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I. Introduction

At least in terms of simple tonnage, glycosyl transfer
must be accounted one of the most important bio-
chemical reactions, since around two-thirds of the
carbon in the biosphere exists as carbohydrate (largely
cellulose and hemicellulose).! The reaction is formally
a nucleophilic substitution at the saturated carbon of
the anomeric center and can take place with either
retention or inversion of the anomeric configuration.
We therefore have two basic types of glycosyl-trans-
ferring enzymes—*“retaining” and “inverting”. They can
usefully be further subdivided according to whether the
sugar is in a five-membered (furanose) or a six-mem-
bered (pyranose) ring. In the case of pyranosyl-trans-
ferring enzymes it is also useful to distinguish whether,
in the preferred conformation, the leaving group is
equatorial or axial.? In this review the designation of
pyranosyl-transferring enzymes as e—e, a—a, e—a, and
a—e and of furanosyl-transferring enzymes as f(r) and
f(i)>* will therefore be adopted. This is illustrated
diagrammatically in Scheme I for hydrolases, where the

0009-2665/90/0790-1171$09.50/0 © 1990 American Chemical Society



1172 Chemical Reviews, 1990, Vol. 90, No. 7

SCHEME I
° OH
o-ow ~a-e
o) 0
m/OR “spomaneous vﬁ
e-}\ o ;/a~a OR

o OH

. r\)—OH
Gron |
N O

Q---OH

situation is complicated by mutarotation of the product.

Enzymes whose physiological function is the transfer
of glycosyl residues between two oxygen nucleophiles,
a nitrogen and an oxygen nucleophile, and even two
nitrogen nucleophiles® or a nitrogen and a sulfur resi-
due® are known. The natural occurrence of C-glycosides
(e.g., pseudouridine) also suggests the existence of en-
zymes that transfer glycosyl residues to carbon nu-
cleophiles.

Transfer of glycosyl groups between oxygen nucleo-
philes in the physiologically catabolic direction is carried
out by three types of enzymes. In addition to glycoside
hydrolases (glycosidases), there exist various poly-
saccharide and oligosaccharide glycosyltransferases
which transfer a glycosyl residue from one sugar hy-
droxyl to another. These enzymes (of which the
“levansucrases” and “dextransucrases” of plaque-form-
ing oral bacteria, which convert sucrose into glucans and
fructans, are examples) appear very similar mechanis-
tically to the hydrolases. Many of them have weak
hydrolase activity, and many retaining hydrolases have
transglycosylation activity. The third type of catabolic
0-0 glycosyltransferase is rather different. The oligo-
and polysaccharide phosphorylases catalyze the inter-
conversion of a glycosidic and a glycosyl-phosphate
linkage; thus, cellobiose phosphorylase catalyzes the
reversible conversion of cellobiose and inorganic phos-
phate into an equimolar mixture of glucose and a-glu-
cose l-phosphate.” Fairly extensive mechanistic in-
formation is available on these three types of enzymes,
but little on glycosyl transfer in the anabolic direction
(e.g., from nucleotide diphospho sugars to a growing
oligosaccharide chain), since the enzymes involved are
generally unstable, present in the cell in very low con-
centrations, and membrane-bound in an ordered way.®

Glycoside hydrolases, even though their natural
substrates are O-glycosides, seem to be remarkably in-
different to the atomic nature of the leaving group: the
lacZ B-galactosidase of Escherichia coli, for example,
will accept 8-galactopyranosyl fluoride, azide, thio-
picrate, and various galactosylpyridinium salts as sub-
strates.? Therefore, it is not useful to consider enzymes
that transfer glycosyl (for the most part ribofuranosy!
or deoxyribofuranosyl) residues between nitrogen and
oxygen nucleophiles, or between two nitrogen nucleo-
philes, separately from enzymes for which both glycosyl
donor and acceptor are oxygen-linked.

This review will therefore cover the catalytic mech-
anism of O- and N-glycosidases and phosphorylases and
related enzymes. The same area was covered in an

pyranose forms
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article in a book published in 1987 which reviewed the
literature received in Bristol before March, 1986.° The
present review updates and amplifies this article and
aims at comprehensive coverage of papers covering re-
action mechanisms of glycosyl transfer published during
the 1980s.

A. Equilibria In Giycosyl Transfer

Glycoside phosphorolysis is operationally reversible
(equilibrium constants, defined as [glycosyl phos-
phate][aglycon]/[glycoside][inorganic phosphate], being
generally in the range 101-102),101! whereas glycoside
hydrolysis is generally considered to be irreversible.
The distinction has, however, no real basis in the in-
trinsic properties of the molecules concerned and arises
because academic studies usually refer to dilute aqueous
solutions, and water, at a concentration of 55 M in itself,
is a participant in the hydrolytic but not the phos-
phorolytic equilibrium. Under the conditions of fairly
low water concentration encountered, for example, in
enzyme reactors used for starch processing, glycoside
hydrolysis is significantly reversible.!?

Accurate values for equilibrium constants for di-
saccharide hydrolysis are remarkably difficult to find,
probably because attempts to establish an equilibrium
between a disaccharide and its two component mono-
saccharides, even using a glycoside hydrolase rather
than an acid catalyst, result in the presence not only
of the disaccharide of interest but also of many of its
isomers. Thus, in a study of the hydrolysis of high
concentrations of lactose by the lacZ $-galactosidase of
E. coli, 10 chromatographic peaks corresponding to
B-D-galactopyranosyl-D-glucoses and another 10 corre-
sponding to 8-D-galactosyl-D-galactoses were detected,
and the authors considered it probable that all posi-
tional isomers of both disaccharides were being formed
and that each transfer product could have the acceptor
in the a- or S-anomeric configuration.® It appears,
however, that these complexities were not explicitly
addressed in some recent estimates of the free energy
of hydrolysis of disaccharides,'* the results of which
must therefore be treated with reserve. Estimates of
free energies of hydrolysis of disaccharides arrived at
by combining phosphorolysis results with thermochem-
ical measurements of the glycosyl phosphate hydrolysis
are probably still reliable, though.!> Equilibrium con-
stants on the order of 102 M for disaccharides linked
through pyranoside linkages, with somewhat higher
figures for disaccharides linked through fructo-
furanoside linkages, seem realistic. The equilibrium
constants for hydrolysis of N-glycosides are probably
in the same region as those for hydrolysis of O-
glycosides: that for hydrolysis of AMP to ribose 5-
phosphate and adenine has been estimated as 170 M.16

B. Catalytic Flexibility and Catalylic Feebleness
of Glycosidases

Despite the stereochemistry of the catalyzed reaction,
with natural substrates being the most important de-
terminant of the catalytic mechanism of glycosyl-
transferring enzymes, the objections of Hehre, Brewer,
and their co-workers!”-2 to a simple “retaining versus
inverting” classification have some force. They point
out the ability of glycoside hydrolases to stereo-
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specifically hydrate carbohydrate enol ethers of the
general formulas I and II and the ability of some gly-

COOH
o] o]
& =
I II
I

cosidases (largely those that invert the anomeric con-
figuration of natural substances) to hydrolyze glycosyl
fluorides of both anomeric configurations. They con-
sider the stereochemistry (« or 8) of the product of
glycosidase action to be firmly dictated by the structure
of the active site, but the protonation machinery to be
flexible and, therefore, capable of transforming a range
of chemical types of substrate. Thus, the anomeric
configuration of the product from hydration of enol
ethers always corresponds to that of the product of the
action of the enzyme on a natural substrate; likewise,
the final product of the action of, for example, gluco-
amylase on either a- or 8-glucosyl fluoride is 8-gluco-
pyranose.

To the reviewer, however, it appears that although
glycosidases can indeed be catalytically flexible, this
occurs only at the cost of most of their efficiency:
glycosyl fluorides and enol ethers are reactive com-
pounds, and if they are bound in a microenvironment
rich in catalytic functionality, it is to be expected that
reactions of some description will occur. For example,
simple proximity of an enol ether to a carboxyl
function—as in prostacyclin-type structures (III)—can
give rise to unimolecular rates of hydrolysis on the order
of 1 51,2 much the same as k., values for glycosi-
dase-catalyzed transformations of I and Il. Likewise,
k.. for the transformation of B-D-glucopyranosyl
fluoride to a-D-glucopyranose by the normally retaining
a-glucosidase of Aspergillus niger® can be estimated®
to be around 10%fold bigger than the first-order rate
constant for spontaneous hydrolysis of the same com-
pound. Such a rate acceleration is small by comparison
with rate enhancements brought about on substrates
of the “right” anomeric configuration: yeast a-gluco-
sidase, for example, accelerates the hydrolysis of a-
glucosylpyridinium ion by a factor of 10°, even though
it can apply no proton-transfer catalysis to this reac-
tion. 2627

C. Relationship between Transferase and
Hydrolase Activity

With the traditional classification of glycosyl-
transferases by the stereochemistry of the catalyzed
reaction, adopted here, it is easy to clarify the rela-
tionship between transferase activity and hydrolase
activity of glycosidases and some glycosyltransferases.
Many retaining glycosidases will transfer glycosyl res-
idues to low molecular weight alcohols such as metha-
nol, as well as to water. This activity is never found
with inverting glycosidases, since were an inverting
glycosidase to have nonspecific transferase activity, then
it would have to be anomerically indiscriminate. Con-
sider, for example, the hydrolysis of methyl 8-gluco-
pyranoside by an inverting glycosidase, to yield a-D-
glucopyranose. If the enzyme had transferase activity

Chemical Reviews, 1990, Vol. 90, No. 7 1173

to methanol, it would yield a-D-glucopyranoside from
methyl 8-D-glucopyranoside, and hence, by the principle
of microscopic reversibility, it would have to yield
methyl 8-D-glucopyranoside from methyl a-D-gluco-
pyranoside. Therefore, it would have to accept methyl
a- as well as §-D-glucopyranoside as a substrate. En-
zymic glucosyl transfer therefore takes place with in-
version of the anomeric configuration only when the
donor and acceptor are sufficiently different in structure
that microscopic reversibility cannot be extended to the
system.

Considerations along these lines reveal that an in-
verting glycoside hydrolase can only synthesize a new
glycoside by reversal of the hydrolytic reaction under
conditions where it is thermodynamically favored—as
with the synthesis of a(1—6) linkages by fungal gluco-
amylase in starch-processing reactors.’? Retaining
glycoside hydrolases, by contrast, work via covalent
glycosyl-enzyme intermediates (vide infra): in Cleland’s
kinetic terminology they are ordered uni-bi reactions.
At substrate and acceptor concentrations above the
operational K, values, the transfer reactions of these
glycosyl-enzyme intermediates are kinetically con-
trolled, and therefore, all possible transfer products are
in principle possible from the action of a retaining
glycosidase on saccharides: there may well be the
buildup and decay of many transfer products before
thermodynamic equilibrium is eventually achieved. At
substrate and acceptor concentrations below operational
K, values, the Haldane relationships ensure that rates
of forward and reverse fluxes are in the simple ratio
suggested by the equilibrium constant: for example, for
the §-galactosidase-catalyzed hydrolysis of lactose, if V;
is the maximal velocity in the hydrolytic direction, V,
the maximal velocity in the resynthesis direction, and
K(gaiy the inhibition constant for galactose, a Haldane
relationship is

Ko = ViKigaKmio)/ ViKmao)

and so new transfer products will not build up to con-
centrations in excess of their equilibrium concentrations
if all species are present at concentrations well below
the appropriate K values.?®

At one time it was thought that inverting glycosidases
had an exo action on a polysaccharide chain and re-
taining glycosidases had an endo action.?® (Endo en-
zymes attack the polysaccharide chain in the middle,
and exo enzymes, from the nonreducing end.) Empir-
ically, this idea is still a useful guide,3*3! but retaining
exo enzymes® have since come to light, as has an in-
verting disaccharidase (trehalase).?3 In the case of the
cellulase complex of Cellulomonas fimi, the exo gluca-
nase acted with retention and the endo with inversion.3

D. Of Glycosyl Cations and of Stereoelectronics

The nonenzymic chemistry of the glycosidic linkage,
especially in water, is dominated by electron release
from the lone pairs of the oxygen atom, resulting in
departure of the anomeric substituent,? and generation
of a glycosyl cation. In solvents less polar than water
glycosyl cations are too unstable to exist,®® but in
aqueous solution they are just on the border line of a
real existence. By analogy with the reaction in free
solution, and as a consequence of many probes of en-
zymic transition-state structure which indicate consid-
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erable glycosyl cation character, glycosyl cation inter-
mediates are often drawn for enzymic processes. These
intermediates are often considered not to
accumulate—they are high-energy intermediates in the
traditional physical organic sense. However, it is not
meaningful to talk of high-energy glycosyl cation in-
termediates, which do not accumulate, in enzyme active
sites, for the following reason. In the context of the
physical organic chemistry of reactions in solution, it
is now realized®” that, once a high-energy intermediate
has become so unstable as to have a lifetime shorter
than that of an encounter complex, the other compo-
nents of the encounter complex, and the solvent shell,
are necessarily involved in the reaction mechanism. In
agueous solution, the glucosyl cation is so unstable as
to be on the border line of a real existence, estimates
of its lifetime varying from 1071% s% to 10712 %, Any
glycosyl cations generated in enzyme active sites would
be generated in the vicinity of the catalytic groups, and
therefore any reactions supposedly involving them
would necessarily be preassociation reactions: the only
way a nonaccumulating, high-energy intermediate could
be said to exist is if it came off the enzyme surface and
became solvent equilibrated, but glucosyl cations are
too unstable for that to happen.

The consequences of the direction of the lone pairs
on the glycosidic oxygen in space have received much
attention, and the idea has received currency that for
the aglycon-glycon bond to break, the sugar ring must
be a conformation such that this bond is antiperiplanar
to an sp® lone pair on the ring oxygen atom.44! Indeed,
it has been firmly stated that “a-glycosides must hy-
drolyze via their ground state conformation, whereas
B-glycosides must first assume a boat conformation in
order to fulfill the stereoelectronic requirement™.4 In
fact, in the case of the acid-catalyzed hydrolysis of
methyl o- and S-glycosides, precisely the reverse hap-
pens,® and the antiperiplanar lone pair hypothesis
(ALPH) requires quite implausible contortions of the
pyranose ring when applied to retaining glycosidases
going through covalent intermediates of opposite
anomeric configuration to the substrate, since the ox-
ocarbonium ion like transition states must, according
to the dictates of ALPH, be generated in either direc-
tion from covalent intermediates with an antiperiplanar
lone pair.*? The case has been made that the “theory
of stereoelectronic control” in fact represents an over-
interpretation of small and elusive least motion effects,*
and even one of its protagonists now considers that “it
is not necessary to take literally the earliest formulation
of stereocelectronic theory”.4

It must be emphasized, however, that the stereoe-
lectronic requirement for planarity of an oxocarbonium
ion (and hence presumably of an oxocarbonium-like
transition state) is unambiguous. Thus, in the case of
furanosyl cations, the conformation of the ring is
probably an envelope, with C-1, C-2, C-4, and O-4 co-
planar, whereas in the case of pyranosyl cations, the
analogy with aldono-é-lactones (which can adopt half-
chair or classical boat conformations in a way that varies
with solvent and substitution pattern)?® suggests that
half-chair and classical boat conformations which both
enable C-1, C-2, 0-5, and C-5 to be coplanar must be
considered. The conformations of a ribofuranosyl
cation, 3F (IV) and E; (V), and of a glucopyranosyl
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Figure 1. Natural substrate for lysozyme.
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I1. Enzymic Retention of the Anomeric
Configuration

Koshland*6 first pointed out that it was likely that
glycoside hydrolases which worked with retention of the
anomeric configuration worked via a double-displace-
ment mechanism involving an enzyme nucleophile,
whereas inverting glycosidases probably worked by a
single chemical step, that of displacement of the aglycon
by a nucleophilic water molecule. Thirty-seven years
of biochemical investigation have produced no evidence
whatsoever against these mechanisms for hydrolases;
however, in the case of glycogen phosphorylase, deter-
mination of the tertiary structure of the rabbit enzyme
by X-ray crystallography has failed to reveal any
plausible candidate for the enzymic nucleophile re-
quired by the double-displacement mechanism, and an
“internal return” (Syi) mechanism has been proposed
(vide infra).*’

A. Pyranoside Hydrolases with Equatorial
Leaving Groups

All available experimental evidence on this class of
enzyme is consistent with Koshland’s double-displace-
ment mechanism,* in which the enzyme nucleophile
can now be identified as the side-chain carboxylate
group of an aspartate or glutamate residue, which at-
tacks from the opposite (axial) side of the pyranose ring
to the leaving group, to give a covalent glycosyl ester
intermediate. It appears that most of the rate accel-
eration comes from various noncovalent interactions,
since the enzymes hydrolyze glycosylpyridinium salts
with high efficiency, with k., values 10°-10'2 higher
than first-order rate constants for their spontaneous
hydrolysis in water, in a process characterized by a high
degree of oxocarbonium ion character.?

Other features of the catalytic mechanism of e—e
glycosidases vary from enzyme to enzyme: in particular,
the requirement or otherwise for some sort of electro-
philic “pull” on the leaving group seems highly variable.

1. Lysozyme, the Paradigmatic e—e Glycosidase

Lysozymes hydrolyze the peptidoglycan component
of the cell walls of Gram-positive bacteria, cleaving the
MurNAc—GleNAc bonds (see Figure 1). They will also
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Figure 2. Alkyl chitotetravside, a good substrate for lysozyme.
The hydroxymethyl group whose interaction with the enzyme is
important at the transition state is indicated in boldface.

hydrolyze chitin, a simple polymer of 3(1—4)-linked
N-acetylglucosamine residues.

Hens’ egg white lysozyme was the first enzyme for
which an X-ray crystal structure became available and
has become the paradigm for this class of enzyme.34448
It is small (129 amino acids, about 45 X 30 X 30 A3) and
in the crystal roughly egg-shaped, with a well-defined
cleft on one side, identified as the active site cleft be-
cause it bound chitin oligosaccharides. The structure
of the lysozyme-[GlcNAc-8(1—4)],GlcNAc complex,
and some model building, suggested that the enzyme
had six monosaccharide binding sites, A-F. Between
sites D and E were the side chains of Asp 52 and Glu
35, in a position which suggested that Glu 35 would act
as a general acid and Asp 52 as a counterion to a gly-
cosyl cation. The X-ray crystal structures of bacterio-
phage T4 lysozyme*? and goose egg white lysozyme®
have recently also become available, and preliminary
data have been reported on a fungal lysozyme.5! Al-
though the sequence homologies of the T4, hen egg
white, and goose egg white lysozymes are weak (sur-
prisingly, in the case of the two bird lysozymes), the
tertiary structures of T4 and goose egg white lysozyme
closely resemble that of the hen egg white enzyme, with
Asp 20 and Asp 86, respectively, corresponding to Asp
52 of the hen egg white enzyme, and Glu 73 and Glu
11 corresponding to Glu 35.

