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ABSTRACT

Several derivatives of D-gluco-heptenitol and D-glucal were synthesized and used to study the reaction
mechanisms of three glycosylases (glycosyl mobilizing enzymes): glycogen phosphorylase, B-glucosidase, and
B-N-acetylhexosaminidase. 1-Fluoro-D-gluco-heptenitol (F1hept) and 1,1-difluoro-D-gluco-heptenitol (F2hept)
acted as competitive inhibitors of glycogen phosphorylase b, and collaborative X-ray crystallographic studies
revealed that both Fyhept and Fohept bind to the active site. Furthermore, Fihept and phosphate bind
simultaneously, allowing crystallographic investigation of a stable ternary complex.

Various glycals were examined as potential substrates (catalytically hydrated by the enzyme), or as
potential inhibitors or inactivators (of the hydrolysis of a glucoside substrate), of Agrobacterium B-glucosidase.
Both heptenitol and methylglucal acted as substrates of this enzyme. Enzymatic protonation of the double bond
of methylglucal occurred from below the ring. Fihept and Fahept acted as noncompetitive (or uncompetitive)
inhibitors, as did heptenitol (at concentrations < 8 mM).

a,B-Unsaturated glucals, which might act as Michael acceptors for a nucleophilic residue in the active
site of a glycosylase, were investigated as a new class of potential inactivators of Agrobacterium $-glucosidase.
1-Nitroglucal functioned as a time-dependent inactivator, probably as a result of a Michael addition reaction
between 1-nitroglucal and a nucleophilic residue in the active site. However, protein mass spectrometry
revealed that in most cases more than one equivalent of 1-nitroglucal bound to the enzyme. Unfortunately, other
a,B-unsaturated glucals that were examined [1-cyano-, 1-(methyl carboxylate)-, sodium 1-(carboxylate)-, and
2-cyano- derivatives of glucal] only acted as reversible inhibitors.

Three B-N-acetylhexosaminidases (human placenta, jack bean, and bovine kidney) were also studied,
and shown to hydrolyze an N-acetylglucosaminide substrate with net retention of anomeric configuration. All
three enzymes hydrated 2-acetamido-D-glucal, yielding N-acetyl-D-glucosamine as the product in each case.
This is the first time that proton transfer has been shown to occur from the top face during the hydration of a
glycal by a 'retaining’ B-glycosidase. 2-Acetamido-D-glucal bound tightly to the human, bovine, and jack bean

enzymes, with K; values of 8.5, 25, and 29 pM, respectively.
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CHAPTER 1: GENERAL INTRODUCTION

1.1. GLYCOSYLASES AND THE REACTIONS THEY CATALYZE.

Carbohydrates play central roles in energy metabolism, cell-cell recognition, and a variety of other
important biological processes, and glycosyl hydrolysis and glycosyl transfer are important biochemical
reactions. Glycosylases (or glycosyl mobilizing enzymes) are enzymes that utilize a glycoside (such as
glycogen, a- or B-glucosides, or B-N-acetylhexosaminides) as a substrate, and yield a product that contains a
glycosyl residue. In the general reaction mechanism of these enzymes the aglycone moiety is replaced by either
water (for hydrolytic reactions) or some other glycosyl acceptor (i.e., in transfer reactions) to yield the product

(see Scheme 1.1).

o]
Hydrolytic reactions mw» OH
X

HoO

o]
mw\‘ oR’ X=0H or NHAc
X
\_ﬂ___J

— HOR2

glycone aglycone

Glycosyl transfer reactions mo
GV V Vg ] R2
X

Scheme 1.1. The hydrolytic and glycosyl transfer reactions catalyzed by glycosylases.

For the enzymes studied in this thesis, the natural substrate substituents are:

B-glucosidase: R! = glucose (in cellobiose) or some other aglycone
glycogen phosphorylase: R1 = glycogen R2 = phosphate
[B-N-acetylhexosaminidase: R! = a ganglioside X = NHACc (a 2-acetamido group)




The reaction mechanisms of three glycosylases were studied in this thesis: glycogen phosphorylase,
B-glucosidase, and B-N-acetylhexosaminidase (NAGase). Briefly, glycogen phosphorylase catalyzes the
interconversion of glucosyl-phosphate linkages (in o-glucose-1-phosphate, or a«G1P) and glucosidic linkages (in
glycogen, a highly branched homopolysaccharide of D-glucose units that is the major form of storage
carbohydrate in animal cells). B-Glucosidase catalyzes the hydrolysis of B-glucosides (e.g., cellobiose) to yield
glucose. NAGase catalyzes the hydrolytic removal of the N-acetylglucosamine (GIcNAc) residue from
gangliosides (oligosaccharide-containing ceramide lipids). Some of the functions and specific features of each

enzyme will be discussed in subsequent chapters of this thesis.

1.2. THE CLASSIFICATION OF GLYCOSYLASES.

Glycosylases can be divided into several different classes based on several different characteristics.
These enzymes can be classified as "retaining” or “inverting" according to the relative anomeric configurations
of the substrate cleaved and the product formed (see Scheme 1.2). Another classification is based on the sugar
(glycone) moiety of the glycoside that the enzyme can accept as a substrate (e.g., glucosidases are most reactive
towards glucosides). Finally, these enzymes can be classified as "o or "B" depending on the anomeric

configuration of the glycoside that the enzyme can accept as a substrate.

0
Retention
mﬂﬂz
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Scheme 1.2. The distinction between "retaining” and "inverting" glycosylases.




Of the enzymes studied in this thesis, glycogen phosphorylase is classified as an o -retaining
glycosylase, whereas B-glucosidase from Agrobacter sp. is PB-retaining. In most cases the stereochemical
outcome of the hydrolysis of B-N-acetylglycosaminides by NAGases is not reported, and a determination of the

stereochemistry of this reaction was in fact one of the objectives of this work.

[1.1] [1.2]

The anomeric specificity of glycosylases is typically absolute, e.g., a B-glucosidase exhibits no
enzymatic activity towards an o-glucoside. However, certain compounds without a glycosidic bond—and
therefore lacking the appropriate a- or B-aglycone group—can act as substrates for either a- or B-glycosylases
(or both). Examples of such nonglycosidic substrates are glycals (e.g., 1,5-anhydro-2-deoxy-D-hex-1-enitol, see
1.1 above) and heptenitols (e.g., 2,6-anhydro-1-deoxy-D-gluco-hept-1-enitol, see 1.2 above) (Hehre et al., 1977).
Examples of the corresponding reactions include the ability of glycogen phosphorylase to convert heptenitol
(and phospbate) to 1-deoxy-D-gluco-heptulose-2-phosphate, and the ability of B-glucosidase to hydrate
heptenitol to form 1-deoxy-D-gluco-heptulose, and to hydrate D-glucal to form 2-deoxy-D-glucose.
Glycosylases stereospecifically catalyze these reactions with nonglycosidic substrates. The same stereochemical
outcome (0. or B product) is obtained from catalytic reactions with a glycal and with a natural substrate. A

detailed account of the glycosylase-catalyzed reactions of glycals is provided later in this chapter.

1.3. GENERAL FEATURES OF THE CATALYTIC MECHANISM OF RETAINING GLYCOSYLASES.

1.3.1. Overview.
Koshland (1953) was the first to propose that catalysis by retaining glycosylases involves a double-
displacement reaction mechanism. This mechanism has subsequently received considerable experimental

support, and is now believed to include the following general features (see Scheme 1.3):
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Scheme 1.3. The proposed mechanism for -glucosidase-catalyzed hydrolysis of 3-glucosides.




(i) Acid catalysis promotes the departure of the aglycone group of certain substrates.

(ii) In the active site of the enzyme, the carboxylate group of an acidic amino acid residue of the protein
is located next to the anomeric centre of the glycoside substrate. This carboxylate group is on the
opposite side of the sugar ring relative to the aglycone.

(iii) A covalent glycosyl-enzyme intermediate forms between the carboxylate of the enzyme and C-1 of
the sugar.

(iv) Oxocarbonium ion-like transition states may be involved in both the formation and breakdown of
the covalent glycosyl-enzyme intermediate.

(v) Various noncovalent interactions accelerate the rate of the reaction.

1.32. General acid catalysis.

The departure of the aglycone leaving group is believed to be catalyzed by protonation of the sugar by
the side chain of an acidic amino acid residue in the enzyme's active site. In hen egg white lysozyme, Glu 35
has been identified as a catalytically important acidic residue by X-ray crystallography (Imoto et al., 1972).
However, the acidic residue may not need to be a carboxyl side chain.

Additional evidence for the role of general acid catalysis was obtained from studies of the
glycosylase-catalyzed hydration of glucal and heptenitol (Hehre et al., 1977; Schlesselmann et al., 1982). These
studies found that an acidic residue is essential for the protonation of the enolic double bond in such substrates,
and that this protonation event is a prerequisite for subsequent nucleophilic attack by water (in hydration
reactions catalyzed by B-glucosidase) or phosphate (in glycosyl transfer reactions catalyzed by glycogen
phosphorylase) (Klein et al., 1982).

The importance of general acid catalysis in the reaction mechanism of glycosylases is variable, and in
some cases it may not occur at all. For example, it is structurally impossible to protonate glycosyl pyridinium
salts. Yet these compounds are hydrolyzed by glycosylases, and the observed rate increases for the hydrolysis of
these compounds by P-galactosidase is 108-1013-fold compared with the rate of spontaneous hydrolysis
(Sinnott, 1979). Clearly these dramatic rate increases are effected by a reaction mechanism that does not require

general acid catalysis.



1.3.3. The carboxylate group in the active site.

a. X-ray structural studies.

The first evidence for the presence of a strategically placed carboxylate group in the active site was
provided by X-ray crystallographic studies of lysozyme, a glycosylase that catalyzes the hydrolysis of
polysaccharides in the glycopeptide layer of bacterial cell walls (Scheme 1.4). X-ray diffraction methods have
been used to determine the structures of the lysozymes of bacteriophage T4 and hen egg white (Anderson et al.,
1981; Imoto et al., 1972), and strategically placed carboxylate groups were observed in the active sites of both

enzymes (the side chains of Asp 20 and Asp 52, respectively).

‘
s '

\
OI peptide \ O peptide ‘\

Scheme 1.4. Bacterial cell wall hydrolysis catalyzed by lysozyme.

The glycosidic bond that is cleaved is indicated by the dotted lines.

b. Fluoro sugars.

