these bacterial “hyaluronidases” are markedly distinct from
glycosidases and have, in fact, eventually been given their
own classification, along with enzymes involved in polyuronic
acid polymer degradation, as the polysaccharide lyases. The
detailed mechanism proposed by Gacesa in 1987 is now largely
accepted, and involves neutralization of the negative charge on
the carboxylic acid functionality, followed by abstraction of the
C5 proton, and subsequent B-elimination of the 4-O-glycosidic
bond.® The following discussion will focus on the chondroitin
AC lyase from Flavobacterium heparinum, which is probably the
best-studied mechanistically amongst this class of enzymes.

A major obstacle in obtaining kinetic data has been the lack
of easily assayed, defined substrates. The difficulty lies within
the fact that the natural substrates are heterogeneous polymers.
Mechanistic studies on the polysaccharide lyases were difficult
until recently, when chromophore-, fluorophore-, and fluoride-
releasing substrates were synthesized for chondroitin AC lyase.*
Some such substrates are shown in Fig. 3,* and the proposed
elimination mechanism is shown in Fig. 4.4 A logarithmic plot
of k../K, values for the elimination of a series of aryl leaving
groups versus the leaving group pK, value gives a flat linear free
energy relationship.* This most likely indicates that cleavage of
the 4-O-glycosidic linkage is not the rate-limiting step, as changes
in leaving group ability have no significant effect on the overall
reaction rate. Furthermore, a primary deuterium kinetic isotope
effect of ku/kp = 1.67 + 0.07 was measured when the C5 proton
was substituted by a deuterium atom in the substrate,*> showing
that cleavage of the C5-HS bond occurs in the rate-limiting step.
The small primary kinetic isotope effect is consistent with the
formation of an enolic intermediate, which is known to have a
transition state that is late on the reaction coordinate.**4” Mean-
while, deuterium substitution at C4 of the substrate allowed the
measurement of a secondary kinetic isotope effect on the reac-
tion.*® The very small ky/kp value of 1.01 £0.03 shows that



there is no significant rehybridization of C4 from an sp? to an
sp? center at the transition state, again showing that expulsion
of the C4 leaving group is not part of the rate-limiting step.*>+
The kinetic isotope effect data, along with the flat linear free
energy relationship, indicate that the rate-limiting step involves
abstraction of the C5 proton and that cleavage of the C4—oxygen
bond is clearly a separate step. Therefore, the chondroitin AC
lyase does not undergo a concerted syn-elimination or an E1l
mechanism, but rather a stepwise E1cB mechanism.*
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Fig. 3 Synthetic substrates for chondroitin AC lyase.*

From X-ray crystallographic data and mutagenesis studies,
a tyrosine residue has been identified as the potential catalytic
base in the abstraction of the C5 proton by chondroitin AC
lyase.* The pH/activity profile revealed an apparent pK, value
of 7.2 which could correspond to that of a tyrosine residue in the
enzyme active site.* It is worthwhile to note that the proposed
catalytic base for pectate lyase from Fusarium moniliformae is a
lysine residue.® It is therefore likely that the catalytic machinery
across the different lyase families is not as uniform as that for
the glycosidases.

2.2 0-1,4-Glucan lyases

A new class of polysaccharide lyases, the a-1,4-glucan lyases
(E.C. 4.2.2.13), was recently discovered.*® As illustrated in
Fig. 5, the reaction carried out by a-1,4-glucan lyases is clearly
unlike that of other polysaccharide lyases, as is evident by
noting the differences between the substrates and the reaction
products.®®33 The substrates for the currently known 13 families
of polysaccharide lyases are acidic polysaccharides, and
abstraction of the C5 proton is only possible due to activation

by the adjacent carboxylic acid functionality.** Upon cleavage,
a double bond between C4 and CS is formed on the resulting
non-reducing end sugar.** On the other hand, since the natural
substrates for the a-1,4-glucan lyase are starch and glycogen, no
protons are activated for abstraction.®*>* Furthermore, the a-
1,4-glucan lyase reaction produces 1,5-anhydrofructose, which in
its enol form contains a double bond between C1’ and C2'.50-53