The glycosyl-enzyme intermediate in lysozyme action
was originally considered to be an ion pair of the gly-
cosyl cation and Asp 52, which lived long enough to
allow the saccharide residues in subsites D and E to
diffuse away. However, there are no lysozyme sub-
strates known for which hydrolysis of the glycosyl-en-
zyme intermediate is rate-determining, and so there is
no information on the nature of this particular inter-
mediate one way or another, although precedent from
similar enzymes suggests it should be covalent.

Steric clashes of the C-5 hydroxymethyl group of the
saccharide residue bound in subsite D with the protein
were originally thought to distort this residue, but it is
now clear that there is no distortion in the ground-state
ES complex,®5? even though interactions of the hy-
droxymethyl group with the protein at the transition
state are an important contributor to catalysis (evidence
summarized in ref 3; see also Figure 2).

The long availability of the lysozyme tertiary struc-
ture and the smallness of the protein have made it an
attractive vehicle for theoretical investigations. This
is in a sense unfortunate since the synthetic organic
chemical labor involved in testing these conclusions is
so great that the comparison with experiment rarely
takes place. Thus, Post and Karplus,? on the basis of
a molecular dynamics simulation and an acceptance as
dogma of the antiperiplanar lone pair hypothesis, were
led to propose that an acyclic oxocarbonium ion in-
termediate, stabilized electrostatically by Asp 52, was
produced by proton donation from Glu 35 to the ring
oxygen atom (Figure 3). Subsequently, it was sug-
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Figure 3. The ring-opening mechanism proposed for lysozyme
by Post and Karplus,* and its inapplicability to enzymes known
to hydrolyze glycosylpyridinium ions.

gested that the different responses of hen and goose egg
white lysozymes to the epoxyalkyl glycosides of chitin
oligosaccharides may have their origin in the adoption
of two mechanisms by this enzyme.’* To the reviewer
it seems rather that, with such exo affinity labels, the
different response of two enzymes which are function-
ally similar but different in amino acid sequence is
exactly what is to be expected.

Fleet® made a similar proposal in respect of “8-
glycosidases” in general. The efficient hydrolysis of
glycosyl derivatives in which the leaving group cannot
support a positive charge (such as glycosyl fluorides or
pyridinium salts)® by many B-glycosidases, however,
makes the ring opening untenable as a paradigmatic
mechanism for these enzymes. Even in the case of
lysozyme itself, the ring-opening mechanism is com-
patible with a direct leaving group 20 kinetic isotope
effect® and a negative 8, value®” only if the decom-
position of some hemiacetal, rather than the initial ring
opening, is rate-limiting for the truncated, disaccharide
substrates on which the effects were measured.

Warshel and others®®% examined the effects of the
electrostatic fields present in the active site of lysozyme
on the energy of heterolysis of the fissile C-O bond and
came to the conclusion that the enzyme active site was
a supersolvent in which the dipolar transition state of
the catalyzed reaction was specifically stabilized by
electrostatic fields of the protein. Recently, the (es-
sentially common) electrostatic field at the active site
of a series of lysozymes has been calculated classically,
and the conclusion® reached that the contribution to
this field from Asp 52 (or its equivalent) was small and
that therefore replacement of this residue by an un-
charged asparagine should not destroy enzyme catalytic
activity. The site-directed mutagenesis experiments of
Kirsch et al.% were cited as experimental support of this
conclusion.

These authors changed Glu 35 to a glutamine residue
and could detect no activity on any substrate: changing
Asp 52 to asparagine produced a protein with no ac-
tivity on defined substrates (such as 4-methyl-
umbelliferyl chitotrioside) but 5% residual activity on
suspensions of Micrococcus luteus cells, which on pro-
longed incubation fell to 0.5%. Careful controls were
performed to ensure that the mutant protein was not
contaminated with wild-type protein arising from
spontaneous deamidation. In an equivalent experiment,
in which Glu 35 and Asp 52 were individually converted
to their amides by chemical means, no enzyme activity
could be detected in the modified proteins.®¢ Similar
chemical modification experiments revealed that Asp
101 (in subsite A) did not contribute significantly to
binding or catalysis.®?

Site-directed mutagenesis experiments have also been
performed on human lysozyme. In initial experiments5®
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it was found that mutation of Tyr 63, which had been
thought to contribute to saccharide binding by hydro-
phobic and hydrogen-bonding interactions, had little
effect on activity but that mutation of the catalytic Asp
53 (equivalent to Asp 52 in the hen egg white enzyme)
to Glu yielded a protein with no action on chitin but
some action on cell walls. Later experiments® exam-
ined the F subsite: mutation of Arg 115 to lysine had
little effect but mutation to glutamine or glutamic acid
altered the cleavage pattern. Mutation of Arg 115 to
His gave a protein that behaved like the Lys mutant
at acid pH values where the imidazole ring was pro-
tonated, but like the Glu and Gln mutants where it was
deprotonated. These effects are in line with the pro-
posed pattern of hydrogen bonding between the argi-
nine residue and O-1 and O-5 of the sugar ring in sub-
site F.

Bakthavachalam and Czarnik™ proposed a novel
function for Asp 52 of lysozyme and by extension the
carboxylates at the active sites of other glycosyl-
transferring enzymes. On the basis of a Gaussian 80
ab initio calculation using a 3-21-G basis set, they
proposed that the negative charge of the carboxylate
raised the energy of one of the oxygen lone pairs and
hence the importance of n—¢* interactions between this
lone pair and the fissile C-O bond. This proposal re-
quires that an oxygen atom of Asp 52 in the ES complex
with substrate be directly against O-5, rather than C-1,
of the saccharide residue being cleaved. As a paradigm,
this proposal is directly at variance with elegant work
on the stereochemistry of inactivation of a- and 8-glu-
cosidases by the D isomer of conduritol B epoxide (see
Scheme II).

Conduritol B epoxide can be viewed so that it re-
sembles an a- or a $-glucoside and is a mechanism-
based inactivator of both types of glucosidase, reacting
with the nucleophilic carboxylate group of the enzyme
active site equivalent to Asp 52 of hen egg white lyso-
zyme. Removal of the label with hydroxylamine from
an inactivated S-glucosidase yields (+)-chiro-inositol,”
whereas removal of the label from an inactivated o-
glucosidase yields scyllo-inositol,” as shown in Scheme
II. This demonstrates that the active site carboxylates
are poised to attack the epoxide carbon which is
equivalent to the C-1, not O-5, of the glycoside sub-
strate. Had the active site carboxylate been poised
opposite the substrate oxygen atom, it would have at-
tacked the other epoxy carbon of the inactivator, with
the eventual production of scyllo-inositol from a-glu-
cosidase and (+)-chiro-inositol from §-glucosidase. The
experiment with the a-glucosidase is particularly telling,
since the enzyme carboxylate attacks the epoxide car-
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bon corresponding to C-1 in a normally disfavored
trans-diequatorial epoxide ring opening, whereas if it
attacked the epoxide carbon corresponding to O-5, it
would accomplish a chemically more favorable trans-
diaxial ring opening.

2. E. coli (lacZ) 3-Galactosidase

The very large amount of basic structural and
mechanistic information available on this tetrameric
enzyme includes the amino acid sequence of the protein
monomer,’s the base sequence of the lacZ gene which
codes for it,’ and identification of an active site me-
thionine (502) by affinity labeling with (8-D-galacto-
pyranosylmethyl)(p-nitrophenyl)triazene (below)® and
of an active site glutamate (461) by affinity labeling
with the conduritol C epoxide,’ also shown below.
Despite its early crystallization (reported in 1961), to
date its tertiary structure has defied X-ray crystallog-
raphy (the enzyme has even been sent into orbit: Littke
and John" reported crystals suitable for X-ray exam-
ination grown under conditions of microgravity in 1984).
Studies of the secondary structure of the enzyme by
infrared spectroscopy indicate that it is 40% 3 sheet,
35% o« helix, 12% random coil, and 13% 8 turns.”® The
enzyme requires Mg?* for full activity against O-
glycosides.®

The covalent a-D-galactosyl ester of Glu 4613° is un-
doubtedly an intermediate in the normal catalytic ac-
tion of the enzyme, as was confirmed by site-directed
mutagenesis experiments in which Glu 461 was changed
to glutamine.” Some residual activity (around 1072 of
that of the wild type, the precise figure depending on
the substrate used) is nonetheless observed. Careful
control experiments, which indicated different K,
values and thermal stabilities for the mutant enzyme
activities, were carried out. Such experiments rule out
the residual activity arising from homotetrameric
wild-type enzyme but leave open the possibility that the
activity residues in heterotetramers of formulas such
as (agne1)s(oGrueer). Nonetheless, in combination with
results in which the nucleophilic aspartate in various
lysozymes was mutated to an asparagine, the case that
the nucleophilic carboxylate in the active site of an e—e
glycosidase can be mutated to a carboxamide with re-
tention of around 1072 of the activity is compelling. To
the reviewer, these results seem fatal to the idea that
the nucleophilic carboxylate acts electrostatically but
are what would be expected if it were a preassociated
nucleophile. Bimolecular nucleophilic displacements
on acetal centers (such as the methoxymethyl center)®
are characterized by £, values of 0.1-0.2. The pK of
the nucleophilic carboxylate will be unlikely to be
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greatly different from that in lysozyme®! (~4), and the
pK of an amide® will be ~—2. The reduction of activity
on the basis of decreased nucleophilicity is thus pre-
dicted to be around an order of magnitude, as compared
with the essentially complete loss of activity predicted
by the electrostatic model. The recent results of Cup-
ples et al.#” provide convincing evidence that Glu 461
is acting as a preassociation nucleophile and that small
amounts of activity can still be maintained when a
completely different residue acts as such. Glu 461 was
replaced with Asp, Gly, Gln, His, and Lys by the tech-
niques of site-directed mutagenesis. In all cases except
His very low residual activity was observed (102-103
of wild type), but this was associated with very slow
rates of the second chemical step, hydrolysis of the
glycosyl-enzyme, and consequently low K, values (in
the micromolar range). The replacement with His re-
duced the degalactosylation rate by only an order of
magnitude, but at alkaline pH values inactivation by
substrate occurred. No simple, chemically precedented
rationalization of these results was advanced by Cupples
et al., and the reviewer now advances one: in the ab-
sence of a residue at position 461 that is geometrically
and electronically able to act as a preassociation nu-
cleophile, Met 502 so acts, giving a glycosyl sulfonium
salt, which chemical precedent suggests should be an
unstable species and slowly turn over. The basis for this
speculation is that Met 502 is alkylated exclusively by
(galactosylmethyl)(p-nitrophenyl)triazene; however, in
the case of the closely homologous ebg enzymes dis-
cussed below, the triazene alkylates both the homologue
to Glu 461 and the homologue to Met 502, the pro-
portions depending on amino acid substitutions remote
from the enzyme active site. The electrophilic site in
the (galactosylmethyl)diazonium ion is 1.5 A from that
of the galactosyl cation, and at least in the ebg enzymes,
it can alkylate both the nucleophilic glutamate and the
active site methionine. The supposition that, in the
absence of the carboxylate of Glu 461, Met 502 can be
glycosylated is then not immediately untenable and
provides a simple chemical basis for the behavior of the
Glu 461 — His mutant. At low pH the His is proton-
ated and therefore nonnucleophilic, and Met 502 is
galactosylated by substrate, whereas at high pH it is
now protonated, and the imidazole ring of the histidine
is galactosylated. Since gly.osylimidazoles are very
stable compounds,®3® the galactosylhistidine does not
turn over and the enzyme is inactivated by substrate
(see Scheme III).

There are three main pieces of evidence that this
covalent glycosyl-enzyme intermediate is produced, and
goes on to product, via glycosyl cation like transition
states. The first is that, where bond breaking can be
shown by other criteria to be rate-determining, «-deu-
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terium kinetic isotope effects >1.05 are observed.® The
effect for hydrolysis of the galactosyl-enzyme is large
and direct (ky/kp = 1.2-1.25).° Direct effects of this
magnitude show that the glucosyl-enzyme intermediate
is covalent, since there is a decrease in coordination
number on going from the intermediate to the transition
state for its hydrolysis: were the intermediate ionic
there would be an increase in coordination number at
the transition state and therefore the a-deuterium ki-
netic isotope effects would be inverse. The second is
the active site directed irreversible inhibition by 2-
deoxy-2-fluoro-8-D-galactosyl fluoride.®® This com-
pound is a representative of a general type of suicide
substrate for retaining glycosidases developed by
Withers’ group: the inductive effect of the 2-fluoro
group destabilizes the glycosyl cation like transition
states leading to and from the covalent glycosyl-enzyme
intermediates, but the good fluoride leaving group
makes the 2-fluoro-2-deoxyglycosyl enzymes kinetically
accessible, even though, once formed, they turn over
very slowly.

The third piece of evidence for glycosyl cation like
transition states comes from the potent inhibition of
lacZ B-galactosidase by galactonojirimycin (5-amino-
5-deoxy-D-galactose) and deoxygalactonojirimycin8485
(see Chart I).

These compounds in aqueous solution can give rise
to species that resemble the galactosyl cation like
transition state in charge or even in charge and geom-
etry and are therefore probably transition-state ana-
logues. The inhibition of glycosidases by iminoalditol
derivatives such as deoxygalactonojirimycin is general,
and the mechanism and characteristics of this inhibition
are discussed below in connection with a retaining fu-
ranosidase (a-L-arabinofuranosidase) whose inhibition
is best characterized. In addition to being powerfully
inhibited by 1,5-dideoxy-1,5-iminoalditol derivatives,
pyranosidases can also be powerfully inhibited by 1,4-
dideoxy-1,4-iminoalditols, i.e. apparent analogues of
furanose sugars.® The obvious rationalization—that
the hydroxyl groups in a furanose sugar in fact mimic
the hydrogen-bonded contacts of a half-chair glycosyl
cation like transition state better than the hydroxyl
groups of a full chair pyranose—receives support from
the discovery that neutral furanoses can be quite pow-
erful inhibitors of §8-galactosidase. L-Ribose, shown
above in the §-furanose form, has, for example, a K;
value of 0.21 mM.

Whereas the nucleophilic machinery used by this
enzyme is unambiguous, the electrophilic machinery is
not. The efficient hydrolysis of galactosylpyridinium
ions? indicates that electrophilic or protic catalysis is
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not of crucial importance. Despite their efficient hy-
drolysis, C-N cleavage governs both &, and &/ K,, for
pyridinium salts, as is shown by linear, rather than
random, Bronsted plots and significant a-deuterium
kinetic isotope effects [*P(V) = 1.1-1.2]. Removal of
Mg?* from the enzyme has little effect on catalytic
parameters for these substrates: by contrast, it slows
down the rate of hydrolysis of O-glycosides and makes
C-0 bond fission rate determining;® some other process
(called a “conformation change” in 1973,% when it was
first identified) probably governs both first- and sec-
ond-order rate constants for the hydrolysis of aryl ga-
lactosides under conditions of Mg?* saturation. (A
complication is that hydrolysis of the glycosyl-enzyme
can become rate determining with dinitrophenyl ga-
lactoside substrates for both types of enzyme.) At the
time of writing, the model that leaves fewest features
unexplained is the simple one, that the Mg?* ion is
acting as an electrophilic catalyst.?? With the supple-
mentary hypothesis that the process identified as a
“conformation change” in 1973 is in fact the loss of a
phenolate leaving group from its first-formed complex
with the enzyme-bound Mg?* ion, the proposal ration-
alizes all the available kinetic evidence, including recent
solvent kinetic isotope effect studies. The kinetic
mechanism of the enzyme in the absence of Mg?*, or
even in its presence with substrates to the aglycon of
which the Mg?* cannot coordinate, is that of a simple
two-step hydrolase:

by 42 43
E + GalX == E-6GalX 22 oGal-E + X —%
E + 3GalOH

whereas the kinetic mechanism of the Mg?*-enzyme
with O-glycosides is more complex:

kol k, kv
E-Mg + BGalOAr === E-Mg-BGalOAr — = aGal-E-Mg—OAr ~—a

ko

k. k,
oGal—E~Mg + ArOH _EE:T’ aGal-Mg~OR —== BGalOR + E-Mg

(R can = H)

The mechanism advanced previously® identified the
k., step as a conformation change, but subsequent
measurements of the leaving group 80 kinetic isotope
effects for p-nitrophenyl galactoside hydrolyzed by the
Mg?*-enzyme® [18(V) = 1.022 and 3(V/K) = 1.014] cast
doubt on this. Only by the assumption of a virtual
transition state for this substrate, comprising the con-
formation change and the loss of p-nitrophenolate
without acidic assistance, could the identification be
maintained. A proton inventory on V however shows
that the solvent isotope effect [P22(V) = 1.8] arises from
the transfer of one proton;® the virtual transition state,
on which any solvent isotope effect should arise only
from a many-proton effect on the conformational com-
ponent, is thereby excluded. In the mechanism above
k.3 would be the major contributor to V and k,, to
V/K; cleavage of a Mg**—phenolate bond could account
for the 180 kinetic isotope effect since even though the
Mg-0 bond is weaker than a C-O bond, the propor-
tional change in the reduced mass on 180 substitution
is greater, since magnesium is heavier than carbon. The
absence of a solvent isotope effect on degalactosylation,
which in this model is the attack of a magnesium-bound
hydroxide ion on the galactosyl-enzyme, is also ac-
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counted for. There are, however, experiments which
argue that this enzyme applies Bronsted, rather than
Lewis, acid catalysis to its substrates. The finding by
Legler and Herrchen® that 8-D-galactopyranosylamines
bound around 10° times tighter than otherwise strictly
analogous, but nonbasic, compounds, but only in the
presence of Mg?*, is compatible with an electrophilic
role for this ion, since Mg?* does exhibit some prefer-
ence for coordination of nitrogen, rather than the iso-
electronic oxygen, ligands. The NMR relaxation mea-
surements,® which indicated that Mn?* bound too far
away from the methyl groups of methyl thiogalactoside
and galactosyltrimethylammonium bromide when
bound to the enzyme, have, however, to be discounted
on the grounds that these inhibitors binding to
Mn?*—enzyme are an inaccurate model for substrates
binding to Mg%**-enzyme.