Direct evidence for the role of a carboxylate group during catalysis was provided by Withers et al.
(1990), who devised a novel class of inhibitors (exemplified by 2’,4'-dinitrophenyl 2-deoxy-2-fluoro-B-D-
glucopyranoside, 2FBGICDNP, see 1.3 below) to trap and identify the amino acid residue involved. These

"mechanism-based” inhibitors cause the enzyme to catalyze its own inactivation. The normal catalytic activity



of the target enzyme results in the formation of a covaient bond between the inhibitor molecule and a
catalytically reactive residue in the enzyme's active site.

The substitution of an electron-withdrawing fluorine atom at C-2 in 2FfGIcDNP, immediately adjacent
to the reaction centre at C-1, inductively destabilizes both transition states (see Scheme 1.3). This decreases
both the rate of formation (k1) and the rate of hydrolysis (ko) of the glycosyl-enzyme intermediate. The presence
of a highly reactive leaving group (2,4-dinitrophenol) in the glycoside increases k; only (it does not affect k»).
The combination of the inductive and leaving-group effects results in the accumulation of the glycosyl-enzyme
intermediate. Thus when the radiolabeled, mechanism-based inhibitor [1-3H]-2FBGIcDNP was used with

Agrobacterium B-glucosidase, it identified Glu 358 as an active-site nucleophile of this enzyme (Withers et al.,

1990).
HO
(o] 0
OH NO, HO, HO
o) HO
HO
HO o HO HO
F NO,
OH OH
[1.3] [1.4] [1.5]

¢. Conduritol epoxides.

Similar evidence identifying the active-site nucleophile as a carboxylate moiety has been obtained
using another class of inactivators of glycosylases. Conduritol epoxides (with the appropriate configuration,
e.g., 1.4, conduritol B epoxide) are a class of synthetic mechanism-based inactivators that have been used in the
affinity labeling of active-site residues (an aspartate residue in each case) in three different retaining
B-glucosidases: enzymes isolated from the fungus Aspergillus wentii, bitter almonds, and lysosomes from human
placenta (Bause & Legler, 1974; Dinur et al., 1986; Legler & Harder, 1978). D-Glucal has also been used to
label the active-site nucleophile of Aspergillus wentii B-glucosidase, and this study identified the same aspartate

residue as the active site nucleophile as was determined using conduritol B epoxide (Legler et al., 1979).



Conduritol C cis-epoxide (1.5) was used to identify Glu 461 as a residue that was thought to be the
active-site nucleophile of E. coli B-galactosidase (Herrchen & Legler, 1984). However, a subsequent study
using the tritiated, mechanism-based inhibitor [1-3H]-2FBGaIDNP identified Glu 537 as the active-site
nucleophile in this enzyme (Gebler et al., 1992). This latter study concluded that Glu 461 acts instead as a
general acid-base catalyst during the reaction mechanism.

Conduritol epoxides exploit the normal catalytic features of glycosylases to inactivate these enzymes
(see Scheme 1.5). In the active site the side chain of an acidic amino acid (AH) transfers a proton to the oxirane
ring of the inactivator. A carboxylate group of an amino acid in the enzyme's active site then forms an ester

bond with the activated oxirane, yielding a covalent enzyme-inactivator complex.

HA A-
0
OH ) OH OH
HO ——» HO
HO HO

) o HO
- 0
Ho N 4 N V4

Scheme 1.5. The proposed mechanism for the inactivation of B-glucosidases by conduritol epoxides.

d. Cyclophellitol.

Cyclophellitol (1.6) is a natural product that was initially isolated from culture filtrates of the
mushroom Phellinus sp. (Atsumi et al., 1990a), and subsequently prepared synthetically by Tatsuta et al. (1990).
The structure of cyclophellitol differs from conduritol B epoxide (1.4) in that the former has a hydroxymethyl

group at C-5, and is therefore more similar to the structure of a B-glucoside. Preliminary kinetic studies showed



that cyclophellitol acts as an inhibitor of B-glucosidases (Atsumi et al., 1990a, 1990b). More detailed kinetic
studies with several a- and B-glucosidases showed that cyclophellitol is a highly stereospecific covalent
inactivator of B-glucosidases from almond and Agrobacter sp., with inactivation constants of [Kj = 0.34 mM,
k= 2.38 min~1] and [K; = 0.055 mM, k; = 1.26 min-1], respectively (Withers & Umezawa, 1991). By
comparison, conduritol B epoxide (1.4), which inactivates almond f-glucosidase B with inactivation constants
of K = 1.7 mM, k; = 0.13 min"1, is 92-fold less effective than cyclophellitol based on relative ki/K; values
(Legler & Hasnain, 1970). Due to the very high stereochemical specificity of cyclophellitol, no time-dependent

inactivation of yeast o-glucosidase is observed, and only extremely slow inactivation (t;/2 > 5 hours) of E. coli

B-galactosidase can be detected (Withers & Umezawa, 1991).
OH

HO
HO

OH
[1.6]

e. N-Acetylconduramine B trans-epoxide.

The successful inactivation of various glycosylases by conduritol epoxides inspired the use of
N-acetylconduramine B trans-epoxide (1.7) in an attempt to inactivate NAGases from various sources (Legler &
Bollhagen, 1992). Although this compound strongly inhibits NAGases isolated from bovine kidney, jack bean,
and the gastropod Helix pomatsia (with K; values of 0.50 to 1.6 pM, i.e., 500-8,000-fold lower than the K; for
N-acetylglucosamine), no covalent inactivation is observed. An interesting phenomenon occurs when either of
the first two of these NAGases is used at a reaction pH < 5. Under these conditions the rate of substrate
hydrolysis in the presence of 1.7 increases with time. A proposed explanation for this result is given in Scheme
1.6. At areaction pH < 5, these two NAGases catalyze the rapid conversion of the strong inhibitor 1.7 into an

oxazoline (1.8; which has similar inhibitory potency to 1.7); however, 1.8 undergoes acid-catalyzed hydrolysis
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to form the much less inhibitory compound N-acetylinosamine (1.9), and hence the rate of substrate hydrolysis

in the presence of 1.7 increases with time (Legler & Bollhagen, 1992).
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Scheme 1.6. The mechanism for the reaction of N-acetylconduramine B trans-epoxide with NAGase.

[, Other inhibitors of NAGases.

Some indirect evidence for the participation of a catalytic carboxyl group in the reaction mechanism of
bovine kidney NAGase A was obtained from inhibition studies using N-acetylglucono-1,5-lactone (1.10) and
N-acetylglucono-1,5-lactam (1.11) (Legler et al., 1991). Both the lactone and the lactam are good inhibitors of
the enzyme, with Kj values of 0.036 and 0.67 UM, respectively. The lactam displays a normal approach to the
inhibition equilibrium, whereas the lactone displays a slow approach. After the lactone is preincubated with the

substrate, 4'-methylumbelliferyl 2-acetamido-2-deoxy-B-D-glucopyranoside (BGlcNAcMu), the addition of the
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enzyme catalyzes substrate hydrolysis at a rate that decreases slowly with time to a final value. The K; for the

initial inhibition is about 50-fold higher than the final X;.

CH
OH OH OH |}
HO HO N~
Ho o Ho NH HO CH,
o 0 HO
$—-NH o §—NH o NH
o=
HyC HyC

CH,
[1.10] [1.11] [1.12]

An explanation for (i) the much stronger inhibition displayed by the lactone (19 times stronger than the
lactam), and (ii) the slow approach to the inhibition equilibrium of the lactone (1.10) compared with the lactam
(1.11), has been proposed by Legler et al. (1991). They proposed that the lactone (1.10) is a better acceptor of
the enzyme's nucleophilic carboxylate group than the lactam (1.11). Thus the slow approach to the inhibition
equilibrium arises because of the formation of an orthocarboxylic acid derivative in the active site of the enzyme
as a result of the attack on the lactone by a nucleophilic carboxylate group (see Scheme 1.7). However, no direct
proof of the existence of such a nucleophilic carboxylate group in the active site of NAGase has been obtained
(e.g., by labeling and isolation), and the slow approach to the inhibition equilibrium may be due to reasons other

than the formation of a covalent bond between the enzyme and the inhibitor (as discussed later in this chapter).

OH OH
HO
HO o H* o
e — HO OH
o) HO
>—NH ) fo) o o NH o
HyC Q\C V * O\C Y
HyC
Enzyme ® Enzyme

Scheme 1.7. The proposed mechanism for the slow inhibition of NAGase by N-acetylglucono-1,5-lactone.
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Legler et al. (1991) have also studied the pH-dependence of the inhibition of bovine kidney NAGase A
by the cationic sugar 2-acetamido-1-deoxy-N, N-dimethylnojirimicin (1.12). The observed relationship between
log K; and pH suggests that inhibition depends on the deprotonation of a functional group with a pKj near 5.0.
This is probably a carboxylate group of a catalytic amino acid in the enzyme's active site. However, no direct
proof of the existence of such a nucleophilic group has been obtained (e.g., by labeling and isolation).
Compound 1.12 is useful for studying deprotonation of an active-site moiety because 1.12 possesses a
quaternary amine. This removes any ambiguity as to whether the deprotonation event is attributable to a

catalytically important amino acid residue of the enzyme, or a functional group on the inhibitor.
1.3.4. The nature of the glycosyl-enzyme intermediate.

a. Evidence from lysozyme and Agrobacterium B-glucosidase (pABGS).

A fundamental question concerning the nature of the glycosyl-enzyme intermediate is whether it
involves an ion pair or a transient, covalent adduct. Based on evidence from X-ray structural studies of hen egg
white lysozyme, Blake et al. (1967) suggested that a negatively charged Asp 52 carboxylate ion could stabilize a
positively charged oxocarbonium ion intermediate, and that the lifetime of this ion pair could be long enough for
a water molecule (or an alcohol) to attack the oxocarbonium ion. However, it is questionable whether the ion
pair could last long enough for the departed leaving group to diffuse away and allow a glycosyl acceptor to
approach the active site and then react with the oxocarbonium ion.

Convincing evidence that the reaction mechanism of glycosylases involves the formation of a covalent
glycosyl-enzyme intermediate has been obtained from studies of the inactivation of Agrobacterium
B-glucosidase (pABGS5) with a novel class of mechanism-based inactivators, 2-deoxy-2-fluoro-B-D-glycosides,
e.g., 2FBGICDNP (Street, 1988). The reaction of pABGS5 with 2FBGIcDNP permits the isolation of a
2-fluoroglycosyl-enzyme intermediate whose half-life is over 500 hours. This covalent intermediate is stable
enough to be characterized by various kinetic experiments and structural studies. 19F NMR studies of the
2-fluoromannosyl-enzyme intermediate formed by 2FfManDNP and pABGS5 showed that the sugar was

covalently bonded to the enzyme through an axial (c.-) glycosidic linkage (Withers & Street, 1988).