It is worth noting that one of the major accomplish-
ments of the glycosidase classification system developed by
Henrissat is that primary sequence identity has shown itself
to be a remarkably useful tool in the prediction of tertiary
structure, and catalytic mechanism and machinery.®* There-
fore, based on the high primary sequence identity to Family
31 retaining o-glucosidases,**** the mechanism of ao-1,4-glu-
can lyases is expected to share similarities with that of the
well-studied retaining o-glucosidases. This presumption is
supported by various studies including inhibition experiments
with acarbose,’>** 1-deoxynojirimycin,*>* carbodiimides,> and
5-fluoro-B-L-idopyranosyl fluoride,” all of which are inhibitors
of retaining a-glucosidases.’”®! Inhibition by carbodiimides,
which selectively react with aspartic and glutamic acids,
suggests that carboxylic acid groups are an important part of the
catalytic machinery, similar to other glycosidases.’® Meanwhile
1-deoxynojirimycin and acarbose are known to inhibit a-gluco-
sidases by mimicking the oxocarbenium ion-like transition state
structure.’’ Inactivation by the mechanism-based inactivator,
5-fluoro-B-L-idopyranosyl fluoride, provided evidence for
formation of a covalent glycosyl-enzyme intermediate.®
Indeed when the labelled Gracilariopsis o-1,4-glucan lyase
was subjected to proteolysis followed by purification and
tandem mass spectrometric analysis of the labelled peptide
sequence, the catalytic nucleophile was identified as Asp 553.°!
This aspartate residue is in fact completely conserved in the
Family 31 glycosidases, and had previously been shown to be the
catalytic nucleophile for one such a-glucosidase, from Aspergil-
lus niger > Values of k., for cleavage of a series of aryl gluco-
sides of different reactivity by the a-1,4-glucan lyase revealed a
small, but significant dependence of rate on leaving group ability
(f1, for the plot of log ke, vs. pK, = —0.32), showing that bond
cleavage is rate-limiting.>> A large a-secondary kinetic isotope
effect (kn/kp =1.23) measured with the 1-deutero-substrate
demonstrates a highly oxocarbenium ion-like transition state for
this glycosylation step; thus, glycosidic bond cleavage is largely
complete at the transition state.’'->> The small f,, value there-
fore shows that substantial proton transfer has occurred at the
transition state, reducing the charge on the glycosidic oxygen.
Together, these two experiments indicate that the first step is the
acid-catalysed formation of a glycosyl-enzyme intermediate via
an oxocarbenium ion-like transition state.’'

The second step of the proposed mechanism is a 1,2-
elimination with the release of 2-hydroxyglucal as the product.®!*?
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Fig. 4 Proposed elimination mechanism of chondroitin AC lyase, where M* = Ca?* or H*.#
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Fig. 5 Proposed mechanism of the a-1,4-glucan lyase.*'-*?

Deuterium kinetic isotope effects were also measured for
the second step, namely the elimination step, of the enzyme-
catalysed reaction. Using fluoride-releasing substrates for which
the second step is rate-limiting, with deuterium substitutions at
C1 and C2, a large a-secondary deuterium kinetic isotope effect
at Cl (ku/kp = 1.23) and a small primary kinetic isotope effect at
C2 (kulkp = 1.92) were measured for the respective substrates.>?
These kinetic isotope effect measurements imply that, following
the formation of the covalent glycosyl-enzyme intermediate,
the second step proceeds via an E2 elimination mechanism
with substantial E1 character.”> Proton abstraction in this step
largely occurs from the oxocarbenium ion-like species formed
as the transition state approaches. Activation of the C2 proton
is therefore a consequence of cation formation in the transition
state, rather than any in-built acidifying group.’!>?> Based on the
above mechanistic studies, the proposed mechanism of the a-1,4-
glucan lyases includes the acid-catalysed formation of a covalent
glycosyl-enzyme intermediate via the nucleophilic aspartic acid
residue, followed by an El-like E2 elimination of the enzyme
carboxylate to generate 1,5-anhydrofructose.’!>? This process has
been suggested to occur in a somewhat concerted manner, with the
departing nucleophile itself also acting as the base catalyst.’%2 X-
ray crystallographic data on Family 13 a-glycosidases have shown
that the carbonyl oxygen of the nucleophilic amino acid residue
is located near the endocyclic ring oxygen of the substrate.®
Rotation about the C—O bond would therefore place the oxygen
adjacent to H2 to act in the proposed role.’’*> Furthermore,
retaining glycosidases catalyse the hydration of glycal substrates
via a covalent glycosyl-enzyme intermediate through the syn-ad-
dition of the C2 proton in a somewhat concerted process much
like the one proposed for a-1,4-glucan lyase.’!5264