The most telling of the experiments indicating protic
catalysis are the consequences of replacing Tyr 503 by
other residues. Replacement of all the tyrosines in the
molecule by fluorotyrosine results in an increase in the
k., value for nitrophenyl galactosides and a shift of the
alkaline ionization of the pH-rate profile to lower pH
by 1.5 units, in accord with the idea that the alkaline
ionization is that of a tyrosine.?® Specific replacement
of Tyr 503 by Phe by the techniques of site-directed
mutagenesis® results in an enzyme with &, values for
nitrophenyl galactosides around 1072 that of wild-type
enzyme and different K values and thermal stability.
The possibility exists, as with the Glu 461 -~ Gln mu-
tant, that in fact fully mutated homotetramer is wholly
inactive and that existing activity is due to heterotet-
ramers containing one or two wild-type subunits. Even
if the fully mutated tetramer has activity, the size of
the kinetic effect of eliminating catalysis by proton
transfer from a simple phenol (pK, ~ 10) to a nitro-
phenolate leaving group (pK, ~ 7) is unprecedentedly
large.?® Although this site-directed mutagenesis ex-
periment establishes that Tyr 503 is important for ca-
talysis, it is difficult to see this as a consequence of the
elimination of protic catalysis. A clue that the change
may not be a consequence of the simple removal of the
proton-donating machinery comes from other mutants,
in which either Tyr 503 or Glu 461 has been replaced
by a range of other amino-acids.* Whereas the enzyme
isolated from the Tyr 503 and Glu 461 mutants had
comparable activities against nitrophenyl galactosides,
cells producing the Glu 461 mutants were completely
inactive against X-Gal plates, whereas colonies of those
producing the Tyr 503 mutants turned blue. The ag-
lycon of X-Gal (5-bromo-4-chloro-3-hydroxyindole) is
less acidic than a nitrophenol and therefore its glyco-
sides should be more sensitive to protic catalysis of their
fission. Accordingly, were the effect of mutation of Tyr
503 simply the removal of a proton donor, the effect
should be seen more on X-Gal than on nitrophenyl
galactosides, whereas the reverse is observed.

Experiments with carbohydrate enol ethers show that
these reactive compounds can be protonated in the
enzyme active site; however, the elegant stereochemical
experiments of Lehmann’s group show that whereas the
endocyclic enol ether (X) is protonated from the «
face,% the exocyclic enol ether (XI) is protonated from
the 38 face.’” Galactal (X) is probably hydrated by the
mechanism general for the hydration of glycals by re-



Catalytic Mechanisms of Enzymic Glycosyl Transfer

taining glycosidases.® In the EI complex with this
compound, the normally nucleophilic carboxylate group
(Glu 461) is in contact with the hydrophobic, nonpolar
double bond and its pK, is raised, enabling it to be
protonated at the operating pH of the enzyme. It
transfers a proton to the « face of the galactal, gener-
ating an ion pair of the 2-deoxyglucosyl cation and the
carboxylate of Glu 461, which then collapses to the
2-deoxy-a-D-glucopyranosy! ester of Glu 461, which
turns over in the normal way, but more slowly.

OH OH
o) OH 0
HO ) +HO WOH — HO O/Y\OH
OH
HO D HO D
X
OH
0 CH,
HO
/ D
HO ©H
XI

The kinetics of the interaction of D-galactal with the
enzyme have been studied thoroughly.® In the presence
of Mg?*, the compound is bound slowly and released
slowly. Probably the binding is of a two-step type, like
that of other glycals to other e—e glycosidases,? the slow
step being the hydrolysis of the 2-deoxy-a-D-
galactosyl-Glu 461 intermediate, but in this particular
case the initial loose EI complex is not detectable at
accessible concentrations of galactal. The 2-deoxy-
galactosyl enzyme then turns over in the normal way.
In the absence of Mg?*, the apparent binding is about
108 times weaker because the initial addition of a proton
is now slow: hysteresis is also observed since the form
of the Mg?*-free enzyme first produced by loss of 2-
deoxygalactose is apparently much more catalytically
active than the normal Mg?*-free form. It is very dif-
ficult to see how the correct placing of Tyr 503 on the
B8 face of the molecule could increase the efficiency of
proton donation to the « face, whereas if the Mg?* were
an electrophile which in the Mg?* enzyme were correctly
placed to coordinate to O-1 of the glycoside, a coordi-
nated water molecule could either hydrogen bond to
Glu 461 or donate a proton to the exocyclic enol ether
from the 8 face. In the absence of Mg?*, therefore, Glu
461 might be less effective at donating a proton to the
galactal, since it is no longer hydrogen-bonded.

3. E. coli (ebg) B3-Galactosidases

E. coli produces two 8-galactosidases: the ebg enzyme
is coded for by a gene at 66 min on the E. coli chro-
mosome, whereas the lacZ enzyme maps at 8 min.%
The ebg B-galactosidase contains two subunits, the
genes coding for which (ebgA and ebgC) have been se-
quenced.!%191 These genes, together with an ebgB gene
of unknown function, are part of the ebg operon which
is under negative control, the repressor protein being
coded for by the ebgR gene.l%219% The ebg system has
been used extensively as a model for the study of ac-
quisitive evolution.!* [gcZ-Deleted mutants cannot
grow on lactose because the enzymic product of the
wild-type 8-galactosidase, ebg®, is too catalytically fee-
ble!% and the wild-type repressor is too insensitive to
B-galactosides.!% However, if cells with lacZ deletions
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are selected for growth on lactose, certain colonies begin
to grow. They do this as a consequence of spontaneous
mutations in both the ebgR genes and the structural
genes coding for the ebg B-galactosidase.'”” It was
pointed out!® that these double mutations occurred
some 108 times more frequently than would be expected
if the individual point mutations were to occur inde-
pendently. The threat presented to the central dogma
of evolutionary genetics by these data remained sub-
stantially unrecognized until another system, a phos-
pho-8-glucosidase, was discovered which presented a
similar conundrum.!% It has since been suggested'®
that mutations are more likely to occur when the DNA
is being unwound as it is transcribed; hence mutations
give the appearance of occurring when they are most
needed.

Hall'*? demonstrated incisively that in this system the
fitness of the organism was directly related to the cat-
alytic competence of a single enzyme, when he showed
that a linear relationship existed between &, /Ky, for
hydrolysis of lactose by isolated enzyme and the growth
rate on lactose of the bacterial strain from which the
enzyme was isolated. Measurement of the Michaelis—-
Menten parameters for 10 substrates for each of 17
isolated ebg enzymes enabled the enzymes to be placed
in five classes.!!! Single mutational events selected by
growth on lactose give rise, 930% of the time, to a class
I mutant, of which a typical representative is ebg?,
whereas single mutational events selected by growth on
lactulose gave rise to a class II mutant, of which a
typical representative is ebg®; class II mutants are also
produced 10% of the time by selection on lactose. Class
IV mutants are the consequence of a mutational event
of each type; a typical representative is ebg®®. The ebg®
— ebg® change is a consequence of a change of Asp 92
to Asn in the ebgA peptide, while the ebg® — ebg®
change is a consequence of a mutation of Trp 988 to Cys
in this peptide.!!

The basic chemistry of the action of the ebg enzymes
is similar to that of the lacZ enzyme,1? as is reasonable
from the 50% nucleotide identity between the lacZ and
ebgA genes;'® the enzyme appears to require Mg?* for
maximal activity on O-glycosides.!’? The nucleophilic
carboxylate has been identified as that of Glu 408
(homologous with Glu 461 in the lacZ enzyme) by af-
finity labeling with (galactosylmethyl)(p-nitrophenyl)-
triazene.!’® Improvement in efficiency of the enzyme
by spontaneous mutation, as reflected in k. /Ky for
lactose hydrolysis by the purified enzyme, is accompa-
nied by a dramatic decrease (>10-fold) in the rate of
hydrolysis of the galactosyl-enzyme intermediate, which
becomes kinetically accessible in the case of the ebg®,
ebg?, and ebg®® enzymes.!'#!'5 o- and B-secondary
deuterium kinetic isotope effects of around 1.1 and 1.0,
respectively, have been obtained for hydrolysis of the
galactosyl-enzyme intermediate.!’>!!® The direct a-
deuterium effect, as with the lacZ enzyme, establishes
that the galactosyl-enzyme intermediate is covalent and
that the transition state leading from it has some oxo-
carbonium ion character. The absence of a 8-deuterium
effect is not really compatible with the «-D-galacto-
pyranosyl-Glu 408 intermediate reacting through a
conformation in which the sugar ring is in the *C,
conformation (despite this being the conformation in
which an oxygen sp? lone pair is antiperiplanar to the
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breaking C-O bond),*® since in the *C; conformation
this bond is also antiperiplanar to the C-D bond, and
in any transition state with oxocarbonium ion character,
such a geometrical arrangement should give rise to a
significant hyperconjugative §-deuterium kinetic isotope
effect.

The free energy profile of the catalyzed reaction was
determined for ebg®, ebg?® and ebg®.!'” No definite
pattern of changes could be detected, in contrast to the
suggestion of Albery and Knowles!!® that the easiest
evolutionary change to bring about would be a uniform
increase in binding of all internal states (intermediates
and transition states).

B,, values for aryl galactosides and galactosyl-
pyriéinium ions were measured for the wild-type en-
zyme and the evolvants and provided some indication
that C-N cleavage is less advanced in the ebg® enzyme
than the wild type and that proton donation to the
leaving group is more effective in the ebg® enzyme.
Given the nature of the change in the protein, this can
only be through better placement of the acid (or elec-
trophilic Mg?*).116

4. Other 3-Galactosidases

There has been extensive investigation of mammalian
B-galactosidases, since lack of 8-galactosidase activity
causes a number of well-defined inherited disorders of
metabolism. There are four reasonably well-defined
activities: two lysosomal or acid enzymes (since the
operating pH of the lysosome is acidic, the enzymes
contained within it have acid pH optima), a neutral
B-galactosidase, and an intestinal, membrane-bound
enzyme referred to as “lactase-phlorizin hydrolase”.
Hereditary deficiency of one lysosomal enzyme results
in GM, gangliosidosis; that of the other, Krabbe’s dis-
ease.!” The two acid 8-galactosidases are genetically
distinct.!?® (Galactosylmethyl)(p-nitrophenyl)triazene
specifically inactivates the lysosomal GM, B-galactosi-
dase in cultured fibroblasts,'?! and this property has
been used to develop a model of GM; gangliosidosis.!??
The affinity label can also be used as an active site
titrant and hence used to estimate the activity per
protein molecule in a mild form of GM, gangliosidosis.
The lysosomal GM, $-galactosidase exists as a complex
of B-galactosidase, neuraminidase, and a protein that
protects the complex against hydrolysis by lysosomal
proteinases.!®1% QOne form of combined neuraminidase
and B3-galactosidase deficiency was traced to a defect
in the protector protein.!?

The “lactase—phlorizin hydrolase” of mammalian in-
testine is responsible for the initial splitting of lactose
in the diet into glucose and galactose in adults; its de-
ficiency in humans gives rise to lactose intolerance.!?®
The gene coding for it is located on the human chro-
mosome 2.1 The ¢cDNA coding for the human and the
rabbit enzyme has been cloned and sequenced.!® The
enzyme protein has a membrane anchor and two in-
dependent active sites, one of which splits lactose and
another of which splits a wide range of 8-glucosides
(including the natural glucoside phlorizin). Surpris-
ingly, both active sites are apparently labeled with
conduritol B epoxide. It has been suggested that the
enzyme arose by gene duplication,'3! implying that
B-glucosidase and 3-galactosidase activities can evolve
from a common precursor.
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5. B-Glucosidases

From the point of view of the bioorganic chemist,
3-glucosidase is the simplest of the e—e glycosidases,
yet well-defined enzymes are not readily come by. The
material from sweet almonds, which is the commonest
commercial source, is in fact a mixture of at least two
isoenzymic forms with different kinetic properties.'??
(The occurrence of multiple molecular forms of glyco-
sidases, the pattern of which varies with age and stage
of development of the plant, is a common feature of
plant biochemistry!3® which makes plant enzymes un-
suitable in general for investigations of mechanism.) In
fact, despite physical-organic studies of the action of
sweet almond g8-glucosidase going back to 1954,!3¢ the
most incisive experiments have been done with well-
characterized bacterial and fungal enzymes.

Thus, the definitive experiments showing that con-
duritol B epoxide labeled the same aspartate residue!3
as was alkylated by D-glucal!®® and that the 2-deoxy-
glucosyl enzyme generated from D-glucal was identical
with the 2-deoxyglucosyl enzyme generated by the hy-
drolysis of p-nitrophenyl 2-deoxy-3-D-glucopyranoside!®
were carried out on the crystalline!® g-glucosidase A4
of Aspergillis wentii. This same enzyme was also
subjected to a physical-organic study which indicated
that the catalytic proton was almost completely trans-
ferred at the rate-determining transition state for aryl
glucosides [8,(V) ~ -0.05 with “P(V) ~ 1.1] and that
glucosyl cation like transition states were involved.!%
This enzyme binds nojirimycin and 1-deoxynojirimycin
tightly (K; ~ 107¢ M).140

Direct evidence for the existence of a covalent, a-
glucosyl-enzyme intermediate was obtained by Withers’
group'¥! with the enzyme from the bacterium Alcalig-
enes faecalis,'? for which enzyme the gene had been
cloned and expressed in E. coli.!¥ Incubation with
2-deoxy-2-fluoro-3-D-glucosyl fluoride liberated 0.93 mol
of fluoride ion and inactivated the enzyme. The °F
NMR spectrum of the reaction mixture revealed a
protein-bound fluoride resonance (6 197.3) attributable
to the 2-fluoro group of the glycosyl-enzyme interme-
diate (cf. the 2-fluoro group of the inactivator itself at
6 203.4). The chemical shift of the fluoro group of
2-deoxy-2-fluoroglucosyl derivatives is apparently not
sensitive to the anomeric configuration at the adjacent
carbon, but that of 2-deoxy-2-fluoromannosides is, and
this particular 8-glucosidase will (unusually) accept
B-mannosides. With 2-fluoro-2-deoxy-8-manno-
pyranosyl fluoride as inactivator, the chemical shift of
the bound 2-deoxy-2-fluoromannosyl residue (6 201.0)
is shifted only slightly upfield on denaturation of the
labeled enzyme (to 6 202.6): the chemical shift of the
SF nucleus of 2-deoxy-2-fluocromannose is § 206.2 in the
a-anomer and & 224.5 in the 8-anomer. Direct evidence
of the catalytic competence of the 2-fluoro-2-deoxy-
glucosyl enzyme has recently been obtained:*® in the
presence of the acceptor 8-D-glucopyranosylbenzene, the
enzyme is relatively rapidly reactivated, with production
of a (2-fluoro-2-deoxy-8-D-glucopyranosyl)-8-D-gluco-
pyranosylbenzene, most likely the 4-isomer.

Despite its somewhat ill-defined nature, useful
mechanistic data have been obtained for almond -
glucosidase. The stereochemistry of hydration of D-
glucal to 2-deoxy-B8-D-glucopyranose has been defined
as an overall trans addition of H-OH.}¥ The same
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group showed that the sweet almond g-glucosidase
catalyzed hydration of 2,6-anhydro-1-deoxy-D-gluco-
hept-1-enitol (i.e., the gluco version of structure II)
yielded 1-C-methyl-3-D-glucopyranose.*® The enzyme
is covalently inactivated by conduritol B epoxide, the
group labeled in the case of the bitter almond enzyme
being an aspartate.>* Dale et al.¥é concluded that the
sweet almond enzyme apparently operates without the
application of acid catalysis to the departure of phe-
nolate leaving groups: the hydrolysis of glucosides of
phenols with pK, >~ 8 gave a value of 8;,(V/K) of -1.0
and a solvent deuterium kinetic isotope effect of 1.0,
whereas the rate-determining step in the hydrolysis of
glucosides of phenols of pK, <~8 was the diffusion-
controlled encounter of enyzyme and substrate. This
conclusion accords with a value of ¥(V/K) of 1.036 for
the hydrolysis of p-nitrophenyl glucoside 1-180,% which
is too large for much O-H bond formation at the tran-
sition state. Unfortunately, as the data stand, they refer
to different enzymes, the isotope effect applying to the
purified A isoenzyme and the 8, value to material
supplied by Sigma, identified as the B isoenzyme on the
basis of the chromatographic and electrophoretic
properties of its major component. Purified sweet al-
mond g-glucosidase B however gives a value of 8,,(V/K)
of —0.73 £ 0.09,115147 gnd the ratio of activities for ni-
trophenyl galactosides for this enzyme does not corre-
spond to that reported by Dale et al.16 It therefore
seems not impossible that the enzyme used by Dale et
al. may be the A, not the B, isoenzyme: indeed, the
Sigma enzyme is identified as A in a previous paper
from the same group.!*® This paper describes the in-
hibition by 1,5-dideoxy-1,5-imino-D-glucitol and D-
glucopiperidinolactam (XII) as a function of pH; the
affinity (1/K;) for the lactam is sigmoid (decreasing at
high pH according to an enzyme ionization of pK 6.8),
whereas the affinity for the imine shows a bell-shaped
dependence, with both acid and basic ionizations being
governed by a pK of 6.8, the pK, of the inhibitor as well
as of the enzyme. The lactam is presumably a transi-
tion-state analogue by virtue of its half-chair confor-
mation, whereas the imine will be a transition-state
analogue by virtue of its charge when any acid catalytic
group is deprotonated. As with lacZ B-galactosidase,
an exact mimicry of the configuration of the substrate
does not seem to be necessary for tight binding of an
iminoalditol inhibitor: 1,5-dideoxy-1,5-imino-D-
mannitol'¥ and 1,4-dideoxyimino-D-glucitol*® bind
reasonably tightly (K; ~ 105-10* M at optimum pH).
The lactone (XIII) behaves like a typical transition-
state analogue, in that an initially formed loose complex
slowly isomerizes into a tighter one.!® There is a report
that 5-amino-5-deoxy-L-glucose {(-)-nojirimycin] in-
hibits sweet almond g-glucosidase more powerfully than
the correct isomer.15! Another puzzle presented by this
enzyme is that, whereas it rapidly hydrolyzes both
diastereoisomeric glucosides of the general formula
B-D-Glep-OCH(OMe)(CH,), X when X = Nj, the com-
pounds with X = NH, are almost completely inert to
the enzyme.!52

Interestingly, gluconolactone oximes are tight-binding
inhibitors to “emulsin”,'53 probably because the conju-
gation of the ring oxygen lone pairs with the C=N bond
makes the pyranose ring adopt the half-chair confor-
mation, while at the same time the oxime nitrogen atom
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is able to hydrogen bond to any catalytic proton donor.