13

b. Evidence from B-galactosidase.

Additional evidence that the reaction mechanism of glycosylases involves the formation of a covalent
glycosyl-enzyme intermediate has been obtained from o-secondary deuterium kinetic isotope effect (0DKIE)
studies using E. coli B-galactosidase and a series of aryl galactosides (Sinnott, 1978). Reactions where the
glycosylation step is rate-limiting yield aDKIEs with ky/kp = 1.05, and reactions where the deglycosylation step
is rate-limiting yield aDKIEs with kgy/kp = 1.2-1.25. A normal aDKIE indicates that there is an increase in sp?
character at the o-carbon as the substrate changes from its sp3 ground state to the transition state, whereas an
inverse oDKIE indicates that there is an increase in sp3 character at the o-carbon as the substrate changes from
its sp? ground state to the transition state. Therefore the aDKIE results of both types of studies (where the
glycosylation or the deglycosylation step is rate-limiting) indicate that a covalent intermediate is formed, and

then hydrolyzed, via oxocarbonium ion-like transition states.

¢. Evidence from glycogen phosphorylase.

A glucosyl-enzyme covalent intermediate has yet to be isolated for the glucosyl transfer reaction
catalyzed by glycogen phosphorylase. The complexity of the reaction mechanism—which requires the enzyme
to form a ternary complex with both substrates (glycogen as well as phosphate or aG1P)—and the rapid
turnover of the enzyme make it difficult to accumulate sufficient amounts of the putative glucosyl-enzyme
intermediate. To overcome this problem, Kokesh & Kakuda (1977) used a-cyclodextrin (cyclohexaamylose, a
cyclic oligosaccharide composed of six glucose residues) as a substrate for potato phosphorylase. Although
o-cyclodextrin activates the enzyme ternary complex, it cannot act as a glucosyl acceptor due to the absence of a
free hydroxyl group at C-4. This reduces the rate of turnover of any reaction intermediate that may be formed.
The use of a-cyclodextrin as a substrate analogue for potato phosphorylase allowed Kokesh & Kakuda (1977) to
detect enzyme-catalyzed exchange between the bridging and nonbridging phosphoryl oxygen atoms of
180-1abeled G1P. This result is evidence for the involvement of a covalent glucosyl-enzyme intermediate in

the proposed catalytic mechanism (see Scheme 1.8).
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Scheme 1.8. Isotope exchange between bridging and nonbridging oxygens through an enzyme intermediate.

Withers & Rupitz (1990) have demonstrated the mechanistic similarity between potato phosphorylase

and rabbit muscle phosphorylase. This study used a series of deoxy- and deoxyfluoro-aG1P substrates in a

linear free-energy study of the nature of the transition state of each enzyme. The reaction catalyzed by rabbit

muscle phosphorylase therefore probably involves the formation of a covalent glucosyl-enzyme intermediate.

1.3.5. The oxocarbonium ion-like transition states of glycosylase substrates.

a. o-Secondary deuterium kinetic isotope effects.

The results of a-secondary deuterium kinetic isotope effect (0DKIE) studies indicate that both

transition states in the proposed reaction mechanism of glycosylases have oxocarbonium ion-like character (se¢
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Scheme 1.3). As mentioned previously, these studies provide insights into the changes in the hybridization at
the reactive centre (the a-carbon) as it proceeds from the ground state to the transition state of the reaction. The
results of Sinnott (1978) and Kempton & Withers (1992)—obtained using a series of aryl galactosides and
E. coli B-galactosidase, or a series of aryl glucosides and Agrobacterium B-glucosidase, respectively—showed
that the (normal) o DKIEs observed when the deglycosylation step is rate-limiting are greater than those
obtained when the glycosylation step is rate-limiting. Thus the second transition state has more oxocarbonium

ion-like character (i.e., involves a process that is less SN2-like) than the first transition state.

b. Properties of transition-state analogues.

A transition-state analogue is a tight-binding, reversible inhibitor whose structure resembles the
transition state of the enzyme-catalyzed reaction under study. The ability of transition-state analogues to bind
more tightly to the enzyme's active site when compared with the binding of the normal substrate is a
phenomenon that agrees well with the hypothesis that the structure of the enzyme's active site is more
complementary to the transition state than to the ground state of the substrate (Panling, 1948).

Studies performed using transition-state analogues have also provided evidence that the transition states
of glycosylase-catalyzed reactions have oxocarbonium ion-like character. The oxocarbonium ion form of the
parent glycoside substrate can be distinguished from the latter in two ways. In the oxocarbonium ion form of the
glycoside (i) the O-5 and C-1 atoms share a full positive charge, and (ii) the C-5, O-5, C-1, and C-2 atoms are
coplanar (Sinnott, 1987). Compounds whose structures possess these properties have been shown to act as
reversible inhibitors of glycosylases, and are classified as transition-state analogues for these enzymes (see

Table 1.1).

c. Examples of transition-state analogues.
An aldonolactone (or aldonolactam) is structurally similar to a glycosyl cation due to its half-chair
conformation and the partial positive charge carried by the ring oxygen as a result of the contribution of the

resonance structure shown in Fig. 1.1. Glucono-1,5-lactone and glucono-1,5-lactam are transition-state
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analogues that bind to A. wentii f—glucosidase 100- to 300-fold more strongly than the corresponding aldoses

(see Table 1.1).
4
o) 0+ 5 2, NH NH +
4,
o] o~ 2 4 st o) Oo-
Aldonolactone glycosyl cation Aldonolactam

Figure 1.1. The structural similarities between the glycosyl cation and aldonolactones and aldonolactams.

Nojirimycin and related compounds are transition-state analogues that are among the tightest-binding
glycosylase inhibitors known (Niwa et al., 1970). These compounds contain a positively charged ring nitrogen,
Nojirimycin may exist in different forms (see Scheme 1.9), each of which is able to act as a glycosylase inhibitor
by forming an ion pair with a negatively charged residue in the active site (presumably an amino acid side chain

carboxylate) (Legler, 1990).

OH 4 o OH
HO NH, e HO N
HO OH HO y
OH + H20
HO

Scheme 1.9. The two forms of nojirimycin in aqueous solution at neutral pH.

Several transition-state analogues have been examined as inhibitors of bovine kidney NAGase A

(Legler et al., 1991). When compared with GICNAc (K; = 1.97 mM), NAGase A was inhibited 2,600-fold more

strongly by N-acetyldeoxynojirimycin (1.14); 2,900-fold more strongly by N-acetylglucono-1,5-lactam (1.11);
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55,000-fold more strongly by N-acetylglucono-1,5-lactone (1.10); and about 105-fold more strongly by

N-acetylnojirimycin (1.13).
OH OH OH OH
HO SeanOH - HO = » SN
o) =< O=< (o] HO
[1.13] [1.14] [1.15]} [1.16]

The transition-state analogues D-glucono-1,5-lactone (1.15) and nojirimycin tetrazole (1.16), with K;
values of 25 and 14 pM, respectively, bind approximately 100-fold more strongly than glucose (K; = 2 mM) to
the complex formed by glycogen phosphorylase, glycogen, and orthophosphate (Gold et al., 1971; Withers &
Rupitz, unpublished results). The strong binding of these compounds suggests that the reaction catalyzed by

glycogen phosphorylase involves oxocarbonium ion-like transition states.

Table 1.1. The reversible inhibition of glycosylases by some transition-state analogues.

Enzyme Inhibitor K (uM) Reference
B-glucosidase glucose 2800 Legler et al., 1980
(A. wentii) B-glucosylamine 1.6 ibid.
glucono-1,5-lactone 9.6 ibid.
glucono-1,5-lactam 36.0 ibid.
nojirimycin 0.36 *  Legler & Julich, 1984
B-N-acetylhexosaminidase A N-acetylglucosamine 1970 Legleretal., 1991
(Bovine kidney) 2-acetamido-2-deoxyglucosylamine 43 ibid.
N-acetylglucono-1,5-lactone (1.10) 0.036 * ibid,
N-acetylglucono-1,5-lactam (1.11) 0.67 ibid,
N-acetylnojirimycin (1.13) 0.002 * ibid.
N-acetyldeoxynojirimycin (1.14) 0.76 ibid.
glycogen phosphorylase glucose 2000 Gold et al., 1971
(Rabbit muscle) glucono-1,5-lactone (1.15) 25 ibid.
nojirimycin tetrazole (1.16) 14 Withers & Rupitz,
unpublished results

An asterisk (¥) denotes a slow approach to the inhibition equilibrium.
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As was briefly mentioned earlier, the reaction of some glycosylases in the presence of certain inhibitors
is characterized by a slow approach to the inhibition equilibrium (see Table 1.1). This phenomenon is more
frequently observed with inhibitors that have a nitrogen atom in the sugar ring. When a slow approach to the
inhibition equilibrium is observed, the K; for the initial inhibition is about 50- to 100-fold greater than the
final K;. One possible explanation for this phenomenon is that a loose complex is formed initially, which then
undergoes a slow conformational change to form a tight enzyme-inhibitor complex (Legler, 1990). Another
possible explanation is that the enzyme is capable of assuming two different conformations, characterized by
either a high or low affinity for the inhibitor, and that these conformations are in equilibrium. When a slow
approach to the inhibition equilibrium is observed, the inhibitor binds to the low-concentration, high-affinity

conformer, which then shifts the conformational equilibrium towards the high-affinity state (Legler, 1990).

d. The transition states of phosphorylase-catalyzed reactions.

The transition states in the glycogen phosphorylase reaction have been studied using deoxy and
deoxyfluoro analogues of the substrate aG1P (Street et al., 1989). These derivatives are turned over by the
enzyme, but at greatly reduced rates (1,000- to 10,000-fold slower than 0iG1P). These rate reductions have been
attributed to two effects: destabilization of transition states by the disruption of normal enzyme-ligand
interactions, and inductive destabilization of electron-deficient transition states by the introduction of an
electronegative fluorine atom adjacent to the reaction centre (as seen in the inactivation of Agrobacterium
B-glucosidase by 2-deoxy-2-fluoro-B-D-glucosides).

A linear free-energy relationship, with a correlation coefficient p = 0.90, was obtained from a
logarithmic plot of the rate constants for the enzyme-catalyzed reaction versus the nonenzymatic, acid-catalyzed
hydrolysis of deoxy and deoxyfluoro analogues of aG1P (Street et al., 1989). This indicates that the electronic
structures of the transition states of the two reactions are similar. The mechanism of the nonenzymatic,
acid-catalyzed hydrolysis of aG1P has been shown to involve transition states with substantial oxocarbonium
ion-like character (Bunton & Humeres, 1969). Thus the enzymatic reaction should also involve transition states
with substantial oxocarbonium ion-like character, given the good correlation in the linear free-energy

relationship for the enzyme-catalyzed and nonenzymatic reactions.
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1.3.6. The binding energy attributable to noncovalent interactions.