Interestingly, the discovery of the a-1,4-glucan lyase is
one of the first indications that lyases are in some way linked
to glycosidases. As dictated by the International Union of
Biochemistry and Molecular Biology (IUBMB), the reaction
catalysed by this enzyme classifies it as a lyase, and the enzyme
is given the E.C. number E.C. 4.2.2.13.% Conversely, the
classification system of glycosidases and lyases based upon
sequence alignment, which has been shown to be a useful tool in
structural and mechanistic elucidation, groups the a-1,4-glucan
lyases under Family 31 of the glycosidases.>* Indeed, the a-1,4-
glucan lyase mechanism shares similarities, namely the formation
of the covalent glycosyl-enzyme intermediate, with the retaining
a-glucosidases. Beyond the sequence similarities, no observations
can be made concerning structural resemblances, since no
structural data are available for either Family 31 glycosidases
or the a-1,4-glucan lyases. A fascinating notion is that perhaps
the a-1,4-glucan lyases and the retaining a-glucosidases result
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from divergent evolution from a common ancestor.>% Further
evidence of the connection between these two seemingly
different classes of enzymes is that 1,5-anhydrofructose was
reported as a side product from maltose hydrolysis by the Family
31 mammalian glucosidase II, suggesting the presence of minor
lyase activity in this glycosidase.®® Likewise, the nucleoside
2-deoxyribosyltransferase from Lactobacillus leishmanii was
shown to also produce D-ribal, in addition to its normal
transfer product.®” Moreover, the crystal structure of a recently
discovered Family 82 i-carrageenase was found to have a rare
protein fold.®® The inverting glycosidase contains a right-handed
parallel B-helix, which is known in some Family 1 polysaccharide
lyases but is completely novel to the glycosidases.®®% These
findings highlight the fact that assignment of function to
enzymes based solely upon sequence analysis can be hazardous.
Confirmation of function requires demonstration of the actual
reaction catalysed using purified proteins. Equally intriguing in
this regard are the Family 4 glycosidases, which are the focus of
the remaining discussion.

2.3 Family 4 glycosidases

The Family 4 glycoside hydrolases are an unusual group of
enzymes. These glycosidases are unique in their requirement for
both NAD and a divalent metal cation, such as Mn?* or Ni?*,
for activity. However, the NAD cofactor is not consumed during
catalysis.”7? Furthermore, unlike other families of glycosidases,
which exclusively hydrolyse either o-glycosidic linkages or
B-glycosidic linkages, Family 4 includes both a-glycosidases,
such as Bacillus subtilis 6-phospho-a-glucosidase GIvA” and
the B. subtilis a-galactosidase,”” and [-glycosidases, such as
the Escherichia coli 6-phospho-B-glucosidase, CelF.”" Further-
more, like Family 1 glycosidases,?>** members of this family
can hydrolyse both the natural phosphorylated and non-phos-
phorylated disaccharide substrates.”’”!-7+77 Additionally, Family
4 glycosidases should probably be classified as retainers, as both
BglT (a 6-phospho-B-glucosidase)”” and GIvA (a 6-phospho-
a-glucosidase),” have been shown to be retaining glycosidases
through '"H NMR analysis of the methyl glycoside products
formed in the presence of methanol. However, some Family 4
glycosidases, such as the 6-phospho-a-glucosidase MalH,” are
also exceptional in that they can hydrolyse both a- and B-link-
ages for substrates with good leaving groups such as the p-nitro-
phenolate anion. Since product stereochemistries in these cases
have not been analysed, it is currently unclear whether all Family
4 members should be classified as retaining glycosidases until
more work is performed. Recently, X-ray crystal structures for
three Family 4 glycosidases, AglA (an a-galactosidase),*® BgIT,”
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Fig. 6 Proposed mechanism of BglT, a 6-phospho-B-glucosidase belonging to glycoside hydrolase Family 4.7

and GIvA788! have been solved. All three structures show high
similarity to lactate/malate dehydrogenases, despite relatively
low primary sequence identity to these otherwise unrelated
enzymes.””788 The similarity to the dehydrogenases, particularly
the retention of the same active-site architecture, in conjunction
with the lack of structural similarity to any known structures of
glycosidases suggests the involvement of the NAD cofactor in
some redox chemistry.””’$8 Furthermore, the crystal structures
of BgIT and GIvA show that C4 of the nicotinamide ring is
located 4.16 A and 3.56 A respectively from C3 of the enzyme-
bound product, glucose 6-phosphate, suggesting that oxidation
may occur at this position.””-’® Additionally, NMR experiments
show that the C2 proton of the substrate exchanges with solvent
water during reaction as a direct consequence of the enzymatic
reaction.”””® This is an important clue to the mechanism, as it
implies abstraction of the C2 proton, reminiscent of events
occurring during the a-1,4-glucan lyase reaction in which a 1,2-
unsaturated hydroxyglucal product is formed via an elimination
reaction.’*> However, in this case the final product is a normal
sugar rather than an elimination product.” For BglT, primary
kinetic isotope effects of ku/kp = 1.84 £0.02 were measured
when the C2 proton was substituted by a deuterium atom in
the substrate, and a value of ky/kp = 1.63 + 0.01 was measured
when the C3 proton was replaced by a deuterium atom.”” The
primary kinetic isotope effect measurements prove that both of
the C2-H2 and C3-H3 linkages are cleaved in the (partially)
rate-limiting steps.”’