The 8-glucosidase from the fungus Stachybotrys atra
is reasonably well characterized and is important as one
of the few retaining glycosidases for which the glyco-
syl-enzyme intermediate is kinetically accessible.!5415
a-Deuterium kinetic isotope effects have been measured
for the hydrolysis of the glucosyl-enzyme and found to
be direct!% [«D(V) = 1.11 £ 0.01; for four substrates],
in accord with this glucosyl-enzyme intermediate being
covalent. Alkyl thioglycosides (and alkyl xylosides) are
mixed inhibitors, the uncompetitive component of the
inhibition arising from binding of the hydrophobic ag-
lycon to the hyrophobic aglycon-binding site of the
glucosyl-enzyme intermediate. 8!

Similar data exist for the 8-glucosidase of Botryodi-
plodia theobromae Pat, where hydrolysis of the gluco-
syl-enzyme is rate-determining for p-nitrophenyl glu-
coside; for this substrate being hydrolyzed values of
«D(V) of 1.09 are observed, but when glycerol is the
acceptor, this value increases to 1.21.157 The increase
in the value of “P(V) when glycerol is the acceptor can
be accounted for by a scheme involving reaction through
intimate and solvent-separated ion-pair intermediates
in the enzyme active site.

Although mammals are not a rich source of 3-gluco-
sidase, the medical interest in them (Gaucher’s disease
is an inherited deficiency of lysosomal 8-glucosidase
which results in accumulation of glucosylceramide in
the tissues)!!® has led to a very considerable body of
data on mammalian enzymes, some of which is of
mechanistic significance. There are two fairly well-
defined enzyme activities, lysosomal, or acid, and cy-
tosolic, or neutral.

The human lysosomal enzyme is fairly nonspecific
with respect to the leaving group and is inactivated by
conduritol B epoxide;!%® this property has been used to
measure turnover of the enzyme in cell culture (rat
peritoneal macrophages and human fibroblasts) by
following the recovery of enzyme activity after inacti-
vation by the expoxide.!%® The lysosomal 5-glucosidase
of cultured human fibroblasts is inactivated in vivo by
(8-p-glucopyranosylmethyl) (p-nitrophenyl)triazene.!?!
Conduritol B epoxide has been used as an active site
titrant, which can give the number of active sites in a
cell and hence characterize the defective enzyme in a
form of Gaucher’s disease.’®® A ¢cDNA clone for the
enzyme has been isolated.’®! The biosynthesis of the
enzyme involves glycosylation of a 52-kDa precursor
protein.!®2 The rat liver enzyme is activated by gang-
liosides,'®? in accord with its natural substrate being
amphipathic. In vivo it acts in association with an
activator protein, the primary structure of which has
been determined.!6

The nonspecific enzyme from human spleen, proba-
bly the cytosolic enzyme, like sweet almond 8-glucosi-
dase, is indifferent to the glucose substituent at C-4 and
C-5, and so will hydrolyze 8-galactosides, 8-xylosides,
B-D-fucosides, and a-L-arabinopyranosides;!®® the pig
kidney enzyme is similar.%1¢7 The guinea pig cytosolic
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enzyme with 4-methylumbelliferyl glucoside as a sub-
strate is activated by low concentrations of alcohols but
inhibited by higher concentrations.®® To the reviewer
this appears as behavior typical of a glycosidase hy-
drolyzing a good substrate, for which the second chem-
ical step, hydrolysis of the glycosyl enzyme, is rate-de-
termining. A comparison of the human cytosolic and
lysosomal (-glucosidases revealed that the cytosolic
enzyme bound long-chain alkyl glucosides about 100-
fold more tightly than the lysosomal enzyme.!®® The
calf liver cytosolic enzyme!™ is inhibited powerfully by
compounds of the deoxynojirimycin type (including
bridged examples such as castanospermine); its agly-
con-binding site is considered to be a narrow hydro-
phobic cleft. It is inactivated by bromoconduritol B
epoxide and bromoconduritol F.1"!

6. Other e—e Glycosidases

Observations of mechanistic significance have been
made on other enzymes of this type, but generally
somewhat incidentally to other concerns. Mammalian
enzymes, particularly hexosaminidase, have been
studied for medical reasons. The ubiquity of the 3-
gluco and B-xylo linkage in structural materials of the
plant kingdom has led to enzymes cleaving these link-
ages receiving attention from the viewpoint of plant
pathology and that of biotechnological biomass con-
version.!”? The enzymes which attack crystalline cel-
lulose will be covered in a separate section (IV), since
before any question of catalytic mechanism can be ad-
dressed, it is necessary to identify which enzyme from
which organism is doing what, and this is rarely
straightforward.

Lysosomal hexosaminidase is composed of two sub-
units, o and 3, the genes for which are located on
chromosomes 5 and 15 in humans.!’® There are two
physiological forms of the enzyme, both of which are
dimers: A (a8) and B (88); the A enzyme is the more
specific. The biological function of the enzyme is to
hydrolyze terminal N-acetylglucosamine and N-
acetylgalactosamine residues. A defect in the « gene
results in loss of hexosaminidase A activity (Tay-Sachs
disease), whereas a defect in the 8 gene results in loss
of both hexosaminidase A and hexosaminidase B. It
has been suggested that the o subunit hydrolyzes the
glycoside 6-sulfates, whereas the 8-subunit hydrolyzes
the neutral sugars.!’* The adult-onset of Tay-Sachs
disease in Ashkenazic Jewish sufferers has recently been
identified as a consequence of a Gly — Ser change in
the « subunit,!®

The primary structure of another hexosaminidase, the
Streptomyces enzyme, endo-8-N-acetylglucosaminidase
H, has been determined.?®

A retaining (-xylosidase has been purified from
culture filtrates of Penicillium wortmanni QM7322;177
the V., values for most aryl xylosides were approxi-
mately the same,!” and the expectation that this is
because the hydrolysis of the xylosyl-enzyme interme-
diate is rate-determining with these substrates has been
confirmed.'” The enzyme is rapidly inactivated by
(8-D-xylopyranosylmethyl)aryltriazenes, the rate of in-
activation exhibiting a negative §;, value when corre-
lated with the pK, of the aniline.!® More recently, four
isoenzymes of different kinetic!®2 and immunologicali®
properties have been isolated from the culture filtrates
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of a different isolate of this fungus (IFO 7237); the
relationship between these enzymes and the enzyme on
which the mechanistic studies were made is not clear.

Michaelis-Menten parameters for a series of substi-
tuted phenyl 8-D-xylopyranosides hydrolyzed by the
B-xylosidases of Trichoderma viride'® (now Tricho-
derma reesei) and Emericella nidulans'® give 8,,(V)
values of around -0.1 and 0.2, respectively.

The sequence of the gene coding for a retaining ex-
tracellular, retaining'® 8-xylosidase (xylanase) from the
soil bacterium Bacillus pumilus IPO has been deter-
mined,'®” and preliminary X-ray data have been re-
ported.!® Unfortunately, no bioorganic investigations
have been carried out with this well-characterized g-
xylosidase, nor with the xylanase from Trichoderma
harzianum, on which initial X-ray crystallographic
measurements have been made.’®® The nucleotide se-
quence of the gene coding for a xylanase (xynZ) in
Clostridium thermocellum is also known.!®® The en-
zyme from the fungus Sporotrichum dimorphosporum
has however been shown to be activated by the non-
cleavable thioglycoside (XV).191

@NHAC
OH
HOHNSWS

OH
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B-D-Glucuronopyranosylpyridinium ion has been
shown to be a reasonably good substrate for the 8-glu-
curonidases of E. coli and the snail Helix pomatia,19?
indicating that acid catalysis is unlikely to be of crucial
importance with this enzyme. The cDNA of the E. coli,
human placental, and rat liver enzymes has been cloned
and shown to exhibit strong homology (the rat enzyme
shows 77% homology with the human enzyme and 47%
with the bacterial).!®® The pattern of inhibition by
glucuronic acid derivatives with nitrogen in the ring is
informative: The simple six-membered ring analogue
(XVI) is in fact a more potent inhibitor of human liver
lysosomal «-L-iduronidase than of human lysosomal
B-glucuronidase!® (K; = 80 uM) and a less potent in-
hibitor than the lactam (XVII).1% As was seen with
lacZ B-galactosidase, in terms of these compounds being
transition-state analogues, the five-membered ring
compounds appear to resemble the putative half-chair
conformation of the transition state rather better than
fully saturated six-membered ring compounds, so that
(3R,4R)-dihydroxyproline (XVIII) has a K; of around
9 uM (against the bovine lysosomal enzyme).!%

HO.__O
HO.., NH
HO  ©OH HO
XvI XVII XVIII

B. Slalidases and Related Enzymes

Retaining glycosidases invariably have a carboxylate
group which can function as a nucleophile in the en-
zyme active site. In the case of the hydrolysis of sialic
acids, e.g., glycosides of N-acetylneuraminic acid (XIX),
the possibility arises that the carboxylate group which
is present in the substrate, rather than an aspartate or
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glutamate residue on the enzyme, may function as the
nucleophile, and so these enzymes are best considered
separately from other e—e enzymes. Since the acetal
center in a neuraminide does not possess an anomeric
hydrogen atom, determination of the initial products
of action of sialidases by the usual !H NMR methods
is not possible and is made the more difficult by the
lability of most neuraminides to spontaneous decom-
position. Nonetheless, by using the azide as a substrate,
it has been possible to show that the Clostridium per-
fringens and Arthrobacter ureafaciens enzymes work
with retention of configuration.’?” The gene coding for
the sialidase of C. perfringens has been cloned and
sequenced.!%
9
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It is unfortunate that workers in different disciplines
have concentrated on different aspects of neur-
aminidase chemistry and used enzymes from different
sources, with the result that a coherent picture of the
action of a single protein is not available, even though
there is some evidence that the action patterns of
various microbial sialidases are similar.1%

The molecular biologists have worked on the enzyme
from influenza virus: their primary interest seems to
have been in the immunological lability of the virus,
which makes immunization against influenza so
short-lived. An X-ray crystal structure of the enzyme
from a type A virus at 2.9-A resolution was published
in preliminary form in the early 1980s.200-202 The en-
zyme is a tetramer of 60-kDa subunit molecular weight:
it is an integral membrane protein, with an N-terminal
stalk on each monomer serving to anchor the enzyme
in the membrane. The tetrameric structure has circular
4-fold symmetry, probably stabilized by metal ions on
the symmetry axes (the enzyme is activated by Ca?*
ions). Each monomer has a box-shaped head (100 X
100 X 60 A) and has six topologically identical 8 sheets
in a propeller formation. The active site is located
distally from the hydrophobic tail and is rich in charged
functionality. These charged residues are confirmed in
the many immunological variants of the enzyme isolated
from this source. The enzyme from a type B influenza
strain has recently been crystallized and examined by
X-ray crystallography.208

A catalytic mechanism for influenza neuraminidase
has been proposed on the basis of site-directed muta-
genesis experiments and the X-ray crystal structure,?
although in the opinion of the reviewer it has a number
of features that lack chemical precedent. On binding
of substrate, a proton is considered to be transferred
from His 274 to Glu 276, which then acts as a gene-
ral-acid catalyst, in the same way as Glu 35 in lysozyme.
A glycosyl cation, stabilized by an enzyme carboxylate
tentatively identified as Glu 277, is then formed and
reacts with water in the microscopic reversal of the
previous steps. As the mechanism was drawn, Glu 277
was shown as being on the same side of the sugar ring
as the leaving group, therefore presumably leaving open
the possibility of the substrate carboxylate acting as a
nucleophile.
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The bioorganic studies have for the most part used
bacterial enzymes, since the neuraminidase activity of
a pathogen can correlate with its virulence,2%5 and
therefore there is a pharmacological intereat in design-
ing neuraminidase inhibitors. The commercially
available enzyme from the cholera agent, Vibrio chol-
erae, has been most studied in this connection. Thus,
it was shown 20 years ago that conversion of the car-
boxylate group to a primary alcohol or even the iso-
electronic amide resulted in compounds which were not
cleaved by the enzyme;2% neither were compounds in
which the carboxylic acid group had been amidated
with glycine, glutamic acid, or phenylalanine.?” The
2,3-dehydro compound (XX) is a tight-binding inhibitor
with a K; on the order of 1 uM,?® as is its 8-epimer,2%®
whereas the 4-epimer?® and the 7-epimer?® are bound
with K; values on the order of 1 mM. Compound XX
is a glycal, and by analogy with the interaction of other
retaining glycosidases with the corresponding glycals,
its hydration to N-acetylneuraminic acid is expected.
The situation with the V. cholerae sialidase is not clear,
but the enzyme from Arthrobacter sialophilus hydrates
compound XX to N-acetylneuraminic acid at about 107
the rate at which it hydrolyzes glycosidic bonds and also
hydrates the methyl ester and 4-epimer of glycal XX.458
In accord with the importance of the stereochemistry
at C-4 for the V. cholerae enzyme, the benzyl glycoside
of 4-epi-NeuNAc is cleaved only slowly by this enzyme,
even though it is cleaved at about the same rate as the
neuraminide proper by the sialidases of C. perfringens,
A. ureafaciens, fowl pest virus, and bovine testis.?® An
extended study of the V. cholerae enzyme with 4-
methylumbelliferyl glycosides revealed that the 7-epi,
8-epi, 7,8-bis-epi, 7-deoxy, 8-deoxy, and 9-deoxy con-
stitution of the glycon had no dramatic effect on Mi-
chaelis—-Menten parameters (range of k., /K, values
about an order of magnitude) but that the 4,7-dideoxy
glycoside was a very poor substrate.?'! In contrast to
the tight binding of the enol ether type inhibitors, im-
inoalditol inhibitors (e.g., XXI) give only moderate in-
hibition.2!2
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The neuraminidase from the oral bacterium Strep-
tococcus sanguis can act on 4-, 7-, 8-, or 9-O-acetylated
sialyl residues, unlike the V. cholerae enzyme.?3

A Streptomyces culture was found to yield siastatin
B (XXII), which is in fact a better inhibitor of sialidase
than the compound above by about an order of mag-
nitude.?* Oddly, the enantiomer of the structure shown
proved to be quite a powerful inhibitor of glucuronidase.

NH
AcNH COCH
HO oy
XXII

In addition to sialic acids, other ketosidic linkages
a-substituted with a carboxylic acid are known (e.g.,
KDO), and enzymes cleaving these linkages have been
characterized,?'> but no mechanistic work has yet been
reported.
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C. Pyranoside Hydrolases and Transferases
with Axial Leaving Groups

All available mechanistic evidence for this class of
enzyme is consistent with a general mechanism in-
volving a covalent glycosyl-enzyme intermediate whose
chemical nature is the 3-glycosyl ester of an aspartate
or glutamate side chain of the enzyme protein. The
mechanistic picture is similar to that for e—>e enzymes,
and as with these enzymes, protein tertiary structures
are available only for catenases (q-amylases from a
fungal and a mammalian source), which have several
monosaccharide binding sites. One therefore has the
same problem in integrating mechanistic data into an
overall picture, in that dynamic information is available
for the interaction of small ligands with large, mono-
saccharide hydrolases, whereas protein structural in-
formation is available for small enzymes interacting
with large substrates. There is evidence that a
“super-secondary” structure is common to several a-
(1—4) glucan hydrolases.?¢

1. a-Amylases

The nomenclature of the enzymes that hydrolyze
starch can be confusing to the nonspecialist. The term
“a-amylase” arises from the substrate (amylose, a linear,
unbranched «a(1-—+4) polymer of glucopyranose units)
and the anomeric configuration of the products («).
The term “g-amylase” is applied analogously to enzymes
that hydrolyze amylose with inversion of the anomeric
configuration. “Glucoamylase” or “amyloglucosidase”
is an inverting enzyme with a strictly exo action; i.e.,
it cleaves a single monosaccharide unit off the nonre-
ducing end of a linear a(1-+4) glucopyranose polymer.
“Limit dextrinase” is an enzyme that cleaves the a(1—-
6) linkages in amylopectin,; it is also called “pullulanase”
since it hydrolyzes pullulan [a polysaccharide with the
structure [[Glepa(1—4)],Glepa(1—6)],].2" The
structural elements for substrate cleavage required by
a number of starch-possessing enzymes have been ex-
amined by synthesis of substrates in which one hydroxyl
group at a time has been formally removed.?!®

A major practical problem in studying the action of
a-amylase is that this endo-enzyme will not cleave aryl
glycoside linkages efficiently, so that it is difficult to
get a signal that can be continuously monitored. A
fluorophoric substrate—a p-nitrophenyl a-malto-
pentaoside in which the 6-OH of the nonreducing ter-
minal glucose residue has been replaced by the 2-
pyridylamino function—solves this problem at the cost
of considerable synthetic organic chemical labor.2'® The
fluorescence of the aminopyridyl function is intramo-
lecularly quenched until one of the internal glycosidic
bonds is cleaved, to yield p-nitrophenyl glucoside or
maltoside. The extended substrate is necessary to ob-
tain readily interpretable kinetic data; experiments with
maltose, maltotriose, and p-nitrophenyl maltoside in-
dicate that two molecules of these substrates bind to
the active site of the porcine pancreatic enzyme.??° In
accord with this idea, it has been found that chemical
modification, or inhibition with a protein a-amylase
inhibitor, of the porcine pancreatic enzyme can alter the
relative amylase and maltosidase activity of the en-
zyme.??!

The tertiary structure of an a-amylase produced by
the fungus A. wentii (taka-amylase), and of its maltose
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complex, was determined by Matsuura et al.?? Careful
treatment of data produced from the hydrolysis and
transglycosylation reactions of maltotriose® suggested
that the enzyme had six and possibly seven individual
monosaccharide binding sites, and that an amylose
chain was cleaved between subsites 4 and 5. Model
building of a maltose chain into the active site cleft
appeared to confirm this. Between sugar residues 4 and
5 lay the side chains of Asp 297 and Glu 233. These
were suggested to be equivalent to Asp 52 and Glu 35
of lysozyme, viz., nucleophilic carboxylate and gene-
ral-acid catalyst, respectively, but in the discussion of
this enzyme, both these supposedly catalytic groups
were drawn on the o face of the substrate, whereas a
residue not mentioned in the text, Asp 206, was drawn
on the § face of the sugar residue 4, apparently in the
correct position to act as a nucleophile.