Pauling (1946) was the first to propose that most of the catalytic power of an enzyme comes from
noncovalent interactions between the transition state of the reaction and the enzyme's active site. Attempts to
evaluate the importance of noncovalent interactions in the reaction mechanism of glycosylases have been carried
out using various substrate analogues in which an individual hydroxyl group has been replaced by a hydrogen or
a fluorine atom.

Noncovalent interactions between the C-2 hydroxyl group of the substrate and the active site of
A. wentii B-glucosidase account for a 106-fold increase in the rate of glucoside hydrolysis, whereas the same
interactions involving the C-4 hydroxyl group account for a 104-105-fold rate increase (Roeser & Legler, 1981).
Similar studies by Namchuk (1993) using Agrobacterium P -glucosidase showed that the binding energy
attributable to noncovalent interactions between the enzyme's active site and different hydroxyl groups of the
substrate decreased in the order C-2> C-3 > C-6 ~ C4.

Deoxy derivatives of 0.G1P have been used as substrate analogues in a study of noncovalent
interactions in the glucopyranose binding site of glycogen phosphorylase b (Street, 1988). This study showed
that hydrogen-bonding interactions between C-3 and C-6 hydroxyl groups and the enzyme's active site are
important in the stabilization of the transition state. Stabilization of the transition state lowers the activation
energy of the reaction and increases the reaction rate. The structure of the transition state of the reaction (not the
ground state) has the highest complementarity to the enzyme's active site, and noncovalent interactions are

clearly an important aspect of this complementarity.

1.4. THE REACTIONS OF GLYCALS WITH GLYCOSYLASES.

1.4.1. The enzyme-catalyzed hydration of glycals.

Glycals, with their half-chair conformations, bear a structural resemblance to the transition states for the
enzymatic hydrolysis of glycosides (see Fig. 1.2). These compounds were once considered to be transition-state
analogues, and they have been investigated as inhibitors of glycosylases. Indeed, D-galactal was found to be a

very strong inhibitor (K; = 18-90 uM) of several B-D-galactosidases (Lee, 1969). However, a close inspection of
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the structures of glycals and the transition states of glycosylase substrates shows that their similarities are limited
(Fig. 1.2). In addition to the absence of a hydroxyl group at C-2, glycals have their double bond located between
C-1 and C-2, whereas the double bond of the transition state of a glycosylase substrate is located between C-1
and O-5. The stereochemistry of some of the ring substituents on each structure also differs (see Fig. 1.2).

These considerations prompted more detailed kinetic studies of the mechanism of the inhibition of
E. coli B-galactosidase by D-galactal (Wentworth & Wolfenden, 1974). The extent of the steady-state inhibition
(K; = 14 uM) was interpreted as the result of the slow formation of a covalent, 2-deoxy-galactosyl-enzyme
intermediate, and the subsequent hydrolysis of this adduct to form 2-deoxy-B-galactose (kcat ~ 0.004 s1).
However, under pre-steady-state conditions unmodified (i.e., unreacted) D-galactal is only a weak inhibitor
(K; > 1 mM). Itis noteworthy that the 2-hydroxyl group of normal substrates seems to play an important role in

increasing the rate of enzymatic hydrolysis (Namchuk, 1993).
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Figure 1.2. The structural similarities between galactal and the transition state of a -galactoside.

Subsequent research has shown that glycals generally act as substrates, and that the hydration of the
enolic double bond in glycals is catalyzed by both a- and B-glycosylases. Examples of this catalytic activity

include the hydration of D-glucal by both Candida tropicalis a-glucosidase and sweet almond B-glucosidase
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(Hehre et al., 1977), the hydration of maltal by sweet potato B-amylase (Hehre et al., 1986), and the hydration of
cellobial by exo- and endo- type cellulases (Kanda et al., 1986).

The hydration of glycals (I) by glycosylases (E) can be represented by the following reaction scheme

(Legler, 1990):
Kj kon H0
E+1 E-l E-1 —— = E + 2-deoxyhexose
koft knydro

where K;' is the dissociation constant of a loose, rapidly formed, pre-steady-state complex (EeI). The inhibition

constant for the steady state, Kj, is:

Ky

kOll
1 —————
{ * (koff+khydm)}

and the rate constant for the approach to the steady state, kypp, , i8:

kon*[I]
Ki+[1]

+ koft + Knydro

Kappr =

In the presence of substrate, (S), with a Michaelis constant, K, as defined in the case of inhibition studies, then:

Kappr |1 + ﬁl. = kon* [1] + kot + Knydro
K Ki'+[1]

From the above scheme, depending on the magnitude of the kinetic parameters Koy, kofs, and knydro, different
combinations of glucal-glycosylase interactions are possible.

For A. wentii B-glucosidase the sum of kyy4ro and ks is smaller than k,,, and this together with the use
of [14C]-labeled D-glucal made it possible for Legler et al. (1979) to trap the covalent glucal-enzyme
intermediate before glucal was turned over to 2-deoxyglucose. Before the enzyme had time to turn over the
[14C]-glucal the protein was rapidly denatured, and a catalytic aspartate residue was identified by subsequent
proteolytic digestion and amino-acid sequencing of the radiolabeled peptide. The same nucleophilic aspartate

residue that is involved in the catalytic hydration of glucal by B-glucosidase was also labeled by the irreversible



22

inhibitor conduritol B epoxide (Bause & Legler, 1974) and the slow substrate p-nitrophenyl-2-deoxy-B-D-
glucopyranoside (Roeser & Legler, 1981).

The stereochemistry of the enzyme-catalyzed hydration and protonation at C-2 of glycals has been
investigated with o- and B-glucosidases (Hehre et al., 1977) and with three "inverting" exo-a-glucanases (Chiba
et al., 1988). These reactions result in the production of 2-deoxy-o-glucose by o-glucosidases, whereas
2-deoxy-B-glucose is produced by B-glucosidases and inverting exo-o-glucanases. These are the same
stereochemical outcomes as observed with the glycosylase-catalyzed hydrolysis reactions of glycosides.

1H NMR studies of the catalytic hydration of glycals in D20 (where exchangeable protons are replaced
by deuterium) showed that retaining o-glucosidases protonate D-glucal from above the double bond, whereas
B-glucosidases and inverting exo-c.-glucanases protonate D-glucal from below the double bond. Thus the
direction of protonation of the double bond in D-glucal is opposite from the direction that would be expected

based on the known stereochemistry of the glycosylase-catalyzed hydrolysis reactions of glycosides.

—f  ep——

glycosylation deglycosylation

Scheme 1.10. The proposed mechanism for the hydration of D-glucal in D7O by B-glucosidase.
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The available kinetic data on the glycosylase-catalyzed hydration reactions of glycals shows that
although the initial protonation step appears to differ significantly from that seen in the glycosylase-catalyzed
hydrolysis reactions of normal glycosides, the remainder of the reaction mechanism is the same, involving the
same active site residues and yielding products with the same configuration. Thus in the proposed mechanism
for the catalytic hydration of glycals (Legler et al., 1979), carboxylate groups act as both a general acid catalyst

and a nucleophile (Scheme 1.10).

1.4.2. The enzyme-catalyzed hydration of heptenitols.

D-gluco-heptenitol (1.2) is a glycal with an exocyclic enolic double bond. In general, heptenitols do
not inhibit glycosylases as effectively as hexenitol glycals (glycals with an endocyclic enolic double bond).
Glycosylases are able to hydrate D-gluco-heptenitol to form 1-deoxy-D-gluco-heptulose (1.17). [Note that in
both (1.2) and (1.17) the exocyclic carbon atom is designated as C-1.] However, if the reaction is performed in
the presence of an alcohol, a glycoside may be formed. Thus B-galactosidase is able to synthesize glyceryl
2,6-anhydro-1-deoxy-B-D-galacto-heptuloside (1.18) from D-galacto-hept-1-enitol and glycerol. The initial
anomeric configuration (i.e., prior to subsequent 0./B equilibration) of the product of the catalytic hydration (or

glycoside synthesis reaction) of a heptenitol is determined by the anomeric specificity of the glycosylase.

HO,
OH
OH on HO Ho
HO
o o
0
HO HO CHg 0
HO OH HO »
HO
HO CH, oH,
[1.2] [1.17] [1.18]

The greater catalytic activity of glycosylases towards heptenitols compared with hexenitol glycals has

been attributed to the greater structural resemblance of heptenitols to the normal glycoside substrates of these



enzymes. In the three-dimensional structure of heptenitol there are four hydroxyl groups that can assume
positions that are equivalent to the hydroxyls of a- or f-D-glucoside substrates, and this increased structural
similarity may allow for better binding of heptenitols in the active site. In addition, the exocyclic double bond of
a heptenitol occupies a position in the active site that is extremely close to the position normally occupied by the
glycosidic bond of regular glycoside substrates, and hence the double bond of the heptenitol is susceptible to the
same catalytically important protonation event (i.e., general acid catalysis).

The catalytic hydration of D-galacto-heptenitol by E. coli B-galactosidase has a Michaelis constant,
K, of 50-70 mM, and a turnover number, k¢at, of 41 to 64 -1 (Brockhaus & Lehmann, 1977). Similar kinetic
data have been obtained for the catalytic hydration of D-gluco-heptenitol by o-glucosidase from C. tropicalis
(rice), sweet almond B-glucosidase, and an inverting exo-a-glucanase from A. globiformis (Hehre et al., 1980).

The stereochemistry of the hydration of heptenitols by retaining o-glucosidases has been studied using
2-[2H]-D-gluco-octenitol. Enzymes from A. niger and C. tropicalis were used in this study, and both protonated
the substrate from the top (si, re) face, the same direction of protonation that several a-glucosidases use to
protonate D-glucal and D-galactal (Weiser et al., 1988), but the opposite direction of protonation used by

o-glucosidases with normal glycoside substrates.

HO OH HO _oH
H,0 o]
0
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Scheme 1.11. The hydration of D-galacto-octenitol by B-galactosidase.

In contrast, when 2-[2H]-D-galacto-octenitol (1.19) is hydrated by E. coli B-galactosidase, the
stereochemistry for the protonation of the double bond is the same as that observed with normal glycoside
substrates (L.ehmann & Schlesselman, 1983). During the catalytic hydration of 1.19, protonation is exclusively

from above the ring, and the hydration reaction yields 1.20, 1,2-dideoxy-2-deutero-D-galacto-octulopyranose
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(see Scheme 1.11). The two different directions that can be taken for the protonation step implies that the
protonating amino acid residue may be located on either face of the ring of a bound substrate in the active site of
a particular glycosylase enzyme.