Based on the above evidence, a detailed mechanism that
is consistent with the unusual observations on this family of
enzymes was proposed for BglT and GIvA.7”7 The proposed
mechanism is shown for the 6-phospho-f-glucosidase (BgIT)
in Fig. 6, and involves, as a first key step, the partially rate-
limiting abstraction of a hydride from C3 via reduction of NAD,
thereby generating a ketone. As a consequence, the C2 proton
is acidified, allowing for deprotonation by a suitably positioned
base, thence a 2,1-elimination of the aglycone moiety. The
Mn?* polarizes the carbonyl and stabilizes the intermediate,
facilitating proton abstraction at C2. Subsequently, a water
molecule attacks the intermediate species, an o,B-unsaturated
Michael acceptor, with attack from the same face as the
departed aglycone likely being favored by the location of the
acid/base catalyst on that side. Finally, reduction of the C3
ketone by NADH returns the enzyme to its starting state,
resulting in overall hydrolysis. In both the BglT and GIVA
structures, a tyrosine residue is in close proximity to C2 of
the glucose 6-phosphate product.”7® This tyrosine residue is
the proposed catalytic base responsible for deprotonating the
C2 proton.”” " Indeed, it is interesting to find a tyrosine in this
role since, as noted earlier, a tyrosine apparently plays that role
in a polysaccharide lyase also.**%7778 Possibly tyrosine is a

good candidate as the catalytic base, since its pK, more closely
matches that of the proton to be removed.

The Family 4 glycosidase mechanism constitutes the first
completely novel mechanism of enzymatic glycoside hydro-
lysis since Koshland’s proposals for inverting and retaining
glycosidases over 50 years ago.”’® As is supported by struc-
tural data, this mechanism also satisfies the varied substrate
anomeric stereochemistry seen in reactions catalysed by Family
4 glycosidases, since the key catalytic components are the NAD
cofactor and the catalytic base, which are located in the same
spatial arrangement for all substrates (see Fig. 7).”7® While this
mechanism appears completely foreign to any known mecha-
nisms of glycosidases, it resembles those of dehydratases such
as dTDP-bp-glucose 4,6-dehydratase (RmlB), which catalyses the
dehydration of dTDP-D-glucose to form dTDP-4-keto-6-deoxy-
D-glucose as part of the L-rhamnose biosynthetic pathway.’>$3

Glucose 6- Tyr265

phosphate

Fig. 7 Enzyme active sites of BgIT (cyan), 6-phospho-B-glucosidase,
and GIVA (magenta), 6-phospho-a-glucosidase.””’

Interest in Family 4 glycosidases stems from their uniqueness
amongst their glycosidase cousins. The proposed mechanism
has an elimination step similar to those of the polysaccharide
lyases and the a-1,4-glucan lyases, and the transient redox
chemistry involving the NAD cofactor is reminiscent of
dehydrogenases and dehydratases. Furthermore, structural
similarity with oxy-acid dehydrogenases suggests that these
enzymes are descended from a common, ancient precursor.
Many details of this mechanism remain to be elucidated. In the
process we should gain some fascinating insights into alternative
mechanistic paradigms to achieve a previously well-understood
reaction—enzyme-catalysed glycoside degradation.
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4

Conclusion

The most common way that nature has evolved to cleave the
glycosidic bond is through hydrolysis, which is usually carried
out by a class of well-characterized enzymes, the glycosidases.
In addition, it has been known for some time that nature has
evolved to use an elimination mechanism for uronic acid-con-
taining polysaccharide degradation in the polysaccharide lyases.
The more recent discovery and mechanistic analysis of the a-
glucan lyases and Family 4 glycosidases, which employ elimina-
tion mechanisms, highlights the inherent plasticity of enzyme
active sites and provides fascinating glimpses into how enzyme
mechanisms themselves can evolve.
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