A somewhat higher resolution structure of the porcine
pancreatic a-amylase has since been published by a
French group.?* The protein molecule consists of three
domains: A, an («f)g barrel (so-called TIM barrel, first
recognized in triosephosphate isomerase), B, a less de-
fined structure, and C, an eight-stranded antiparallel
8 barrel. This structure has been predicted to be com-
mon to several a-glucan cleaving enzymes.?’® The
necessary Ca®* ion has two ligands on each of the A and
B domains, such that when the Ca?* is removed, the two
domains may be able to move with respect to each
other. The catalytic residues in this enzyme were
identified as Asp 197 and Asp 300. The Asp 300 cor-
responded to the Asp 297 in taka-amylase, but the Glu
233 residue in the pig enzyme (corresponding to Glu 230
in taka-amylase) was rejected as a catalytic group on
the grounds that in a number of a-amylase sequences
it was only poorly conserved. (The nucleotide sequences
of the genes coding for a-amylases from a large number
of sources are now becoming available: see refs 225 and
226 and references therein). These workers’ candidate
for an acid-catalytic group was Asp 197. This identi-
fication rationalized the loss of activity on removing
calcium, since this group, on a mobile domain, would
move away from the active site.

In an important paper, a covalent 8-glycosyl-enzyme
intermediate was identified by crycenzymology of
porcine pancreatic «-amylase and 1*C NMR (chemical
shift data).2?” Noncovalent interactions with the C-6
hydroxy group do not appear to be important at any
of the monosaccharide subsites in this enzyme, since its
replacement with both hydrogen and fluorine is toler-
ated.??

A new technique of random mutagenesis has been
used to delineate the catalytically and structurally im-
portant regions of the a-amylase of Bacillus stearoth-
ermophilus.®® A library of single and multiple base
mutations was generated, and mutant strains were
characterized by their ability to hydrolyze starch. A
three-dimensional model of the B. stearothermophilus
enzyme was constructed by sequence alignment with
taka-amylase A, whose structure was known. With this
procedure, it was found that those mutations which
affected catalytic activity were particularly clustered
around the active site and also at the interface between
the central /g barrel and the C-terminal domain.

A study has been made??2%® of the modes of action
of human salivary a-amylase, either native or expressed
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in yeast,®! using phenyl maltotetraoside and pentaoside
substrates in which the hydroxymethyl group of the
nonreducing terminal glucose moiety was replaced with
COOH, CH,NH,, or CH,l. A model of subsite structure
was advanced in which there were six subsites, desig-
nated S, Sy, Sy, Sy, Sy, and Sy Sy was hydrophobic,
and cleavage occurred between S; and S;.. The report
that the human salivary enzyme had an action pattern
similar to the pancreatic enzyme??? is not readily rec-
oncilable with the mechanism for that enzyme espoused
by the X-ray crystallographers.

2. «a-Glucosidases

The purified enzymes from rice and Candida tropi-
calis enzyme, convert the gluco exocyclic enol ether of
type II to 1-C-methyl-a-D-glucopyranose,'4 as well as
to transfer products such as compound XXIII.2* The
C. tropicalis enzyme hydrates D-glucal to 2-deoxy-2-
deuterio-a-D-mannopyranose in D,0.144
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The processing of the a-glucosyl residues of aspara-
gine-linked carbohydrate moieties of glycoproteins is
carried out by two enzymes of the endoplasmic reticu-
lum, glucosidase I and glucosidase II, which hydrolyze
the a(1—2)- and a(1—3)-linked glucosyl residues, re-
spectively, of the initially formed oligosaccharyl-
asparagine.?3® (These enzymes are different from the
lysosomal a-glucosidase.) An interesting observation
has been made of the relative sensitivity of glucosidases
I and II to two inhibitors of the iminoalditol type: the
monosaccharide analogue castanospermine (XXV), a
natural product, is more potent against glucosidase I,
but the disaccharide analogue XXIV, in which the
methylene spacer is designed to mimic the breaking
bond,?% is more potent against glucosidase I1.27 Glu-
cosidase I is powerfully inhibited by deoxynojirimycin
and its N-methyl analogue.?’ ‘
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More pronounced differences in inhibition were ob-
tained with the five-membered ring analogue australine
(XXVI), which powerfully inhibited glucosidase I but
had little or no sctivity against glucosidase 11.238
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The lysosomal, but not the neutral, human liver a-
glucosidase is powerfully inhibited by nojirimycin,23?
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The sequence of the lysosomal enzyme has been de-
termined:40 in accord with the similarity of the cata-
lyzed reaction, it shows significant homology with the
sequence of the intestinal sucrase-isomaltase complex.
It is therefore unsurprising that the enzyme is compe-
titively inhibited by acarbose.?4!

The inactivation of simple a-glucosidases by con-
duritol B expoxide is slow, probably reflecting the
disfavored trans-diequatorial epoxide ring opening that
the process has to achieve.2422# In a thorough inves-
tigation, a-glucosidases from a wide range of sources
(Aspergillus niger, pig serum, rice, buckwheat, and
sugar beet seeds) were found to hydrate D-glucal in D,O
to give 2-deoxy-2-deuterio-a-D-mannopyranose by an
overall trans addition.?! In contrast to the situation
with lacZ $-galactosidase, the proton for the hydration
of the exocyclic enol ether (XXVII) by the rice and A.
niger enzymes comes from the same side as that for
hydration of the glycal, as shown.?
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The same direction of approach of the proton to these
exocyclic enol ethers in the case of an e—~e and an a—a
enzyme, despite the requirements for proton donation
to glycosides being opposite to each other, supports the
contention that the transformation of these compounds
by glycosidases is a consequence of their intrinsically
high reactivity and the essentially accidental encounter
with proton donors in the enzyme active site.

The A. niger enzyme catalyzes the hydrolysis of 3-
D-glucopyranosyl fluoride to form a-glucopyranose.?
This transformation is remarkable, even though the rate
acceleration of 10¢ is fairly modest (vide supra); careful
controls were performed to show that the observed
catalysis was not due to a contaminating §-glucosidase
or glucoamylase activity.

Most mechanistic data are available for the yeast
enzyme. It is powerfully inhibited by iminoalditol in-
hibitors of the five-membered ring type: thus K; for
1,4-dideoxy-1,4-imino-D-arabinitol at optimum pH is
0.18 uM® whereas that for deoxynojirimycin is 33 uM.Z’
Interesting!y. it is not inhibited by castanospermine.?4
A kinetic studv with aryl a-glucopyranosides and a-D-
glucopyranosylpyridinium ions (which in their ground
state are in a skew-boat conformation, probably !Ss),
indicated that bond breaking limited only V for the
pyridinium ions; V/K for both sets of substrates, and
V for aryl glucosides, was limited by a noncovalent
procass. The chemical transition state for the pyridi-
nium ions involves a high degree of oxocarbonium ion
character, as shown by high - and §-deuterium kinetic
isotope effects, the 8 effects also indicating that the
C-2-D bond was approximately antiperiplanar to the
cleaving C-N bond.?” A model was advanced for the
action of the enzyme in which the reactive conformation
of the pyranose ring when bound to this enzyme was
25B. In addition to the kinetic evidence, this model can
explain the lack of inhibition by castanospermine and
the reluctance of this particular enzyme to hydrate
glucal,? since neither of these ligands can readily adopt
such a classical boat conformation. Incorporation of an
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amino function into the leaving group of 1-alkoxyalkyl
a-D-glucopyranosides, in such compounds as oGlcp-
OCH(OMe)CH,NH,, renders them inert to a-glucosi-
dase-catalyzed hydrolysis.2¥* An approach to enzyme-
activated irreversible inhibition, whose success is rather
surprising, was used with this enzyme as a vehicle.
2-Chloro-1,1,2-trifluoroethy!l a-D-glucopyranoside is an
active site directed irreversible inhibitor;#€¢ presumably
the enzyme hydrolyzes it to 2-chloro-1,1,2-trifluoro-
ethanol, which then decomposes to chlorofluoroacetyl
fluoride and acylates the enzyme active site at a rate
competitive with loss of the acyl fluoride from the active
site and random acylation of the protein.

3. Sucrase-Isomaltase

In the mammalian gut, there exist a number of
membrane-associated glycoside hydrolases associated
with the absorption of dietary carbohydrate. The best
characterized of these is the sucrase-isomaltase of
rabbit small intestine.!?%248 The enzyme consists of
three domains: an anchor peptide, the isomaltase
subunit, and then the sucrase subunit. The enzyme
complex is excreted as a single polypeptide chain, and
then the protein is cleaved proteolytically between the
sucrase and isomaltase subunits. There is one active
site per subunit, as was shown by affinity labeling with
conduritol B epoxide. This compound alkylates an
aspartate residue in the sequence -Asp-Gly-Leu-Trp-
Ile-Asp-Met-Asn-Glu in both subunits.?*® But for the
cleavage of the peptide link between the two active sites
in sucrase—isomaltase, the domain structure is very
similar in both sucrase-isomaltase and lactase—phlorizin
hydrolase.!?®

Values of “P(V) for p-chlorophenyl glucoside hydro-
lyzed by the sucrase of 1.14, and by the isomaltase of
1.21, suggest an oxocarbonium ion like transition
state.” A near-zero value of 8y, for para-substituted
phenyl glucosides suggests essentially complete pro-
tonation of the leaving group at the transition state.!®

Both enzymes are inhibited by compounds considered
to be analogues of a glycosyl cation like transition state.
Nojirimycin, deoxynojirimycin, and acarbose (XXVIII,
m = 0, n = 2) are slow, tight-binding inhibitors of both
activities.?® Gluconolactam and gluconolactone also

OH OH OH
O o] o
HO i Qe v rNH “ O, .
HO OH . HO OH HO OH HO OH .

XXVIIT

inhibit more powerfully than substrate (K; values
around 107%-10"° M). (Acarbose is one of a family of
inhibitors that were intensively investigated for their
a-glucosidase inhibitory power, in the hope of regulating
the intake of dietary carbohydrate.?*? In the event the
K, values, in the light of the size of the inhibitor and
the consequent opportunity for the enzyme to interact
with many saccharide residues simultaneously, are fairly
modest, e.g., 0.47 uM for acarbose at pH 6.8.) Reduc-
tion of the double bond of the pseudosaccharide unit
gives a material with a K, of 1 uM against the rat in-
testinal sucrase.?> The inhibition by castanosper-
mine? and substituted valiolamine derivatives
(XXIX)%5
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is in fact much more powerful, that by castanospermine
being functionally irreversible (about 30% recovery of
sucrase, but no recovery of isomaltase, being seen on
24-h dialysis). Inhibition by homongjirimycin (i.e.,
compound XXIV without the 3-D-glucopyranosyl res-
idue) is quite powerful 2%

4. Dextransucrases

Dental caries is associated with bacterial plaque
formation. A key step in plaque formation is the for-
mation of insoluble carbohydrate polymers on the teeth
by oral bacteria.?s” Because of the high free energy of
hydrolysis of sucrose compared to that for hydrolysis
of other glycosidic linkages, the conversion of sucrose
into other carbohydrate polymers is thermodynamically
favored. The enzymes catalyzing the conversion of
sucrose into polymers are conventionally divided into
dextransucrases, which are a-D-glucosyltransferases, and
levansucrases, which are 8-D-fructosyltransferases. The
enzymes have weak hydrolase activity and so are con-
veniently discussed together with a—a hydrolases.
They can also accept p-nitrophenyl a-D-glucopyranoside
and a-D-glucopyranosyl fluoride as glucosyl donors.25

In accord with the mechanism being essentially that
of a retaining glycosidase, modified to include acceptor
binding, a D-glucosylated intermediate has been isolated
for the dextransucrase of S. sanguis and shown to un-
dergo partial reactions.?*%° A hydrolytic activity of
this enzyme has been detected, as is reasonable, but the
evidence for the proposed two glucosyl-enzyme inter-
mediates is somewhat weak to support such a radical
suggestion. 26!

The glucosyl-enzyme intermediate from the enzyme
from Leuconostoc mesenteroides has been isolated,??
and the products of action of various acceptors and
donors have been quantified.?® This enzyme has been
shown to have two binding sites by a careful study of
inhibition kinetics: inhibitors can be either noncom-
petitive or competitive, the competitive inhibitors
binding to the glucosyl donor site and the noncom-
petitive inhibitors binding to the acceptor site.
Therefore, competitive inhibitors do not compete with
noncompetitive inhibitors, but noncompetitive inhbitors
compete with each other.33?

The most studied dextransucrases are from Strep-
tococcus mutans (this organism sometimes goes under
the name Streptococcus sobrinus). They are reported
to produce a(1—6), a(1—3), and some a(1—4) glu-
cans;?® at least the a(1—3) and «(1--6) transferase
activities have been demonstrated to arise from dif-
ferent enzymes, as is reasonable.?5 Other workers,
using a different bacterial serotype, isolated and char-
acterized three enzymes, which synthesized respectively
a highly and a sparsely a(1—3)-branched soluble a-
(1—86) polymer and an insoluble a(1—3)-linked poly-
mer.266 The kinetics of these enzymes are complex but
are compatible with a glucosyl-enzyme intermediate.?’
The inhibition patterns by the glucose disaccharides
maltose [a(1—4)], isomaltose [a(1—6)], and nigerose
[a(1—3)] are as expected from the enzyme specifici-
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ties.?® At least the enzyme which makes a(1—3)
linkages requires a primer;?®® an enzyme producing
a(1—+6)-linked polymer apparently does not.2® A -
glucosyl enzyme intermediate has been isolated in the
case of the enzyme which gives a highly a(1—3)-
branched «(1—6) polymer;?! if the native glucosyl-en-
zyme is allowed to turn over with water as an acceptor,
a-D-glucopyranose is the product, whereas if the enzyme
is denatured and subjected to alkaline hydrolysis, 8-D-
glucopyranose is the product. This is telling evidence
that the glucosyl-enzyme intermediate is a 8-glucosyl
ester of an aspartate or glutamate side chain,

Both Leuconostoc and Streptococcus dextransucrases
require the substrate to have a hydroxyl group on
positions 3, 4, and 6.27

5. Glycogen Debranching Enzyme

The exhaustive action of glycogen phosphorylase on
glycogen results in a symmetrical limit dextran, in
which the glucose unit at the branch point is substituted
with a maltotetraosyl residue at both the 4- and the
6-positions. A catalytically intriguing enzyme, glycogen
debranching enzyme converts the branch to a linear
maltooctaose domain, susceptible to further attack by
glycogen phosphorylase, by means of two activities. The
first transfers a maltotriosyl residue from the malto-
tetraosyl residue at the 6-position of the branch to the
nonreducing end of the maltotetraosyl residue at the
4-position of the branch, the product being a branch
with a maltoheptaosyl residue at the 4-position and a
single a-D-glucopyranosyl residue at the 6-position. The
second activity is an a-glucosidase activity which hy-
drolyzes the single a(1—6) linkage at the branch point,
to yield a linear a(1—4)-linked glucan polymer 47147
The rabbit muscle enzyme possesses both catalytic
activities in a single polypeptide chain of M,
165000,471476.477 gnd crystals suitable for X-ray dif-
fraction have been grown.*’® The transferase and glu-
cosidase activities can function independently of each
other,147 hut the enzyme does not bind two poly-
saccharide substrate molecules simultaneously; rather,
a model in which a central polymer binding site is
flanked on the one side by the transferase catalytic site
and the other by the glucosidase catalytic site has been
proposed.”}*¥ Electron diffraction of this monomeric
and necessarily highly flexible enzyme reveals it to be
crescent- or shrimp-shaped.*! The enzyme is rich in
cysteine residues, but the kinetics and thermodynamics
of the thiol/disulfide redox exchange reaction with
glutathione are such that it is unlikely that this reaction,
as had been suggested, plays a regulatory role.*2 The
availability of titratable thiols, however, has enabled the
thermodynamics of binding of maltooligosaccharides to
the enzyme to be studied, since enzyme-saccharide
complexes react more slowly with DTNB. Dissociation
constants decrease with degree of polymerization up to
maltopentaose, 3 but the effects are small (e.g., at pH
7, the value for glucose is 35 mM, for maltotriose 11.7
mM, and for maltopentaose 4.3 mM).

The molecular mechanisms of the transfer and hy-
drolysis reactions await detailed bioorganic study.

6. Other a—a Hydrolases

a-Mannosidase plays a key role in the processing of
asparagine-linked oligosaccharide chains.?546° Three
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a-mannosidases are involved in the trimming of oligo-
saccharide chains, one (“ER mannosidase™) in the en-
doplasmic reticulum and two (“Golgi mannosidases I
and II”) in the Golgi apparatus. There is in addition
a lysosomal enzyme. The discovery that the natural
product swainsonine (XXX) was a powerful inhibitor
of the Golgi mannosidase II and the lysosomal en-
zyme,2’327 and the perception that inhibition of gly-
coprotein processing was a promising strategy for the
development of antiviral agents, %% led to the testing
of a whole range of analogues of swaisonine against
mammalian enzymes; inhibition was generally unspec-
tacular (K; values around 10 pM).278-281

The inhibition of mannosidase by swainsonine
(XXX) appeared to be another example of five-mem-
bered iminoalditols inhibiting the pyranosidase some-
what more powerfully than six-membered iminoalditols.
However, while 1,5-dideoxy-1,5-iminomannitol was
found to have a K; value around 2 uM against Golgi
mannosidase 1,222 the 1,4-iminoalditols XXXI-XXXIII
have K; values against the jack bean enzyme of around

1-10 uM.8
HO OH OH OH
HoH o HO HO, §
OH
wOH H OH
N NH NHO L NH
XXX OH YOOKI XXXIII
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Depending on the source, inhibition of a-mannosi-
dases by swainsonine may be freely reversible or ef-
fectively irreversible.?® N-Alkylation of the monocyclic
compounds above can alter inhibitory specificities.?8

Inactivation of a-mannosidases by (a-D-manno-
pyranosylmethyl)(p-nitrophenyl)triazene, a mecha-
nism-based reagent of a type that works generally on
retaining glycosidases,? has been observed in a number
of systems.?® It inactivated the Golgi mannosidase I
and jack bean a-mannosidase, whereas the endoplasmic
reticulum enzyme was apparently resistant.?® In an-
other study it was found to inactivate the soluble, Golgi
mannosidase I and lysosomal a-mannosidase of rat liver,
but to have no action on the Golgi I enzyme. " At least
toward reagents of this type, the behavior of an a—a
enzyme is very similar to that of the e—e enzymes -
galactosidase and 3-glucosidase.