The results of stereochemical investigations of the glycosylase-catalyzed hydration of hexenitol and
heptenitol glycals suggests that there are two mechanistically distinct and separately controlled aspects of these
reactions (Chiba et al., 1988). In the so-called "plastic” aspect of the reaction, various glycosylases show
considerable heterogeneity in the direction of protonation, a phenomenon that is substrate-dependent. In the
so-called "conserved" aspect of the reaction, the creation of a product with a specific configuration is a
consequence of the acceptor's direction of attack against the reaction centre. The latter phenomenon is mainly

determined by the particular enzyme, with little influence by the substrate.

1.4.3. The reactions of glycals with glycogen phosphorylase.
Glycogen phosphorylase catalyzes the addition of D-glucal (as a 2-deoxyglucosyl residue) to the

nonreducing end of a polysaccharide composed of glucose subunits:

glucal + (glucose)y ————  (2-deoxyglucose)—(glucose),

One of the products of the reaction is also 2-deoxy-o.G1P, which is probably formed by the enzymatic
phosphorolysis of the modified polysaccharide (Klein et al., 1982). The maximum rate of utilization of D-glucal
is approximately 20-30% of the rate of glycogen synthesis using aG1P.

In the presence of arsenate (i.e., in place of orthophosphate), phosphorylase catalyzes the arsenolysis of
D-gluco-heptenitol to form 1-deoxy-D-gluco-heptulose-2-arsenate, which undergoes rapid spontaneous
hydrolysis with retention of configuration to form 1-deoxy-o.-D-gluco-heptulose. The rate of the phosphorylase-
catalyzed formation of 1-deoxy-0-D-gluco-heptulose (in the presence of arsenate) with 50 mM heptenitol is
17-32% of the rate of arsenolysis of polysaccharides, depending on the source of the enzyme (Klein et al., 1986).

In the presence of orthophosphate, phosphorylase converts D-gluco-heptenitol to form 1-deoxy-o-D-

gluco-heptulose-2-phosphate (heptulose-2-phosphate, 1.21), which binds tightly to the enzyme and acts as an

inhibitor (with K; = 14 pM) (Klein et al.,, 1984). To date, heptenitol is the only known substrate of
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phosphorylase that can be utilized in the absence of a polysaccharide primer. The rate of this reaction cannot be
measured accurately due to the formation of the "dead end” inhibitor, heptulose-2-phosphate.

In the presence of glycogen and arsenate (i.e., with arsenate acting as a phosphate analogue), heptenitol
acts as a competitive inhibitor (with K = 4.3 mM) of rabbit skeletal muscle phosphorylase b (Klein et al., 1986).
However, transfer of the heptulosyl residue to a polysaccharide acceptor is not detectable. Therefore heptenitol

is used only as a substrate for the degradative pathway of the phosphorylase reaction.

Table 1.2. Comparison of the binding constants of some ligands of glycogen phosphorylase b.

Ligand Kn (or Ky (uM) Reference
glucose-1-phosphate 2,200 Hu & Gold, 1978
glucose-1,2-(cyclic phosphate) [1.22] 500 ibid.
1-deoxy-heptulose-2-phosphate [1.21] 14 Klein et al., 1984

(also referred to as heptulose-2-phosphate)

OH OH
o) o
HO CH, HO
HO o HO
o Ci 0
| \/
HO—P=0 VAN
o -
| o
O —
[1.21] [1.22]

Heptulose-2-phosphate binds to phosphorylase b with an affinity that is 100-fold greater than the
substrate 00G1P (see Table 1.2). X-ray structural analysis of the (heptulose-2-phosphate)-[phosphorylase b]
complex showed that the phosphate group of the inhibitor was located undereath the sugar ring, oriented
towards the C-3 hydroxyl group, probably to avoid steric hindrance from the C-1 methyl group (McLaughlin et

al,, 1984).
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Heptulose-2-phosphate (1.21) and glucose-1,2-(cyclic phosphate) (1.22) are considered to be
transition-state analogues for the degradative reaction of glycogen phosphorylase because of their chemical
structures and low K; values (Hu & Gold, 1978). The preferred orientation of the phosphate group of both
compounds is under C-2 of the sugar ring, in contrast with aiG1P with its phosphate group away from the ring
(trans to C-2) (O'Connor et al., 1979).

The stereochemistry of the protonation of D-glucal by glycogen phosphorylase b is from below the
sugar ring (Klein et al., 1982). Thus if the reaction is carried out in a deuterated buffer, deuterium is
incorporated into the equatorial position at C-2—the opposite stereochemic;'«ll outcome to that observed when
hexenitol glucals are protonated by other o-retaining glycosylases. Klein et al. (1982) also found that in
addition to an absolute requirement for phosphate (or arsenate), the catalytic reaction of D-glucal is also

dependent on the dianionic form of the enzyme-bound cofactor, pyridoxal phosphate.

DO o -B -B transferto a
DO —» DO — 3 Saccharide
= acceptor
W <@ H
DO o- - o-
\Y< <\Y p,
— _O/ \O — DO/ \\O
E o E
n oD n O-
) | : |
-PL- O—P—0" -PL~- O=—P~—0-
y il y il
m o m o
e e
Y=Por As B = nucleophile (or base) PL = pyridoxal

Scheme 1.12. The "proton transfer relay" for the deuteration of D-glucal by glycogen phosphorylase.
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On the basis of these observations, Klein et al. (1982) have proposed that a "proton transfer relay"” is a
feature of the enzyme's reaction mechanism (Scheme 1.12). Orthophosphate (or arsenate) is located below the
D-glucal ring, in a region of the active site that is adjacent to the phosphate group of the enzyme's cofactor. The
enzyme-bound cofactor pyridoxal phosphate is believed to mediate a proton transfer relay between the enzyme

and D-glucal as shown in Scheme 1.12.

1.5. THE AIMS OF THIS THESIS.

1.5.1. Research significance and objectives.

Both reversible and irreversible inhibitors (or inactivators) are useful in studies of enzyme reaction
mechanisms and the properties of transition states. These compounds may also find applications as therapeutic
drugs. Identification of catalytic residues in the enzyme's active site, and gaining an understanding of their
specific roles in catalysis, are also possible using irreversible inhibitors. The aims of this thesis were to
synthesize several derivatives of D-gluco-heptenitol and D-glucal, and examine the potential utility of these
compounds as mechanism-based inhibitors of three glycosylases: glycogen phosphorylase, B-glucosidase, and

B-N-acetylhexosaminidase.

1.5.2, Studies using fluorinated derivatives of D-gluco-heptenitol.

Withers et al. (1990) have shown that 2-fluoro-glucosides rapidly inactivate B-glucosidase, and that
such compounds are useful probes for studying the reaction mechanism of this enzyme. The
electron-withdrawing fluorine atom inductively destabilizes the oxocarbonium ion-like transition states, and the
overall effect of these inhibitors is the covalent inactivation of the enzyme by the accumulation of the
glucosyl-enzyme intermediate. Fluorinated heptenitols, with one or two electron-withdrawing fluorine atoms
situated adjacent to the reaction centre, were therefore considered to be potential inactivators of glycosylases.
One advantage of these compounds over 2-fluoro-sugars is that the former can be used to study the effect of

varying the degree of withdrawal of electron density from the reaction centre. Hence difluoroheptenitol
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(F2hept) and monofluoroheptenitol (Fihept) were synthesized, and kinetic studies of these compounds were
carried out using glycogen phosphorylase and B-glucosidase.

Fluoroheptenitols also proved to be useful for structural studies of glycogen phosphorylase. It had
previously been established that glycogen phosphorylase is able to convert heptenitol in the presence of
phosphate to 1-deoxy-heptulose-2-phosphate (Klein et al., 1984). The synthesis of Fohept and Fihept—
compounds that are not turned over by the enzyme as rapidly as heptenitol—assisted collaborators in the UK.,
who performed X-ray structural studies using crystals of the enzyme containing either of the fluoroheptenitols.
These studies yielded insights on the binding of phosphate in the enzyme's active site, studies that could not be

performed with heptenitol.

1.5.3. Studies using derivatives of D-glucal.

An initial aim of this study was to determine whether methylglucal might act as a substrate, or possibly
even an inhibitor or inactivator, of B-glucosidase. If promising results were obtained with the parent compound,
the synthesis of fluorinated derivatives of methylglucal would be attempted, and their effects on the activity of
the enzyme would also be studied to provide more insight into the role of inductive effects on glycal hydration,
or possibly the utility of fluorinated glycals as inhibitors or inactivators.

Another aim of this study was to examine whether o, f-unsaturated glucals, which can act as Michael
acceptors for the nucleophilic residue present in the active site of B-glucosidase, might constitute a new class of
inactivators of this enzyme. 1-Nitroglucal and other o,B-unsaturated glucals [1-cyano-, 1-(methylcarboxylate)-,
sodium 1-(carboxylate)-, and 2-cyano- glucal] were therefore examined as potential inhibitors of B-glucosidase.

Finally, 2-acetamidoglucal (NAGlucal) was used to study the reaction mechanism of the clinically
important enzyme B-N-acetylhexosaminidase (NAGase). Stereochemical studies and other kinetic experiments
were performed on NAGases isolated from jack bean, bovine kidney, and human placenta. The stereochemistry
of the hydrolysis of the commonly used substrate BGICNACPNP (4'-nitrophenyl N-acetyl-B-D-glucosaminide)

was also investigated.
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CHAPTER 2: KINETIC STUDIES USING GLYCOGEN PHOSPHORYLASE

2.1. INTRODUCTION.

2.1.1. Biochemical role in vivo.

Glycogen phosphorylase (o.-1,4-glucan-orthophosphate glucosyl transferase, E.C. 2.4.1.1) plays a key

role in carbohydrate metabolism. It is found in all cell types, from microbial species to the various complex

tissues of higher plants (starch phosphorylase) and mammals. Glycogen phosphorylase catalyzes the reaction

shown below, where the terminal o(1-4) glucosidic linkage at the nonreducing end of a glycogen side chain

undergoes phosphorolysis. The cleavage of the terminal glucosidic bond results in the removal of the terminal

glucose residue as o.-D-glucose-1-phosphate (00G1P), leaving behind a glycogen chain with one less glucose

unit. Although glycogen phosphorylase catalyzes the formation and breakdown of glycogen, its primary

function in vivo is to catalyze the breakdown of glycogen and provide a regulated supply of aG1P.

OH
I HO
O—P—O0O— HO
I HO
. o)
o— Phosphorolysis |
O=—=pP—0—
Synthesis l
OH —
o o
HO OH OH
HO o o
H
° o HO
HO HO
HO glycogen HO glycogen

Scheme 2.1. The reaction catalyzed by glycogen phosphorylase.
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2.1.2. Regulation.

Rabbit muscle glycogen phosphorylase was first isolated and characterized by Cori & Cori (1936).
This enzyme has been studied extensively, and has been shown to be subject to complex regulatory mechanisms.
The activity of this enzyme is carefully controlled by covalent modification (phosphorylation-
dephosphorylation), as well as an allosteric regulatory mechanism (ligand-induced conformational changes).

Glycogen phosphorylase exists in two forms; the less active phosphorylase b and the more active
phosphorylase a. Phosphorylase b is converted to the “a” form by phosphorylase kinase, which phosphorylates
the enzyme at Ser 14 (Fischer & Krebs, 1955). A phosphoprotein phosphatase dephosphorylates the phosphate
ester at Ser 14 in phosphorylase a, thereby converting the enzyme back to phosphorylase b (Wosilait &
Sutherland, 1956).

Phosphorylase b assumes at least two conformations, the catalytically active R-conformation, and the
inactive T-conformation. Phosphorylase b is activated by adenosine-5'-monophosphate (AMP) and is subject to
allosteric inhibition by adenosine-5'-triphosphate (ATP), glucose, adenosine-5'-diphosphate (ADP) and
glucose-6-phosphate (Madsen & Shechosky, 1967). Phosphorylase a exists mainly as the active R-conformer,

and is not subject to allosteric regulation (Madsen & Withers, 1986).

2.1.3. Structural studies.

Glycogen phosphorylase can exist as a tetramer or a dimer in vivo, but the catalytically active R-states
of phosphorylase a or b exist as dimers (Metzger et al., 1967). Each monomer has an M; of 97,444, and consists
of 842 amino acids (Johnson, 1992). The amino acid sequence of rabbit muscle phosphorylase was determined
by Titani et al. (1977). The tertiary structure of the monomer can be divided into N-terminal (residues 1-489)
and C-terminal (residues 490-842) domains. In each domain, approximately 45% and 25% of the amino acid
residues are in a-helical or B-sheet secondary structural elements, respectively.

The X-ray crystal structures of several forms of glycogen phosphorylase have been determined, and
these studies have identified the primary ligand binding sites on the enzyme (Acharya et al., 1991; Sprang &

Fletterick, 1979; McLaughlin et al., 1984). The catalytic site (site C) is located at the centre of the enzyme,
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Figure 2.1. The structure of the glycogen phosphorylase b monomer.

The structure shown is from McLaughlin et al. (1984). a-Helices and B-strands are represented by cylinders and
arrows, respectively. Please see the text for descriptions of the primary ligand binding sites.
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near the boundary between the N-terminal and C-terminal domains (Madsen & Withers, 1986). The active site

consist of the following elements:

1. A highly specific pocket for the glucopyranosyl moiety of the substrate, ®G1P. The inhibitor
glucose also binds here.

2. A phosphate subsite for the binding of the phosphate moiety of aG1P.

3. A cofactor subsite for the binding of pyridoxal-5'-phosphate (PLP). PLP is covalently bound to the
enzyme via a Schiff base with Lys 680. The phosphate group of PLP is adjacent to the phosphate

subsite of the substrate (Madsen & Withers, 1986).

At the entrance to the catalytic site there is an inhibitor binding site (site I) where aromatic inhibitors
such as caffeine, and various nucleosides and nucleotides, bind to the enzyme. About 32 A from site C, near
Ser 14 and close to the subunit-subunit interface, there is an allosteric effector binding site (Site N) where AMP
binds to the enzyme. The glycogen storage site (site G) is located on the surface of the N-terminal domain of the
enzyme. Site G is located about 30 A and 39 A from the catalytic and allosteric effector sites, respectively. The
enzyme attaches to the glycogen particle via site G, and smaller oligosaccharides such as maltoheptaose also

bind strongly to this site (McLaughlin et al., 1984).

2.1.4. General features of the catalytic mechanism.

Phosphorylase is an o-retaining glycosylase, and hence the reaction it catalyzes is thought to involve a
double-displacement mechanism (see Scheme 2.2). The main features of the proposed catalytic mechanism (in
the direction of glycogen synthesis) include: general acid catalysis (to facilitate cleavage of the
glucosyl-phosphate linkage); formation of a glucosyl-enzyme intermediate (either covalently or
electrostatically); and general base catalysis to facilitate nucleophilic attack (by the 4-hydroxyl group of
glycogen's terminal glucose residue) directed against the anomeric centre of the glucosyl-enzyme intermediate.
These features of the reaction, and the experimental support for their occurrence, were reviewed in Chapter 1 of
this thesis. Other important features of the catalytic mechanism of glycogen phosphorylase include the role of

the cofactor, pyridoxal phosphate (PLP), and the fact that the enzyme catalyzes a two-substrate reaction.
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Scheme 2.2, The proposed catalytic mechanism of glycogen phosphorylase.

The flow of electrons is shown for the glycogen synthesis reaction only, but it should be noted that the reaction
is reversible.
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2.1.5. The cofactor pyridoxal phosphate (PLP).

a. Structural and catalytic roles.

One molecule of PLP is present in each phosphorylase monomer. PLP is attached to the enzyme by a
Schiff base involving Lys 680, and this adduct plays an important role in maintaining the quaternary structure of
the enzyme through subunit interactions (Kastenschmidt et al., 1968). PLP also plays an important role during
catalysis. Removal of PLP yields the apo-enzyme, which has no catalytic activity, but catalytic activity can be

restored by reconstitution (Illingworth et al., 1958).

amino acid 681

N o
\ .~
o~ \
o—

amino acid 679

Figure 2.2. The Schiff base formed between Lys 680 and the cofactor pyridoxal phosphate (PLP).

In the proposed reaction mechanism of phosphorylase, the 5' phosphate group of PLP is believed to act
as either a Brgnsted acid catalyst (Klein et al., 1982, 1984; Palm et al., 1990) or as an electrophile, with the
5' phosphate of PLP remaining in the di-anionic form throughout the course of the reaction (Withers et al., 1982)
(see Schemes 2.3 and 2.4 for the mechanistic details of how PLP might act as an acid catalyst or as an
electrophile, respectively). Although researchers agree that PLP plays a crucial role during phosphorylase
catalysis, there is a lack of agreement on the precise details of the role this cofactor plays during the reaction

mechanism.
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Scheme 2.3. The proposed role of the phosphorylase cofactor PLP as a Brgnsted acid catalyst.

Adapted from Palm et al. (1990).
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b. The proposed role of PLP as a Brgnsted acid catalyst.

In this proposal, the phosphate group of PLP acts as a proton donor and acceptor, as shown in Scheme
2.3 (Helmreich, 1992; Palm et al., 1990). When the reaction proceeds in the direction of glycogen synthesis, the
phosphate group of PLP first acts as an acid catalyst and protonates aaG1P. This protonation event facilitates
cleavage of the glucosidic bond, which in turn facilitates the general base-catalyzed attack against the
glucosyl-enzyme intermediate by the 4-hydroxyl group of the terminal glucosyl residue of the glycogen particle.

When the reaction proceeds in the direction of glycogen phosphorolysis, the phosphate group of PLP
protonates the bound phosphate substrate, which in turn protonates the glucosidic linkage at the terminal
glucosyl residue of the glycogen particle. The phosphate group of PLP subsequently acts as a base catalyst that
facilitates nucleophilic attack against the glucosyl-enzyme intermediate by phosphate. This mechanism

probably involves oxocarbonium ion-like transition states (Helmreich, 1992).

¢. The proposed role of PLP as an electrophile.

An alternative proposal for the role of the phosphorylase cofactor PLP is that this moiety acts as an
electrophilic catalyst (reviewed in Madsen & Withers, 1984, 1986). This proposal states that in the active
ternary complex the geometry of the 5' phosphate of PLP is distorted (by basic amino acid side chains) into a
trigonal pyramidal configuration, with an empty apical position oriented towards the substrate phosphate (see
Scheme 2.4). The interaction of the substrate phosphate with this PLP electrophile labilizes the glucosidic bond
via the transient formation of a partial pyrophosphate bond. In the proposed mechanism the transition state

involves both oxocarbonium ion-like sugar and trigonal bipyramidal phosphate species.

2.1.6. Glycogen phosphorylase catalysis as a rapid equilibrium, bireactant system.
Initial-rate, binding, and inhibition studies, as well as studies of isotopic exchange at equilibrium, have
all demonstrated that glycogen phosphorylase is a two-substrate enzyme with a rapid equilibrium, random bi-bi

reaction mechanism (Engers et al., 1969, 1970; Gold et al., 1970; Maddaiah & Madsen, 1966) (see Scheme 2.5).
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Scheme 2.4, The proposed role of the phosphorylase cofactor PLP as an electrophile.
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\ /N s

Scheme 2.5. The rapid equilibrium, random bi-bi mechanism for glycogen phosphorylase.

Adapted from Engers et al. (1969). The symbols are defined as follows:

E = Enzyme E-Gp—-GP = ternary complex
E-Gp = Enzyme-glycogen complex E-Gn+1)P = ternary complex
E-GP = Enzyme-0GI1P complex E-P = enzyme—-phosphate complex

In the glycogen synthesis direction of the proposed reaction mechanism, glycogen phosphorylase first
binds to either one of its two substrates (Gp or GP in Scheme 2.5). Either of these two binary complexes may
then bind to the remaining substrate. The result is a ternary complex (E-Gp—GP in Scheme 2.5) that may be
formed randomly in either of the two pathways shown (on the left-hand side of Scheme 2.5).

In the opposite direction—glycogen phosphorolysis—the enzyme first binds either of its two substrates
(G(n+1) or P in Scheme 2.5), and then either of these two binary complexes may bind to the remaining substrate.
The result is a ternary complex (E-G(n+1)—P in Scheme 2.5) that may be formed randomly in either of the two
pathways shown (on the right-hand side of Scheme 2.5).

Both of the ternary complexes (i.e., formed from either direction) are interconvertible (see Scheme 2.6),
and this interconversion is the rate-limiting step of the reaction. The fact that the isomerization of the ternary

complex is rate-limiting indicates that this step is slow compared with the formation of the product. However,
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no product may be formed until after the ternary complex has formed. To simplify matters, in most kinetic
studies (including those reported herein) one of the substrates (e.g., glycogen) is kept at saturating

concentrations, and under these conditions the model reduces to a single-substrate system.

glycogen

Synthesis mode

Phosphorolysis mode

Scheme 2.6. Schematic representation of the ternary complexes of glycogen phosphorylase.