A range of a-L-fucosidase inhibitors based on the
1,5,6-trideoxy-1,5-imino-L-galactitol structure have been
made: 1,5,6-trideoxy-1,5-imino-L-galactitol is itself the
most powerful inhibitor of the compounds studied.?®
Human a-L-fucosidase shows transglycosylation activity,
and evidence for the importance of proton transfer is
indicated by a value of P20(V/K) of about 1.9.28°

An active site directed irreversible inactivator of the
a-galactosidase of green coffee beans was designed?®
by using a principle similar to that involved in the in-
activation of yeast a-glucosidase by 2-chloro-1,1,2-tri-
fluoroethyl glucoside.?® The compounds aGal-p-O-
CH(OMe)CH,X, where X = I or Br, are cleaved by the
enzyme and the hemiacetals derived from the aglycon
then decompose to bromo- or iodoacetaldehyde, which,
being a-halocarbonyl compounds, alkylate the enzyme.
The aglycon-binding site of this enzyme must be re-
markably hydrophobic in order for the residence time
of the haloacetaldehyde to be long enough to alkylate
the active site. The aziridine XXXIV, considered to
be a representative of a “potent new class of glycosidase
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inactivators”, 2! is probably a simple exo-acting affinity
label for green coffee bean a-galactosidase.

OH OH
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HO  OH HO
XXXIV XXXV

D. Furanoside Hydrolases and Transferases
1. Invertase

Given that the Michaelis-Menten rate law for enzyme
catalysis was first demonstrated for yeast invertase
(fructofuranosidase),®? it is remarkable that the nature
of the initial product of enzyme action (8-D-fructo-
furanose) has only recently been directly demonstrat-
ed,? although retention has long been assumed on the
basis of the production of transfer products from alco-
hols.?* Two forms of the yeast enzyme, external and
internal, have a common genetic origin and differ only
in that the external form is heavily glycosylated and has
a signal sequence at the N-terminus.?52% A third form,
cytosolic invertase, which requires phosphorylation for
activity, has recently been detected.?’ An active site
carboxylate has been identified by affinity labeling with
conduritol B epoxide, but the L isomer is the active form
(not the D as with a- and S-glucosidases); the label is
released as chiro-inositol at pH 9.22 The enzyme
therefore probably works via an a-fructofuranosylated
carboxylate intermediate. Compound XXXV has a K;
value of 1.5 uM, which gives some indication that gly-
cosyl cation like transition states are involved.?®

2. Levansucrase

The existence of fructofuranosylated carboxylate as
a glucosyl-enzyme intermediate has been firmly estab-
lished for the levansucrase of Bacillus subtilis. The
enzyme transfers §-fructofuranosyl residues from su-
crose to a growing levan polymer with 3(2—6) and 8-
(2-—1) linkages but has some hydrolase activity which
is suppressed completely in 60% acetonitrile.’® There
is a report that the enzyme forms only «(2—6) linkag-
es.301 The suppression of hydrolase activity under these
conditions, coupled with a 5-fold increase in k, is
further reason for thinking that the catalytic mecha-
nism of these transferases is essentially identical with
that of the corresponding hydrolase.

The fructosyl-enzyme intermediate implied by ping-
pong kinetics®? has been shown to be stable at low pH
and to involve a fructosylated aspartate residue.?®® An
analysis of kinetic and equilibrium relationships ena-
bled the complete free energy profile of the catalyzed
reaction to be obtained;*™ the free energy of hydrolysis
of sucrose was preserved in the fructosyl-enzyme in-
termediate. An X-ray crystal structure at low (3.8-A)
resolution has been published,¥5 but the full structure
appears to await the sequence determination of the
enzyme.

3. NAD* Glycohydrolases

A variety of enzymes cleave the C—N bond between
ribose or deoxyribose and a pyridine or a nucleoside
base. The DNA glycosylases excise modified nucleotide
bases from DNA and are reasonably well characterized
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structurally and genetically,%%%7 but no work of sig-
nificance to the catalytic mechanism has been done on
them. Any form of acidic assistance to a quaternary
nicotinamide leaving group is of course structurally
impossible. A very remarkable report®® that thyroidal
NAD glycohydrolase hydrolyzes 3-NADH and a-NAD*
may well have its origin in the ability of NADH, like
all glycosylamines, to spontaneously mutarotate, and
nonenzymic redox reactions that yield a-NADH and
B-NAD.

Hydrolysis of the glycosidic link of NAD* proceeds
with retention of configuration, as is shown by the
ability of the enzymes from calf spleen®® and the venom
of the banded krait® to catalyze base exchange and of
the krait venom enzyme to transfer an ADP-ribosyl
residue to methanol.3!! Subsequently, the chemical step
of the calf spleen enzyme has become kinetically ac-
cessible by the use of NAD analogues lacking a carbonyl
substituent at the C-3 of the pyridine, and indeed a
value of B;,(V) of ~0.9 has been obtained.®'?

The selectivity of the krait venom ADP-ribosyl in-
termediate between pyridines of various pK, values
gives a B, value of 0.43 for pyridinolysis of this in-
termediate. It was suggested,® in the light of an esti-
mate of B4 of —1.47, that 8,, for the first chemical step
should be around -1.0. V&ith reasonably good sub-
strates, the chemistry is kinetically masked also in the
case of the pig brain and Neurospora crassa enzymes.
The good substrate NAD* gives “°(V/K) values of 1.00,
but the poor substrate NMN gives values of
1.13-1.10,%13 in accord with a transition state with gly-
cosyl cation character.

4. «-L-Arabinofuranosidase

The fungus Monilinia (formerly Sclerotinia) fruc-
tigena is a plant pathogen which is responsible for the
brown rot of apples; it excretes a cocktail of glycoside
hydrolases that attack the plant cell wall.3¢ Among
these are two a-L-arabinofuranosidases, AFI and AFIII
(AFII being intracellular), which attack the arabino-
galactan component.3! Both AFI and AFIII work with
retention of the anomeric configuration,3® and AFIII
has been purified:3!" it is a monomer of M, 40000. It
hydrolyzes a-L-arabinofuranosylpyridinium ions with
high efficiency (the ratio of k. to the spontaneous
hydrolysis rate for the 4-bromoisoquinolinium ion being
2.5 X 10%). Breakage of the exocyclic C-O bond limits
ke for the hydrolysis of the p-nitrophenyl arabino-
furanoside, as is shown by a 3% !80 kinetic isotope
effect. This isotope effect makes it likely that the ab-
sence of a detectable dependence of k., for a series of
aryl arabinofuranosides on the acidity of the aglycon
represents a true @y, of zero, rather than the kinetic
dominance of non-bond-breaking steps. The initial
bond-breaking step of any ring-opening mechanism
would be expected to exhibit an inverse 20 leaving
group kinetic isotope effect and a strongly negative 8,,
value.

The near-zero 8;, value obtained for the hydrolysis
of aryl arabinofuranosides by this enzyme suggests that
proton donation to the leaving group is relatively far
advanced in the first chemical transition state. This
particular enzyme-substrate system was therefore
considered a promising vehicle on which to try to detect
general-acid catalysis of aglycon departure using solvent
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isotope effect probes. The pH-rate profiles for V and
V/K are sigmoid, with the pK governing V/K being 5.9.
There is a modest (1.45) solvent isotope effect on k,;
but no significant one on k;/ K, in the plateau region
of the pH-rate profile, which a linear proton inventory
shows to be due to one proton.3’® The pK of 5.9 is
therefore in all probability the pK of the acid-catalytic
group in the free enzyme.

This identification of the pK of the acid-catalytic
group enabled the pattern of inhibition of this enzyme
by iminoalditol inhibitors XXXVI and XXXVII to be
analyzed, in particular, the question of whether they
were reasonably tight binders by virtue of the resem-
blance of their conjugate acids to the arabinofuranosyl
cation XXXVIIIL.

OH CH

/ +
NH ... NH L, 0%
HO OH HO ©OH HO OH
XXXVI XXXVII XXXVIIT

This explanation has recently fallen into disfavor
because of the commonly observed increase in inhibi-
tory potency with pH. A more detailed analysis of the
whole catalytic apparatus, however, suggests that this
pattern of behavior is what would be expected if these
compounds were, as originally suggested, transition-
state analogues. At the transition state, not only does
the ring oxygen of the substrate carry a positive charge,
but the acid-catalytic group of the enzyme will be
partially deprotonated. The transition state will be
mimicked, therefore, by the protonated inhibitor
binding to deprotonated enzyme. This situation is in-
distinguishable by simple binding experiments from
deprotonated inhibitor binding to protonated enzyme.
Since by definition enzymes with an acid-catalytic
group deprotonated are well away from their pH op-
timum, studies of the pH variation of inhibitory power
of iminoalditol inhibitors lend themselves to interpre-
tation in terms of the binding of deprotonated inhibitor
to protonated enzyme.

In the case of AFIII, the studies outlined above had
indicated a transition state in which the catalytic proton
was largely transferred to the leaving group and had
also given some indication of the pK of this acid cata-
lytic group. Therefore, if at the transition state for this
enzyme the arabinofuranose ring resembles an arabi-
nofuranosyl cation, we would expect the conjugate acids
of amines XXXVI and XXXVII to bind tightly to de-
protonated enzyme. Indeed, the K; values for both
inhibitors show a bell-shaped dependence on pH, with
the acid limb of the bell being governed by the pK of
5.9 obtained from the catalysis studies, and the alkaline
limb being governed by the pK of the inhibitors, as
measured by titration. The minimal K; for XXXVII
is 1 uM, well below the K, values for substrates; the
minimal K; for XXXVI is 1.2 mM, likewise well below
the values for trans-1,2-dihydroxycyclopentane deriv-
atives.®!® The tighter binding of XXXVI and XXXVII
is therefore plausibly attributed to their resemblance
to the arabinofuranosyl cation XXXVIIIL. It is also
likely as a general phenomenon that tight binding of
glycosidase inhibitors of the iminoalditol type at the pH
optimum of the enzyme will be observed when the pK
of the inhibitor lies below that of the acid-catalytic
group on the enzyme.
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E. Glycosyl Transfer with Retention to and from
Phosphate and Pyrophosphate

Many of the enzymes of poly- and oligosaccharide
biosynthesis, which transfer glycosyl residues from nu-
cleotide diphospho sugars, fall under this heading, but
despite their importance, these enzymes are so exper-
imentally intractable that little mechanistic work has
been done on them.?

Mechanistic information is available on the glycogen
synthetase of rabbit muscle and E. coli and on sucrose
synthetase from wheat germ. This last enzyme has been
the subject of elegant experiments involving positional
isotope exchange from Raushel’s group.’® They syn-
thesized UDP-glucose with the 80-labeling pattern
shown shadowed in compound XXXIX and looked for
180 exchange into the sugar C-1-phosphorus position,
which would be expected if the glucosyl-oxygen bond
had broken for any reason, since then the 8-phosphate
of the UDP product would rotate and become torsion-
ally symmetrical. They found none except in the
presence of the glucosyl acceptor fructose: even 2,5-
anhydro-D-mannitol, an exact analogue of 8-p-fructo-
furanose, did not provoke glycosyl-oxygen cleavage.
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The E. coli glycogen synthetase, solubilized from the
membrane by protease cleavage of the protein stalk,32!
has been available in pure form for a number of years;
its amino acid sequence is now known from the se-
quence of the glgA gene.? It transfers glucosyl residues
from ADP-glucose to maltose but not to glucose and is
moderately well inhibited by gluconolactone.3® Affinity
labeling of the rabbit muscle enzyme indicated that the
NH, terminus and Lys 38 were close to the active site.3
The positional isotope exchange experiment analogous
to the one carried out with the sucrose synthetase
showed up no such exchange.’®® Glucono-é-lactone and
deoxynojirimycin were moderately powerful inhibitors,
and values of “®(V) of 1.23 and °P(V/K) of 1.09 con-
firmed the expectation that oxocarbonium-like transi-
tion states were involved. The mammalian (rabbit
muscle) glycogen synthetase, however, requires a primer
protein (“glycogenin®) which is first O-glycosylated on
a tyrosine residue.326:327

Of the a—a phosphorylases, extensive mechanistic
data are available on sucrose phosphorylase and gly-
cogen phosphorylase.

The work on the sucrose phosphorylase of Pseudo-
monas saccharophila, though 20 years old, is quite
unambiguous and is an important contribution to the
overall mechanistic picture of glycosyl transfer.32 The
reaction goes through a g-glucopyranosyl-enzyme in-
termediate which is stable at low pH; it can be shown
to be generated from the glucosyl, rather than the
fructosyl, part of the sucrose molecule by #C labeling.
In the direction of sucrose synthesis, in which the en-
zyme can use c-D-glucopyranosyl fluoride as glucosyl
donor, as well as a-D-glucopyranosyl phosphate, the
enzyme follows ping-pong kinetics if these are modified
to allow for competitive inhibition of the donor by the
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acceptor at high acceptor concentrations. Generation
of the glucosyl-enzyme intermediate in the absence of
acceptor will slowly generate a-D-glucopyranose (alco-
hols give a-glucosides). However, reagents that attack
the acyl carbon of glycosyl esters (such as hydroxyi-
amine) give 8-D-glucopyranose. It is clear that a dou-
ble-displacement mechanism, similar to that for a hy-
drolase, is operating.

1. Glycogen Phosphorylase

The mechanistic picture for glycogen phosphorylase,
which catalyzes the reaction of inorganic phosphate
with an a(1—4)-linked glucan that removes the non-
reducing terminal glucose unit as a-D-glucopyranosyl
phosphate, is complicated by the many binding sites
and its conformational nonrigidity.3%3% In the dimeric
enzyme from rabbit muscle it is possible to discern an
oligosaccharide primer binding site, an AMP binding
site, and a purine binding site, which are all remote
from the catalytic site. In addition to heterotropic in-
teractions within a subunit, there are homotropic and
heterotropic interactions between subunits. The en-
zyme is also phosphorylated by ATP and glycogen
phosphorylase kinase, which converts largely inactive
phosphorylase b to active phosphorylase a; there is a
specific phosphatase which dephosphorylates the en-
zyme. To a first approximation, conformational
changes can be discussed in terms of a change from T
(inactive form) to R (active form), mixed TR dimers not
being formed, although the model is inadequate in de-
tail, 331,333,334

Because of the conformational flexibility of the en-
zyme, mechanistic deductions from the X-ray crystal
structure of either phosphorylase a®® or phosphorylase
b%% have not been easy,*®” and at the time of writing
it is not entirely clear whether the enzyme proceeds by
a double-displacement mechanism like sucrose phos-
phorylase, or whether by a novel Syi reaction. X-ray
crystallographic measurements can be actively mis-
leading: the proximity of His 376 to the anomeric
center of a reacting glucose residue led to the suggestion
that there was a 8-glucosylated imidazole as an inter-
mediate,33” a proposal at variance with the known hy-
drolytic stability of such structures.®® a-p-Gluco-
pyranose, 1,2-cyclic phosphate binds to the catalytically
active (R state) of phosphorylase b, presumably at the
active site.?®® If it binds only 1 A away from the true
site of a reacting glucose residue, then Glu 671 is cor-
rectly placed for nucleophilic attack on the 3 face of the
glucosyl ring that is transferred.>* Modification of the
enzyme with a water-soluble carbodiimide, however,
reveals Glu 664 and Asp 671 to be essential residues.34!

The interaction of enol ethers, such as glucal, with
glycogen phosphorylase is different from their inter-
action with a normal retaining glycosidase. Glucal re-
acts in the presence of phosphate (or arsenate) to add
a 2-deoxy-a-D-glucopyranosyl residue to the nonre-
ducing end of the primer: if the reaction is run in D,0,
a 2-deoxy-2-deuterioglucose residue is added, not, as one
would expect in the case of an a->a glycosidase, a 2-
deoxy-2-deuteriomannose residue.®? Although different
from what is observed with a—a glycosidases, this
stereochemistry is what would be expected if the initial
reaction with glucal were protonation by the enzymic
acid catalyst coupled with trans attack by the enzyme
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nucleophile, possible Glu 671. The enzyme utilizes
D-glucoheptenitol (i.e., the gluco version of compound
II) in the absence of primer, to give 1-C-methyl-a-D-
glucopyranosyl phosphate.” If the reaction is run in
D,0, one deuteron is incorporated into the methyl
group. The reaction has been followed in the crystal
by use of synchroton radiation; no intermediate could
be detected.*® Very recently, the X-ray structure of
the AMP-oligosaccharide-heptulose 2-phosphate com-
plex has been solved:*® there is a short hydrogen bond
between the phosphate groups bonded to the heptulose
and to the pyridoxal cofactor, and the dihedral angle
about the C-2-0-2 bond of the heptulose phosphate is
that disfavored by the exo-anomeric effect.

Compound XL, in which C-1 is trigonal, bound neatly
at the active site of phosphorylase b when examined by
X-ray crystallography®* and was cleanly competitive
with glucose 1-phosphate in free solution.**® a-D-
Glucopyranosyl fluoride is only a very poor glucosyl
donor, in stark contrast to the situation with sucrose
phosphorylase.?4

These data from the European groups are interpreted
in terms of an Syi mechanism for the enzyme.?*” In the
phosphorolysis direction, proton transfer from the
phosphate to the glycosidic oxygen of the glycogen
substrate results in C-O fission and the production of
an ion pair in which the positive charge of the glycosyl
cation is stabilized, perhaps electrostatically, from the
same side of the sugar ring as the departing leaving
group. The ion pair then collapses to a-glucopyranosyl
phosphate without the intervention of a covalent -
glucosyl intermediate at all. There is the chemical
precedent for this mechanism in the results from sol-
volysis of a-D-glucosyl fluoride in mixtures of ethanol,
trifluoroethanol, and phenol, which produces large
quantities of retained product derived from the most
acidic component of the solvent.® In this system in-
ternal return from an intramolecularly hydrogen-
bonded leaving group ROH---F- is taking place. How-
ever, the evidence in favor of the internal return
mechanism for glycogen phosphorylase is essentially
negative—there is no enzyme group on the 3 face of the
substrate which could plausibly act as a nucleophile—or
based on the reactions of intrinsically highly reactive
enol ethers, whose reaction patterns may in reality
represent only modest rate enhancements. Arguing
against the mechanism is the (apparently redundant)
presence of pyridoxal phosphate in the enzyme active
site and a whole series of experiments addressing the
problem of its role, which have recently been re-
viewed.*® There is even a report from Indian workers
that the starch phosphorylase from tapioca leaves
contains no pyridoxal phosphate.’” Moreover, the Syi
mechanism must envisage a large glucose leaving group
and a large phosphate acid/nucleophile on the same
(hindered) face of the sugar ring.