The two modes of glycogen binding are mutually exclusive. Circles represent glucosyl residues. Other symbols
are defined in Scheme 2.5. Adapted from Segel (1975).
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2.2. THE AIMS OF THIS STUDY.

Glycogen phosphorylase is known to be extremely specific for its substrate, and very few substrate
analogues have been found that are turned over by this enzyme. One such substrate analogue is heptenitol (see
Chapter 1 of this thesis). Heptenitol acts as a substrate analogue for glycogen phosphorylase exclusively in the
degradation reaction (McLaughlin et al., 1984).

As was mentioned in the first Chapter, 2-deoxy-2-fluoroglycosides with the appropriate anomeric
configuration rapidly inactivate B-retaining glycosidases, and these compounds also partially inactivate some
a-glycosidases (Withers et al., 1988). Fluorinated heptenitols, with one or two electron-withdrawing fluorine
atoms situated adjacent to the reaction centre, were therefore considered to be potential inactivators (irreversible
inhibitors) of glycosylases. One advantage of these compounds over 2-deoxy-2-fluoro sugars is that the former
can be used to study the effect of varying the degree of withdrawal of electron density from the reaction centre,
while maintaining interactions between the 2-hydroxyl of the sugar and the enzyme. Hence difluoroheptenitol
(Fahept), (2.1), and monofluoroheptenitol (Fihept), (2.2), were synthesized, and kinetic studies of these
compounds were carried out using two glycosylases, glycogen phosphorylase and B-glucosidase. The results of

the kinetic studies performed with B-glucosidase will be discussed in Chapter 3.

OH OH
HO HO
HO o HO o
F F
[2.1] [2.2]

The fluorinated heptenitols studied herein have the same basic structure as heptenitol, except that one or
both of the vinylic hydrogens is replaced by fluorine. These fluorinated heptenitols were therefore expected to
bind to the active site of glycogen phosphorylase. One or both of these fluoroheptenitols might act as a

substrate of phosphorylase (which would be expected if both glycosylation and deglycosylation of the enzyme
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were rapid). If either of the fluoroheptenitols acted as a substrate, the influence of inductive effects on the
reaction mechanism could be studied.

Alternatively, one or both of these fluoroheptenitols might act as an irreversible inhibitor (inactivator)
by forming a covalent glucosyl-enzyme intermediate (which would be expected if the rate of glycosylation
exceeded the rate of deglycosylation), or act as a reversible inhibitor. Enzyme inhibitors are useful for studies of
reaction mechanisms, and often yield insights into the nature of the binding interactions between the inhibitor
and the active site. Such information may be obtained from kinetic or structural studies (e.g., X-ray
crystallography). Fluorinated inhibitors are especially useful in enzyme kinetic studies because fluorine
substitution provides an active-site probe for the spectroscopic analysis of trapped glycosyl-enzyme
intermediates (e.g., by 19F NMR). If either of the fluoroheptenitols acted as an inhibitor, then a stable analogue
of heptenitol (one that is not tumed over) would be particularly useful for X-ray structural studies of the

phosphorylase-inhibitor complex.

2.3. RESULTS AND DISCUSSION.

2.3.1. Syntheses of fluorinated heptenitols.

Fohept was synthesized using a procedure that was briefly described by Motherwell et al. (1989). The
first step in this procedure is a Wittig-type reaction using persilylated glucono-1,5-lactone (2.3) (see Scheme
2.7). Fphept was obtained by selective reduction of the appropriately persilylated Fohept derivative (2.5) using
Red A1® [sodium bis(2-methoxyethoxy) aluminum hydride] according to the procedure of Hayashi et at. (1979).

The original, briefly described procedure of Motherwell et al. (1989) for the difluoromethylenation of
persilylated glucono-1,5-lactone (2.3) involves refluxing the starting material (in anhydrous THF) together with
5 equiv. of each of the following reagents: (i) tris(dimethylamino)phosphine (HMPT, [Me;N]3P);
(ii) dibromodifluoromethane (CFBry); and (iii) zinc dust. Unfortunately, there are serious problems associated
with this procedure. It requires the use of the toxic reagent HMPT, and a byproduct of the reaction is the oxide
(MeoN)3PO (HMPA, hexamethyl phosphoramide), one of the most potent carcinogens known. The reaction is

also plagued by variable and generally poor yields (Houlton et al., 1993).
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Scheme 2.7. The syntheses of Fohept and Fqhept.




Professor Motherwell's research group has recently published a complete, detailed experimental
protocol for the difluoromethylenation of persilylated carbohydrates such as 2.3 (Houlton et al., 1993). The
authors attributed the poor reproducibility and low yields of the original version of this procedure (Motherwell et
al., 1989) to the use of a heterogeneous system employing zinc dust, which may lead to the decomposition of
reaction intermediates.

The deprotection of 2.4 to yield the desired product, Fahept (2.1), presented several problems.
Regardless of whether Me4NF or BuyNF was used to effect the deprotection, it was found that Fohept
co-migrated with the tetraalkylammonium salt during TLC analysis. The tetraalkylammonium salt could not be
removed even after repeated column chromatography (27:2:1 ethyl acetate:methanol:water) of the deprotection
reaction mixture.

Several cation-exchange resins were then examined to see if they could remove the tetra(n-butyl)-

ammonium ion and allow for the purification of Fohept. These resins (and their counterions) were:

1. Dowex®50WX;,  (Na%) 5. Dowex® MR-3X8  (Li*, ~OH)
2. Biorex® 70 (Nat) 6. Dowex® 50WX 5,  (LiH)
3. Dowex® 50 WX, (Na*) 7. Dowex® 50 WX,  (Lit)

4, Amberie® IR 120  (Li%)

Of the resins examined, only #6 and #7, i.., those containing the lithium salt form of Dowex® 50WX,
were able to remove the tetra(n-butyl)ammonium ion and allow for the purification of Fohept. Resin #7,
Dowex® 50 WX, (Li*), gave the best results of the resins examined, and after cation-exchange, the LiF salt
could be easily removed from the crude deprotection reaction mixture by subsequent column chromatography
using silica gel.

Difluoroalkenes can be selectively reduced to monofluoroalkenes using the procedure of Hayashi et al.
(1979). They found that monofluorinated alkenes (such as 1-fluoro-1-octene and 2-fluoro-1-phenylethene)
could be successfully prepared from the corresponding difluorinated derivatives using Red Al® [sodium

bis(2-methoxyethoxy) aluminum hydride] as a reducing agent. Hayashi et al. (1979) found that the strong
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reducing agent LiAlH4 was nevertheless sluggish and impractical for use in these reactions. Unfortunately, it
was found that the difluoroheptenitol derivative 2.4 could not be used as a starting material for the selective
reduction reaction because the trimethylsilyl protecting groups were unstable under the reaction conditions, It
was therefore necessary to explore the use of alternative protecting groups. Triethylsilyl and t-butyldimethylsilyl
ethers are about 100 and 10,000 times more stable than trimethylsilyl ethers, respectively (Greene & Wuts,
1991), thus these groups were suitable candidates. Unfortunately, all attempts to persilylate glucono-1,5-lactone
with TBDMS chloride were unsuccessful, and if glucono-1,5-lactone was first persilylated with Et3SiCl, the
difluoromethylenation reaction (i.e., analogous to 2.3 — 2.4) was unsuccessful. It was therefore necessary to
proceed as shown in Scheme 2.7, first synthesizing the TMS-protected difluoroheptenitol, then replacing the
protecting groups.

The purified persilylated Fhept (2.6) yielded only one spot after TLC. However, NMR spectroscopy
(1 and 19F) showed that two isomers of persilylated F1hept were formed in a ratio of 28:1 (from the ratio of
integrated H-1 resonances in the 1H NMR spectra). The spectral (1H, 13C, and 19F NMR as well as MS) data
for the major isomer (trans Fihept and its persilylated precursor) are reported in the Materials and Methods
Section.

The selective reduction of difluoroalkenes to monofluoroalkenes using the procedure of Hayashi et al.
(1979) generally yields a mixture of the trans (major) and cis (minor) isomers. Hayashi et al. (1979) found that
although the ratio of trans and cis isomers varied, they obtained substantial amounts (= 20% of the product) of
the cis isomer in each of the reactions studied, except for the synthesis of 2-fluoro-1-phenylethene, where only
7% of the product was the cis isomer. Hence it was noteworthy that the synthesis of F1hept yielded only 3.5%
of the product as the cis isomer.

In most cases the stereochemistry of monofluoroalkenes can be easily identified by the value of the
19F or 1H NMR coupling constant, 3Jy p. The 3Jiy F values for fluorine and vicinal vinylic hydrogens are 40
and 20 MHz for trans and cis coupling, respectively (Gordon & Ford, 1972). However, the fluorine atom in
Fihept lacks a vicinal hydrogen, and hence it was impossible to use 3JH,F values to determine the

stereochemistry of Fihept.
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2.3.2. The stereochemistry of Fihept.

a. The trans and cis isomers of F jhept.

The trans and cis isomers of Fjhept are shown below:

cis

Various NMR experiments were performed in order to confirm the stereochemistry of the major isomer

of F1hept.

b. 13C NMR experiments.

In the 1H-decoupled, 13C NMR spectrum of TBDMS-protected Fahept (2.5, see Scheme 2.7), C-1 and
C-2 each resonated as a doublet of doublets, and the multiplicity of these resonances arose from coupling with
the two fluorine atoms. There was one other doublet in the spectrum (at 8 = 66.9 ppm, J = 2 Hz), and this
resonance was assigned to C-3, the multiplicity presumably arising from trans allylic coupling with one of the
fluorine atoms (see Fig.2.3a). The other resonances in the !H-decoupled, 13C NMR spectrum of
TBDMS-protected Fohept were singlets (see the Materials and Methods Section for detailed analytical data).

In the 'H-decoupled, 13C NMR spectrum of TBDMS-protected Fihept (2.6, see Scheme 2.7) C-3
resonated at 8 = 65.2 ppm as a singlet (see Fig. 2.3b and Materials and Methods). It is known that the coupling
constant arising from trans allylic coupling between a fluorine atom and a carbon atom in a given molecule is
greater than the coupling constant that would arise from cis allylic coupling between two such atoms in the same

allylic moiety of the molecule in question (or a structurally related molecule) (Gaudemer, 1977). The absence of



47

(a) (b)

e Mo

lllllllllllllilll LI N U L O O O

68 66 66 64

o (ppm)

Figure 2.3, 13C NMR determination of the stereocheniistry of the major isomer of Fihept.