The aldehyde group of the pyridoxal phosphate forms
a Schiff base with a lysine residue of the protein in the
active site. There is undoubtedly interaction between
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the phosphate of the cofactor and the inorganic phos-
phate substrate: if the covalent diphosphate is made,
it slowly transfers a glucosyl residue to the accep-
tor. 3¢ The pH dependencies of the pyridoxal enzyme
using HPO,H™ and FPO4H™ as phosphorylysing agents
instead of inorganic phosphate are unaltered, despite
a difference of pK, values of 1.8 pK units, arguing
against an acid-catalytic role for the inorganic phos-
phate.3¥? Likewise, fluorophosphate did not alter its
ionization state during catalysis, and V. values for a
series of phosphates and phosphites showed little var-
iation, despite large changes in pK. Reconstitution of
the enzyme with 6-fluoropyridoxal phosphate rather
than pyridoxal phosphate itself did not alter the pH-
rate profile.3* Even addition of an extra phosphate
group seems to have no very great effect: pyridoxal
5’-triphosphoglucose transfers a glucosyl residue to
glycogen at about !/, the rate of the diphospho com-
pound.®®® The binding of fluorodeoxy glucose and
mannose derivatives has been interpreted in terms of
defined hydrogen-bonding interactions with the crys-
tallographically identified glucose binding site;3!
binding of glucose stabilizes the inactive T state. The
success of this approach provides some assurance that
this site has been correctly identified: acarbose, prime
candidate for a transition-state analogue, in fact binds
in the glycogen storage site.%2

The question of the nature of the transition state(s)
has been addressed in two ways. No significant a-
deuterium kinetic isotope effect was found on the re-
action,®® but this could easily be because an isotopically
silent step was rate-determining. The enzymic reactions
of a series of deoxy and fluorodeoxy glucosyl phosphates
were examined;3** they are poor substrates (10%-10*
times slower than glucose 1-phosphate itself), so the
chemistry is very likely rate-limiting. Their rates of
acid-catalyzed hydrolysis (i.e., rate of unimolecular
departure of H,PO,~ from the anomeric center) had
previously been measured and found to conform to the
pattern of reactivity expected on the basis of the in-
ductive effect of the substituent.?® V_,, values for the
enzyme reaction correlated with the spontaneous rate
with a correlation coefficient of 0.9 and a gradient of
0.8. Since the nonenzymic reactions proceed, if not
through discrete carbonium ions, then at least through
highly oxocarbonium ion like transition states, the en-
zymic reaction must proceed through a similar species.

I111. Enzymic Inversion of the Anomeric
Configuration

Inversion of the anomeric configuration in the course
of phosphorylase action is easy to establish experi-
mentally, and perhaps for this reason inversion seems
as common a stereochemical outcome of phosphorolysis
as retention. The impression obtained from the liter-
ature is that retention is the commoner course of gly-
cosidase action, but this may merely be a consequence
of the experimental difficulties encountered in dem-
onstrating inversion. Most retaining glycosidases have
some transferase activity to alcohols, and therefore, a
stereochemically stable product can be obtained with
catalytic amounts of enzyme and examined at leisure.
Establishment of inversion, however, requires quantities
of enzyme sufficient to make the total flux to product
comparable to that from accumulated product to the
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mutarotational equilibrium mixture, and that the ana-
lytical system (NMR or optical rotation, neither of them
particularly sensitive) be capable of responding on a
time scale short compared to the mutarotational con-
stants. With many mammalian enzymes these condi-
tions cannot be met.

The mechanism of those glycosidases acting with in-
version of the anomeric configuration has for many
years been discussed in terms of the single displacement
by a nucleophilic water molecule first suggested by
Koshland.* The departure of the aglycon is envisaged
as being assisted by a general-acid-catalytic group on
the enzyme and the nucleophilicity of the water mole-
cule as being enhanced by an enzymic general base.3%

"
o—H B
ES\./
OR
?H {
VYVITVYVYVIVIVIVIN

Quite the best evidence for the operation of this
mechanism with at least some inverting enzymes comes
from Hehre’s discovery that inverting glycosidases hy-
drolyze the appropriate glycosyl fluorides of both
anomeric configurations.®” The hydrolysis of the
fluoride of the same anomeric configuration as the
O-glycoside substrate exhibits normal Michaelis~-Men-
ten kinetics, whereas the hydrolysis of the “wrong”
fluoride shows a greater than linear increase in rate of
fluoride ion release with substrate concentration at low
substrate concentration, and fluoride ion release is
stimulated by the addition of glycosyl derivatives which
would ordinarily be considered competitive inhibitors.
In these cases, and also in some of the cases where the
enzyme acted upon the wrong fluoride alone, it was
possible to isolate transfer products. Thus, in the case
of the glucoamylase of Rhizopus niveus and the glu-
codextranase of Arthrobacter globiformis, addition of
methyl a-D-glucopyranoside to a solution of enzyme and
B-glucopyranosyl fluoride led to the production of
methyl a-maltoside.35
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These data are elegantly rationalized by the sugges-
tion that the wrong fluorides are hydrolyzed by a re-
synthesis-hydrolysis mechanism as shown above, in the
first step of which the active form of the enzyme is the
tautomer of the form which is active in the normal
hydrolytic reaction.

A. Pyranoside Hydrolases with Equatorial
Leaving Groups

Although there are reports of 3(1—3) glucan hydro-
lases, 22359380 g B-mannosidase,®! and an endoxylanase%?
acting with inversion of configuration, mechanistic de-
tail is confined for the most part to two enzymes, the
B-xylosidase of B. pumilus®?3 and the cellobioside hy-
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drolase II of 7. reesei.** A histidine has been implicated
in the active site of an inverting exo-3(1-+3)-glucanase
from a fungus (“Basidomycete QM 8067) by modifica-
tion experiments; more significantly, a fairly large
solvent deuterium kinetic isotope effect has been de-
tected [2:0(V) = 2.5].3% Very recently it has been
discovered that 8(1—3) glucanases (whether inverting
or retaining is not yet known) form part of plant defense
systems,364-366

1. B-Xylosidase of B. pumilus

The considerable body of work on this enzyme has
been carried out for the most part by two groups, that
of De Bruyne in Ghent and that of Okada in Osaka, the
Belgian group working on the kinetics and mechanism
and the Japanese group on the molecular biology. At
the time of writing, however, it is difficult to get other
than circumstantial evidence that the results from the
two groups apply to essentially the same protein. The
strain used by the Belgian workers (designated B.
pumilus 12) was one originally chosen for its ability to
clear “squeegee” in flour extracts.’” The “Belgian”
enzyme is a dimer of 60-kDa subunits and is intracel-
lular (it indeed is a thiol enzyme).36®

The “Japanese” enzyme is part of the xylan-degrading
system of a strain of the bacterium (designated IPO)
isolated from a Thai paddy field. The system was in
earlier papers described as consisting of an extracellular
B-xylanase (the product of the xynA gene, whose se-
quence had been determined)'®” and two intracellular
B-xylosidases, I and II, of which the first showed sim-
ilarities with the “Belgian” enzyme in subunit molecular
weight, structure, and K, values.®® In a later paper,
recording the sequence of the xynB gene,’™ reference
is made only to two enzymes that cleave (-xylosyl
bonds, the extracellular xylanase (or xynA gene prod-
uct) and the intracellular 8-xylosidase (or xynB gene
product), which is a dimer of 65-70-kDa subunit mo-
lecular weight,

The “Belgian” enzyme hydrolyzes xylo oligo-
saccharides, most effectively xylobiose®! and aryl xy-
losides but not alkyl xylosides.3™ On the basis of the
ability of the enzyme not only to bind and react with
xylosyl derivatives held in the C, conformation but also
to bind glycosyl derivatives held in the !C, conformation
and arabinofuranosides, it was suggested that the nat-
ural substrate was a hemicellulose fragment, produced
by an extracellular xylosidase (now probably identified
as the xynA gene product), containing the §-p-Xylp-
(1>4)(3-0-a-L-Araf)-Xylp structure.’™ A value of 8,
(V) of between 0.2 and -0.3°’* and °P(V) values be-
tween 1.03 and 1.09'% for aryl xyloside hydrolysis are
consistent with some oxocarbonium ion character in the
transition state.

The enzyme will hydrolyze o- as well as §-xylo-
pyranosyl fluoride, using the resynthesis—hydrolysis
mechanism, as is shown by the detection of transfer
products.?’® All mechanistic data for this enzyme are
consistent with the Koshland single-displacement
mechanism. In accord with this, the powerful inhibition
of this enzyme by ribopyranose derivatives3’> may be
a consequence of their being transition-state analogues
by virtue of the axial C-3 OH group of the 3-p-ribo-
pyranose unit mimicking the incoming water molecule.
If this is so, then the powerful inhibition of insect

Sinnott

chitinase by “allosamidin” (XLI) may be circumstantial
evidence that this insect chitinase is in fact an
“inverting” enzyme 37
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2. The Inverting Cellobiohydrolase of T. reesei

The tertiary structure of the enzymically active core
of the cellobiohydrolase II (CBHII) of T.. reesei has been
determined.®””*"® The native enzyme possesses an
N-terminal region which is responsible for binding to
crystalline cellulose, linked to the core, catalytically
active protein by a polypeptide rich in serine and
threonine that are O-glycosylated. Proteolytic cleavage
can release this core which has full activity on small
synthetic substrates but does not bind to cellulose. This
protein is a large, single-domain o/ protein with a
central 8 barrel made up of seven parellel strands. The
first six strands are connected by a-helices while the
connection between the sixth and seventh strands is
irregular. The fold is therefore similar to but different
from the (a/B)s structure observed, for example, in
a-amylase.

The active site was located by determining the crystal
structure in the presence of the inhibitor o-iodobenzy!
1-thiocellobioside; this is an inhibitor since the enzyme
requires at least three contiguous glucosyl residues for
activity.®™ The active site is a tunnel at the C-terminal
end of the 8-sheet structure of the barrel (rather than
the cleft often observed with endo-acting enzymes). It
has four subsites, cleavage occurring between subsites
B and C, where the catalytic groups, Asp 175 and Asp
221, are located. Both these catalytic groups are on the
@ face of the bound substrate; on the « face there is a
narrow tunnel, leading to the surface of the protein,
filled with water molecules. There is apparently no
plausible candidate for the general base B in the
Koshland single-displacement mechanism. At the time
of writing it is not clear whether CBHII can be taken
as a paradigm for all inverting glycosidases, but the
reviewer considers the Hehre work on the hydrolysis of
the wrong fluorides, which requires the presence of B,
to be so compelling that the likelihood is that CBHII
is unusual. Indeed, even though CBHII hydrolyzes a-
as well as 3-cellobiosyl fluoride, attempts to establish
a resynthesis—hydrolysis mechanism for the a-anomer
have so far failed.3®

There seems to be some cooperativity between glu-
cose binding sites, since glucose increases the affinity
for cellobiose and cellotriose by factors of 10-20.420

B. Pyranoside Hydrolases with Axial Leaving
Groups

1. Trehalase

Trehalose is a nonreducing sugar (a-D-gluco-
pyranosyl-a-D-glucopyranose), and all known enzymes
hydrolyzing it do so with inversion of the anomeric
configuration,3®%! to yield a molecule each of a- and
B-glucopyranose. A report that the pig enzyme retains
the anomeric configuration is in error.38 Yeast has an
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acid and a neutral form of the enzyme.3

The rabbit renal cortex and the C. tropicalis enzymes
both hydrolyze - as well as a-glucopyranosyl fluoride.
In the presence of glucose a small amount of resyn-
thesized trehalose can be detected.®® The T. reesei
enzyme behaves essentially similarly, but in the case of
this enzyme substantial amounts of the transfer product
a-D-glucopyranosyl-a-D-xylopyranose can be obtained
by the use of xylose as an acceptor.’® Enzyme from this
source hydrates enol ether XXVII to XLII,?2 indicating
a proton donor on the 8 face of the bound substrate.
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a-Mannopyranosyl-a-D-glucopyranose® and its sul-
fur analogue®® are powerful competitive inhibitors of
the cockchafer enzyme (being about 2 orders of mag-
nitude more tightly bound than the corresponding gluco
compound), whereas a-D-mannopyranosyl-a-D-manno-
pyranose does not bind at all. The axial OH group of
the mono manno compound may be well enough placed
to make similar hydrogen-bonded contacts to the nu-
cleophilic water molecule, and thus the compound may
be in some sense a transition-state analogue.

2. Glucoamylase

Glucoamylases (also sometimes called amylo-
glucosidases or glucodextrinases) hydrolyze the nonre-
ducing terminal glucose residue off a(1—4)-linked
amyloses or dextrins. The minimum requirement for
a good O-glycoside substrate is usually the maltosyl
unit, although glucoamylases will hydrolyze nitrophenyl
glucoside very slowly and a-D-glucopyranosyl fluoride,
which has an excellent leaving group with low steric
demands, as rapidly as maltooligosaccharides.3%® It
would be helpful if all enzymes given the name gluco-
amylase had the common mechanistic features of exo
a-glucosidase action, 8-glucopyranose as first product,
and maximal activity on substrates with specific, car-
bohydrate leaving groups. The enzyme in the mam-
malian gut described as “maltase—glucoamylase” ap-
parently retains the configuration of the substrate.!?

The enzymes from A. globiformis and Paecilomyces
varioli hydrate D-glucal, the product in D,O being 2-
deoxy-2-deuterio-f-D-glucopyranose; i.e., the enzyme
catalyzes a trans-diequatorial hydration in which the
proton is added to the substrate from the 8 face of the
molecule. This suggests the presence of a specific
acid-base catalytic group on this side of the substrate,
viz., the general base that partly deprotonates the in-
coming nucleophilic water molecule.?!

The enzymes from Aspergillus saitoi and Rhizopus
sp. are quite powerfully inhibited by amino alcohols
with no stereochemistry (e.g., aminoethanol, 2-amino-
2-methylpropane-1,3-diol), with K; values in the milli-
molar range;**” as with the inhibition of intestinal su-
crase-isomaltase by tris(hydroxymethyl)amino-
methane,? these data supply a perspective to mecha-
nistic inferences based largely on the inhibitory ca-
pacities of hydroxylated amines.

Careful fluorescence measurements of the binding of
D-glucono-d-lactone, glucose, and methyl o- and 8-glu-

Chemical Reviews, 1990, Vol. 90, No. 7 1193

cosides to the R. niveus glucoamylase have unraveled
a pattern of behavior which supports the idea that the
lactone resembles the transition state more than glucose
or glucosides.®® The binding of maltose to the R. niveus
enzyme has been shown to take place even at pH values
where both catalytic groups are ionized.3¥

o-Tritium kinetic isotope effects (necessarily V/K
competition effects) for hydrolysis of a-D-gluco-
pyranosyl fluoride by the glucoamylases of R. niveus,
A. niger, P. varioli, and the Ar. globiformis gluco-
dextranase have been measured: they are all high (1.26,
1.19, 1.19, and 1.17, respectively, corresponding to
deuterium effects of 1.17-1.12) and indicate a high
degree of oxocarbonium ion character.23

The enzyme from A. niger is produced on the ton
scale for use in industrial starch processing. In fact, two
enzymes (amyloglucosidases I and II) are produced from
the same gene, by differential processing of a 169 bp
intron.® Despite the single-displacement mechanism
as apparently requiring the simultaneous operation of
a general acid and a general base, the solvent isotope
effect in the glucoamylase-catalyzed hydrolysis of p-
nitrophenyl glucoside arises from the transfer of one
proton.380

The glucoamylase from Aspergillus awamori, which
is apparently identical with that from A. niger, has been
subjected to a study by site-directed mutagenesis.®
Asp 176, Glu 179, and Glu 180, suggested by differential
labeling experiments to be in the active site, were
changed to their corresponding amides, Asn or Gln. No
activity against maltose or isomaltose and only very
feeble activity against maltoheptaose (k. /K, reduced
by a factor of 10%) were found for the Glu 179 — Gln
mutant, whereas the kinetic changes consequent upon
the Glu 180 — GIn change were smaller, the biggest
being a 200-fold reduction in k., /K, for maltose. The
changes consequent upon the Asp 176 — Asn change
were smaller still, the maximum change being a 70-fold
reduction in k. /K, for maltose.

3. (3-Amylase

It is to be expected that the catalytic machinery of
a- and B-amylases will be very different: the precedent
of the bifunctional glycosidases of the mammalian gut
(sucrase—isomaltase, lactase-phlorizin hydrolase, and
maltase-glucoamylase) suggests that such bifunctional
single polypeptides have arisen from the duplication of
an ancestral gene. Therefore, the recent report of a
single precursor protein containing a- and 8-amylase
activity in Bacillus polymyzxa is very remarkable.3%2

The sweet potato enzyme was the first inverting
glycosidase shown to hydrolyze the wrong fluoride, by
the resynthesis-hydrolysis mechanism.®" It also cata-
lyzes the hydration of maltal.l” The reaction is so slow
that it was not possible to determine the anomeric
configuration of the product, but by running the reac-
tion in D,0, it was possible to show that the proton was
added to the double bond from the 8 face. The reaction
is subject to a very large solvent deuterium isotope
effect [P2°(V) = 8], which a linear proton inventory
showed to be due to the transfer of one proton, pre-
sumably the one transferred to carbon.

The soybean enzyme possesses a thiol group close to,
but not in, the active site; modification with methyl
2,4-dinitrophenyl disulfide yields a product with 9%
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residual activity, but bulkier thiol reagents give lower
activities.®*® It has been affinity labeled by 2,3-epoxy-
propyl a-glucopyranoside,® which alkylates Glu 186%%
in a reaction exhibiting a bell-shaped pH-rate profile.

C. Transfer of Furanosyl Residues with
Inversion

ADP ribosylation of proteins is associated with var-
ious pathogenic infections;?* the acceptor is a protein
arginine residue in the case of diphtheria toxin and a
cysteine residue in the case of the pertussis (whooping
cough) toxin.® The inversion of configuration observed
in the action of ADP-ribosyltransferases suggests that
the reactions proceed through a direct displacement
mechanism; where examined, the kinetics are such as
to implicate a ternary complex of enzyme, NAD*, and
acceptor, in accord with this idea.?®” The sequence of
the gene coding for diphtheria toxin has been deter-
mined,*® and the techniques of site-directed mutagen-
esis have been used to change Glu 148 to aspartate.®®
The resulting mutant enzyme had only 0.6% of the
activity of the wild type, suggesting that Glu 148 played
a catalytic role.

The electronic effect of the nucleophilicity of the
acceptor guanidino group on the rate of cholera toxin
catalyzed ADP ribosylation is significant: 13 substi-
tuted (benzylideneamino)guanidines gave a Hammett
p value of —0.37 % 0.08 calculated on both V and V/K.*®

Mechanistic data are available on only one inverting
furanoside hydrolase, the AMP nucleosidase of Azoto-
bacter vinelandii, but these mechanistic data are very
extensive and allow us to form a remarkably detailed
picture of the enzyme transition state.?! The enzyme,
which hydrolyzes AMP into ribose 5-phosphate and
adenine, has been crystallized and preliminary X-ray
data have been reported.®? The monomers of the E.
coli and A. vinelandii enzymes are arranged as hexam-
ers in the crystal.40®

Four V/K kinetic isotope effects (a-deuterium and
tritium, 8-deuterium, anomeric 4C, leaving group 1N)
were measured for hydrolysis of AMP in the presence
and absence of an allosteric activator (MgATP).*# As
is reasonable, all the effects are lower for the alloster-
ically activated enzyme, indicating that some isotopi-
cally silent step has become partially rate determining.
The effects on the nonactivated enzyme are considered
to be intrinsic, on the basis of their high values (1.030
for 1°N, 1.044 for 1*C, 1.061 for 3-deuterium) and the
similarity of these values to those for acid-catalyzed
hydrolysis (1.030, 1.044, and 1.077, respectively). These
effects all indicate a transition state with substantial
oxocarbonium ion character; the a-deuterium kinetic
isotope effect is therefore a puzzle, being surprisingly
low (1.045). The effect is undoubtedly experimentally
correct since the a-tritium effect was measured as well
and the value (1.069) is close to what would be predicted
by the Swain-Schaad relationship [(ky/kt) = (ky/
kp)#]. The transition state was examined with the aid
of the isotope effect modeling program BEBOVIB-1v40%
and the conclusion reached that in the enzyme-cata-
lyzed reaction the nucleophilic water molecule was
forced onto the anomeric center, stopping full expres-
sion of the a-deuterium kinetic isotope effect. This
a-deuterium kinetic isotope effect indeed appears very
sensitive to the nature of the groups at the reaction
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center: NMN, a poor substrate but with a quaternary
pyridine leaving group, gives a V/K effect of 1.16, which
must be close to intrinsic,4%

Similar “C and secondary deuterium effects had
previously been measured for the E. coli enzyme.4?

D. Transfer to and from Phosphate and
Pyrophosphate with Inversion

Some mechanistic studies have been reported on
isolated enzymes of this class, but except for the nu-
cleoside phosphorylases, extended mechanistic inves-
tigations have not been carried out. Thus, V,, for
transfer of a glucuronyl residue from UDP-glucuronic
acid to a series of substituted phenols by a UDP-gluc-
uronyl transferase from pig liver was shown to be cor-
related with ¢~ of the phenol substituent, a Hammett
p value of +2.2 being obtained. These data suggested
a mechanism in which the phenol was essentially de-
protonated and little bonding to the incoming gluc-
uronyl residue had occurred.*® The cDNA sequence
of the rat liver enzyme has been determined.*%®

1. Nucleoside Phosphorylases

The rabbit muscle purine nucleoside phosphorylase
has been claimed to have a Theorell-Chance, rather
than a ternary complex, mechanism.#® The mamma-
lian enzyme is a tetramer of 32-kDa subunits, the E. coli
enzyme is a hexamer of 23-kDa molecular mass sub-
units, and the latter enzyme has been crystallized and
subject to preliminary X-ray investigation.!! Some
cooperativity in the binding of inorganic phosphate (ny
= 0.5) has been reported for the E. coli and Salmonella
typhimurium enzymes.? The difference in the kinetic
and mechanistic properties of this enzyme in mammals
and in pathogens or parasites*'® makes it an attractive
target for pharmaceuticals. Thus, it was found that
both calf spleen and E. coli enzymes accepted N-7- and
C-8-substituted inosine and guanosine, but only the E.
coli enzyme accepted N-I1-substituted substrates.t4
The human erythrocyte enzyme accepted 5'-deoxy and
2',5’-dideoxyinosine and could also tolerate epimeriza-
tion of the substrate at C-4’, but could not tolerate
alterations to the 3’ OH group.*'®

A study of a-deuterium kinetic isotope effects with
the E. coli enzyme revealed an interesting pattern of
behavior. The V/K effect was 1.00 over the whole pH
range with adenosine as a substrate, but with the poorer
substrate inosine, values indicative of an oxocarbonium
ion mechanism were obtained at the acid (1.10) and
alkaline (1.18) pH extrema, even though the effect fell
to zero at the pH optimum.*'® The results were very
plausibly interpreted in terms of an intrinsic effect of
about 1.18, masked by isotopically silent steps near the
pH optimum. An intrinsic effect of this magnitude is
however very difficult to reconcile with the results with
AMP nucleosidase, and with what is known about the
effect of a preassociated nucleophile on a-deuterium
kinetic isotope effects in model systems.®® In these
model systems, as the preassociated nucleophile gets
“softer”, the effect gets bigger, so that one would expect
a bigger effect for AMP nucleosidase than for purine
nucleoside phosphorylase, the reverse of what is ob-
served. A reinvestigation of a-deuterium kinetic isotope
effects in the purine nucleoside phosphorylase catalyzed
phosphorolysis of inosine by equilibrium perturbation!
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gave results differing only marginally from those of the
previous workers. It thus appears that o-deuterium
kinetic isotope effects may be very sensitive to the
precise structure of the enzyme active site, in a way
other kinetic isotope effects are not. This work!® also
revealed that the N-3-isomer of inosine was a substrate,
implying that acidic assistance of the departure of the
leaving group was no more critical with this enzyme
than with many other glycosyl-transferring enzymes.

The kinetics of the uridine phosphorylase of E. coli
implicate a ternary complex;*!’ it*8 and the thymidine
phosphorylase from the same organism*® have been
crystallized and subjected to preliminary X-ray inves-
tigation.

I1V. The Enzymic Hydrolysis of Cellulose

Of the carbon bound in the biosphere, it has been
estimated! that around 96% exists as plant biomass,
which is essentially lignocellulose. Lignocellulose itself
is an intimate complex of three primary polymers—
lignin, hemicellulose, and cellulose. Lignin is a random
copolymer, the first step in the biosynthesis of which
is the nonenzymic coupling of radicals derived from the
alcohols XLIII-XLV. Hemicelluloses are soluble gly-
cans of various structures (i.e., xylans and arabino-
xylans). Cellulose is a crystalline polymer of (1—-
4)-linked glucose residues which is totally insoluble in
water.

~OH OH OH
= 7 7
OMe OMe OMe
OH OH OH
XLIII XLV XLV

Lignocellulose thus presents those biological systems
which degrade it with three simultaneous problems in
catalysis: the random polymer lignin, the soluble car-
bohydrates hemicellulose, and the insoluble polymer
cellulose. The problem in catalysis is so great that
comparatively few classes of organisms have solved it.
Most studied among these are the filamentous fungi,
particularly Trichoderma species, although attention
has been paid to actinomycetes.17242!

The very many, randomly generated, asymmetric
centers in lignin make it impossible for any enzyme
degrading this polymer to rely much on the “Circe
effect” (the transduction of intrinsic binding energy to
lower the free energy of activation of the catalyzed re-
action).#?2 Accordingly, the catalytic strategy adopted
by those enzymes that have been studied in detail—
those from white rot fungi, most notably Phanerochaete
chyrsosporium—is what has been termed “enzymatic
combustion”; the fungus produces a series of high-po-
tential peroxidase enzymes (some of which produce
smaller and more diffusible one-electron oxidants such
as Mn™ complexes) which act purely as powerful one-
electron oxidants:*® there is no noncovalent interaction
between enzyme protein and substrate. The problem
of hemicellulose degradation is a problem in the hy-
drolysis of soluble carbohydrates no different to the
hydrolysis of any other glycosidic linkage, in which the
Circe effect plays a major role. The problem of cellulose
hyrolysis is of hyrolyzing an insoluble polymer.
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A. The Cellulase Complex of T. reese/

This filamentous fungus (formerly called 7' viride)
is the best studied cellulolytic microorganism: it pro-
duces a complete set of extracellular enzymes required
for the breakdown of crystalline cellulose.#244% The
system has been studied for many years, but progress
was very slow until recently, largely because of the
multiple molecular forms of the enzymes, some of which
are proteolytic cleavage products, present in culture
filtrates: during purification and storage the isoenzyme
composition varies.*?” For this reason mechanistic ex-
periments carried out before the application of the
methods of molecular genetics to the system will be
difficult to relate to structure and sequence. Thus,
Capon and Thomson*® showed, by examining the rates
of hydrolysis of 4-(cellooligosaccharyl) 3’,4’-dinitro-
phenyl xylosides by endoglucanases isolated from cul-
ture filtrates, that noncovalent interactions with the C-5
hydroxymethyl were not important for catalysis,
whereas interactions with the C-2 hydroxyl residue
were, but the enzyme (or enzyme proteolytic fragment)
to which these experiments apply can probably now
never be identified. Similar problems may be encoun-
tered with the affinity labeling work of Legler and
Bause.?® These authors prepared a series of w-epoxy-
alkyl 8-D-cellobiosides and found optimum inactivation
of a cellulase with the pentyl compound. Quite rea-
sonably, they proposed that the epoxyalkyl group bound
in the site normally occupied by the fissile mono-
saccharide residue.

T. reesei produces at least one $-glucosidase, two
endoglucanases, and two enzymes called variously ex-
oglucanases or cellobiohydrolases, although six endo-
glucanases and three exoglucanases have been detected
as proteins (some of these probably being proteolytic
cleavage products).4®® The cellobiohydrolases (desig-
nated CBHI and CBHII) play a central role in the hy-
drolysis of cellulose, acting synergistically to degrade
both crystalline and amorphous cellulose.431743% The
synergy increases with decreasing enzyme concentra-
tion.*** Although CBHI produces cellobiose when al-
lowed to act on soluble glucans, its designation as an
exo enzyme is brought into doubt by the discovery of
Chanzy et al., using immunogold staining, that it bound
to crystalline cellulose all the way along the cellulose
chain.*3 By the use of 3-cellobiosyl fluoride as a sub-
strate, it was shown that CBHI acted with retention of
configuration and CBHII with inversion.3?

The genes for CBHI,*¢ CBHIL*" and the endo-
glucanases EGI*® and EGII/EGIII*® have been isolated
and characterized (the II/III designation arising because
endoglucanases isolated in different laboratories were
designated endoglucanase II and endoglucanase III, but
turned out to be the same enzyme). Remarkably, con-
sidering the difficulties, the structure of CBHI4? and
the partial structure of EGII*! were determined at the
protein level. The amino acid sequences of CBHI and
CBHII show no overall homology, in accord with their
different stereochemistries of action, but a 35 amino
acid region of 70% homology occurs in all four enzymes.
In CBHII and EGII/III this occurs at the N-terminus,
while in CBHI and EGI it is at the C-terminus. This
domain has no catalytic activity in either CBHI or
CBHII but is required for full binding on cellulose and
has some cellulose binding activity of itself.*42 It can
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be removed from both CBHI and CBHII by limited
proteolysis: the resulting catalytic domains have un-
altered properties toward soluble cellulose but no longer
act on crystalline cellulose.*? The conformation of this
36-residue fragment has been determined by NMR
spectroscopy, using nuclear Overhauser effects in the
2-D mode (as well as COSY and HOHAHA se-
quences).** It has been suggested that possible pref-
erential adsorption sites for cellulases on the cellulose
microfibrils might be the exposed chains at the obtuse
corners.*® A binding site deficient, catalytically active
core protein of EGIII has also been isolated (from
culture filtrates) and shown to be active on soluble
cellulose but not on the crystalline material.44¢

An active site carboxylate group (Glu 126) has been
identified in CBHI by modification with Woodward’s
reagent K.#7 This could well be the nucleophilic car-
boxylate group expected on the basis of the rententive
stereochemistry of the catalyzed reaction. As an e—e
enzyme it is a remarkably poor catalyst: the k. value
for 4-methylumbelliferyl cellobioside is only 0.002 s71,
whereas the value for the lactoside, which differs only
in the configuration of the remote 4-OH group, the
value is around 0.04 s71.#8 k.. values for other e—e
enzymes such as lacZ $-galactosidase can be around 10°
CR
The reviewer tentatively advances a model of the
hydrolysis of crystalline cellulose that takes into account
the stereochemistry of the catalyzed reaction, the very
low activity of CBHI, and the inability of EGI and
EGII/III to hydrolyze crystalline cellulose. It is a more
detailed version of the model advanced by Enari and
Niku-Paavola®® and has some features in common with
the ideas of C, and C, components of cellulase advanced
many years ago by Reese*®® and espoused by Wood.4%
The C, component was considered to disaggregate the
cellulose chains and make them susceptible to attack
by the endoglucanase, or C, component. The Enari-
Niku-Paavola model envisages that initial attack on
cellulose takes place with CBHI and CBHII and that
this attack produces soluble glucan chains which are
further attacked by the endoglucanases. The reviewer
suggests that CBHI is in fact Reese’s C, component and
that its function is to bind to cellulose and then to
convert a cellulose chain at the surface of the molecule
to a glycosyl-enzyme intermediate, and then to stop, or
turn over very slowly. In generating a cellulose-bound
glycosyl-enzyme intermediate, it will also generate a
“loose”, nonreducing end which can be acted upon by
CBHIIL. Two or more molecules of CBHI bound to the
same glucan chain will allow the cellooligosaccharyl-
CBHI to diffuse off the crystal and then turn over.

The overall rate of hydrolysis of cellulose under bio-
technological conditions tends to be limited by the rate
of hydrolysis of cellobiose to glucose, since CBHI and
CBHII are subject to product inhibition;*! mutant
strains, producing more 3-glucosidase, are being ex-
plored.

B. Penicilllum pinophllum

On the basis of synergism between two immunolog-
ically distinct hydrolases (probably the equivalent of
CBHI and CBHII) in solubilizing cellulose, it has been
suggested that the two enzymes attack the two possible
different cellobiose end groups in the cellulose fibril (the

Sinnott

unit cell of cellulose is based on cellobiose, not glu-
cose).#2 This proposed origin of the two different
cellobiohydrolases does not address their different
stereochemistries of action (at least in the T reesei
system).

The enzyme complex from P. pinophilum may be
more complex than that of T. reesei, endoglucanase, as
well as CBHI and CBHII, being required to solubilize
crystalline cellulose.*® However, a comparison of the
activities of CBHI and CBHII enzymes from the two
sources acting on synthetic aryl glycosides reveals very
close similarities indeed (the maximum difference in &,
values for cleavage at any glycosidic bond in any of the
substrates was a factor of 3.5).4% Nonetheless, it was
claimed that this fungus produces five major endo-
glucanases.

C. C. fimi

Like many cellulolytic bacteria, this organism possess
a multienzyme complex, of glucanases and 8-glucosi-
dase. Remarkably, the endoglucanase component acts
with inversion and the exoglucanase component with
retention.?

There is a cellulose binding domain in an endo-
glucanase from this organism, since it can be cloned to
the end of alkaline phosphatase; the alkaline phos-
phatase can then be immobilized on cellulose.*® The
cellulose binding domains of the endocellulose (CenA
gene product) and the exoglucanase (Cex gene product)
have been separately excised proteolytically and shown
not to affect catalysis of soluble substrates.®5” The
nucleotide sequence of the CenA gene is known and is
homologous with that of CBHII.*

D. Other Organisms

The role of the ability to be adsorbed on crystalline
cellulose (which can now be reasonably associated with
the cellulose binding domains detected in many en-
zymes) has been correlated with the ability to hydrolyze
it by means of a correlation involving enzymes from a
large number of sources.*5® A linear correlation exists
between the activity on crystalline cellulose and the
product of the activity on amorphous cellulose and the
independently measured adsorption constant for the
enzyme in question.

The endo type cellulase from A. niger has been shown
to hydrate cellobial to give 8-2-deoxycellobiose: if the
reaction is run in D,0, the deuteron is in the axial
position.!® The exo cellulase from Irpex lacteus, sur-
prisingly also a retaining enzyme, behaves similarly, but
more slowly.!®

P. chrysosporium, also called Sporotrichum pulver-
ulentum and Chrysosporium lignorum, has been in-
vestigated from the point of view of cellulase produc-
tion. Its ligninases, rather than cellulases, have been
the focus of most attention, but cellulases have been
isolated and characterized from culture filtrates.* An
inverting cellobiohydrolase was also identified.*6!

Three iminoalditol inhibitors of the 4-O-(cellooligo-
saccharyl)-1,5,6-trideoxy-1,5-iminoalditol type have
been made and shown to inhibit the endoglucanases of
Trichoderma fusca, as expected. K; values are however
modest (10-100 pM).462

Whereas fungi excrete individual cellulase compo-
nents into the external medium, bacteria appear to
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operate by multienzyme complexes (“cellulosomes”).
Synergy in the degradation of crystalline cellulose by
two components of the cellulosome of Clostridium
thermocellum has been observed.#® An endoglucanase
from this bacterium has been crystallized and subjected
to preliminary X-ray investigation. 46

An endoglucanase has been isolated from Schizo-
pohyllum commune. Its amino acid sequence has been
determined and shown to be 40% homologous with that
of hen egg white lysozyme.*® By modification with
diethyl pyrocarbonate the catalytic groups have been
identified as Glu 33 and Asp 50.4¢ The binding of
substrates and inhibitors has been examined by dif-
ference spectroscopy and considered to indicate a sim-
ilar pattern of behavior to lysozyme.*” This enzyme
has also been affinity labeled with w-epoxypentyl cel-
lobioside. 468
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