75 MHz, 1H-decoupled, 13C NMR spectra were obtained using the samples (in CDCl3) indicated below. Only
the relevant regions of the spectra are shown, which contain the signal attributable to C-3 as indicated below.

(a) TBDMS-protected Fahept: (8 = 66.9 ppm, d, J = 2 Hz, C-3).
(b) TBDMS-protected Fyhept: (5 = 65.2 ppm, 5, C-3).
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coupling in the C-3 resonance (8 = 65.2 ppm) in the 13C NMR spectrum of TBDMS-protected F1 hept ruled out
a trans allylic relationship between the fluorine atom and C-3, for if this was the case, a doublet would have
been observed. Hence the geometric relationship between the fluorine atom and C-3 in Fphept is cis, and

therefore O-5 is trans with respect to the fluorine atom.

¢. An NOE experiment on TBDMS-protected F 1 hept.

The nuclear Overhauser effect (NOE; reviewed in Derome, 1988) frequently yields information on the
internuclear distance between atoms. When an NOE experiment on TBDMS-protected Fhept was performed,
no enhancement of the vinylic hydrogen (H-1) signal (at & = 6.8 ppm) was observed when the H-3 signal (at
5 =4.57 ppm) was irradiated, and vice versa (note that only one peak of the doublet attributable to the vinylic
hydrogen could be irradiated at a time due to the magnitude of the coupling constant, J1 3 = 80 Hz). This result
indicated that the vinylic hydrogen and H-3 are not very close to each other. These two hydrogens are most
likely trans with respect to each other, and hence O-5 is most likely trans with respect to F-1. This result agreed
with the 13C NMR data that showed that the predominant isomer of Fihept was the trans isomer. However, the

absence of an NOE does not provide definitive proof for the stereochemistry of a molecule.

d. 1H and 19F NMR experiments.

The 1H NMR spectrum of Fj hept provided compelling evidence for the stereochemistry and abundance
of the major (¢rans) and minor (cis) isomers of this compound. Two doublets attributable to H-1 were observed
in this spectrum; one each at § = 7.02 and 6.58 ppm, with integration ratios of 28:1, respectively. The more
abundant H-1 signal was downfield (8 = 7.01 ppm) relative to the less abundant H-1 signal (8 = 6.58 ppm). An
exhaustive compilation of experimental data obtained from olefinic compounds (see Table 5 of Gaudemer,
1977) has shown that an olefinic proton that is cis to an O-alkyl group resonates downfield from an olefinic
proton that is trans to the same O-alkyl group. Hence the H-1 atom of the major isomer must have been cis to
the oxygen atom of the sugar ring, which is exactly what one would expect if the major and minor isomers were

trans and cis, respectively.
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The !9F NMR spectrum of Fyhept also provided evidence for the stereochemistry of the major (frans)
and minor (cis) isomers of this compound. Two doublets attributable to F-1 were observed in this spectrum; a
minor doublet at & = -163.78 ppm and a major doublet at § = -169.71 ppm. Here the less abundant F-1 signal
was downfield (8§ = -163.78 ppm) relative to the more abundant F-1 signal (8 = -169.71 ppm). Hence the F-1
atom of the minor isomer must have been cis to the oxygen atom of the sugar ring, which again is exactly what
one would expect if the major and minor isomers were frans and cis, respectively.

The above results are consistent with the assignment of !H and 19F NMR signals arising from
stereoisomeric H-1 and F-1 atoms in the cis (2.7) and frans (2.8) monofluoroalkenes shown below (Houlton et
al,, 1993). In the cis isomer (2.7), a compound whose stereochemistry has been determined by X-ray
crystallography, the vinylic H-1 and F-1 atoms give rise to NMR signals of § = 6.37 and -160 ppm in the 1H and
19F spectra, respectively (Houlton et al., 1993). However, in the frans isomer (2.8), the vinylic H-1 atom gives
rise to a signal of 8 = 7.00 (downfield from & = 6.37 ppm) in the 1H NMR spectrum, and the vinylic F-1 atom
gives rise to a signal of & = -177.4 (upfield from & = -160 ppm) in the 19F NMR spectrum (Houlton et al., 1993).
These data are what one would expect based on the geometric relationship of the stereoisomeric H-1 and F-1

atoms to the ring oxygen.

F H
=72
O\)""" O
2y”>

°>,° [2.8] (trans)
",

2.3.3. Substrate and inactivation tests using Fahept.

Fhept was tested as a substrate of phosphorylase b in the glycogen phosphorolysis reaction. In this
experiment, 17 mM Fahept was incubated with 100 mM KCl, 1 mM EDTA, 1 mM DTT, 50 mM triethanolamine
hydrochloride (pH 6.8), 1% glycogen, 5 mM orthophosphate, 1.5 mM AMP, and 0.6 mg of enzyme. After five

days at room temperature there was no detectable turnover of Fahept as measured by TLC and !9F NMR.
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The substrate test was run in parallel with a control reaction without Fohept but otherwise containing
the same reaction components. During the course of the above test, small aliquots (10 pL) were removed from
the substrate test and the control reaction, and then added to fresh tubes, each of which contained 0.500 mL of a
reaction mixture containing a saturating concentration (16 mM) of aG1P, 1 mM AMP, 1% glycogen, 100 mM
KCl, 1 mM EDTA, 1 mM DTT, and 50 mM triethanolamine hydrochloride (pH 6.8). Initial reaction rates were
then assayed in the direction of glycogen synthesis as described (Engers et al., 1970). No significant decrease in
phosphorylase activity was observed over 5 days when the results obtained using aliquots from the substrate test

were compared with those from the parallel control reaction.

2.3.4. Inhibition studies using Fohept and Fphept.

Inhibition studies were performed using phosphorylase acting in either direction of the reaction. In the
glycogen synthesis direction, the experiments were performed using a constant concentration (1%) of glycogen,
5 different concentrations of aG1P, and 4-5 different concentrations of the inhibitor (as well as in the absence of
the inhibitor). About 2.5 g of phosphorylase b (from rabbit muscle) was used in each reaction. The exact
reaction conditions are given in the legends to Figs. 2.4 and 2.5. A standard assay (Engers et al., 1970) was used
to determine the amount of inorganic phosphate released during the reaction.

When the data for Figs. 2.4a and 2.5a were plotted as double-reciprocal or Dixon plots, curved lines
were obtained, indicating that the fluoroheptenitols bind to and stabilize the T-state conformation of
phosphorylase. Straight lines were obtained from Hill plots (In[v/(Vpyax — V)] vs. In[S]) with both inhibitors
(Figs. 2.4a and 2.5a). The values of the inhibition constants were determined from replots of the apparent K,
values (Km app) versus the inhibitor concentrations (Figs. 2.4b and 2.5b). Fahept and Fihept both acted as
competitive inhibitors of phosphorylase. These conclusions were based on the fact that for both compounds—
over the range of inhibitor concentrations studied—the Vi, 55 was constant, while the Ky, value showed an
apparent increase of a factor of (1+ [I)/K;) (Segel, 1975). The K; values of Fohept and Fy bept for the glycogen
synthesis reaction were 4.9 + 0.4 and 4.0 + 0.4 mM, respectively. The values of the kinetic parameters for these

compounds and other substrates and inhibitors of phosphorylase are summarized in Table 2.1.
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Figure 2.4. Kinetic parameters for the inhibition by Fahept of phosphorylase-catalyzed glycogen synthesis.

(a) Hill plots used to determine Km, app for the inhibition by Fahept of phosphorylase b-catalyzed utilization of
oG1P. Reactions (0.500 mL) were performed at 30 °C and contained 100 mM KCl, 50 mM TEA-HCI (pH
6.8), 1 mM EDTA, 1 mM DTT, 1 mM AMP, 1% glycogen, and 2.5 pug of rabbit muscle phosphorylase b.
Initial rates for the 5-min reactions were determined using a standard phosphate assay (Engers et al., 1970).
The concentrations of Fohept in the reactions were O {+}, 3.0 {0}, 6.0 { e}, 10 {O0}, and 20 {H} mA.

(b) A replot of data obtained from panel (a) in order to estimate the value of the Kj by visual inspection. The
following values of Km app Were determined from panel (a): 2.6, 4.1, 5.5, 7.1, and 13 mM.
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Figure 2.5. Kinetic parameters for the inhibition by Fihept of phosphorylase-catalyzed glycogen synthesis.

(a) Hill plots used to determine K, app for the inhibition by F)hept of phosphorylase b-catalyzed utilization of
oG1P. Reactions were performed as described in Fig. 2.4 except that the concentrations of Fyhept in the
reactions were 0 {+}, 0.60 {0}, 1.2 (e}, 4.0 {(J}, 8.0 (M}, and 12 {2} mM.

(b) A replot of data obtained from panel (a) in order to estimate the value of the K;j by visual inspection. The
following values of Km app Were determined from panel (a): 3.3, 3.7, 4.5, 6.0, 8.7, and 13 mM.
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Figure 2.6. The inhibition by fluoroheptenitols of phosphorylase-catalyzed glycogen phosphorolysis.

Initial rates were measured by quantitating the reduction of NADP spectrophotometrically (Engers et al., 1969).
Reactions (0.205 ml., 30 °C, and pH 6.8) contained 0.15 pg of rabbit muscle phosphorylase b, 35 mM
imidazole, 20 mM sodium glycerophosphate, 10 mM Mg(OAc);, S mM DTT, 1 mM EDTA, 1 mM AMP, 0.5%
glycogen, 1 mM BNADP, 15 U/mL phosphoglucomutase, and 3.4 U/mL of glucose-6-phosphate dehydrogenase.

(a) Inhibition by Fohept. The concentrations of Fohept in the reactions were 0, 0.83, 3.3, 8.3, 11.2, and 16.5 mM.
(b) Inhibition by F1hept. The concentrations of Fyhept in the reactions were 0, 2.4, 4.9, 9.8, 17.1, and 24.4 mM.
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Table 2.1. Dissociation constants of fluoroheptenitols and substrates with phosphorylase b.

K;or Ky, (mM)

Compound Reference
glycogen synthesis glycogen phosphorolysis

Fahept 49+04 ~2.8 this work
F1hept 40104 ~0.9 ibid.

oG1P 1.5 — Engers et al., 1969
D-glucose 20 — Street et al., 1986
heptenitol — 4.3(2) Klein et al., 1986
orthophosphate — 1.10) Engers et al., 1969

Except as noted in (b) below, data were obtained from reactions with 1 mM AMP and a saturating concentration
of glycogen (1%).

(a) Obtained using arsenate in lieu of phosphate.
(b) A value of 15 mM was obtained with 1 mM AMP and a nonsaturating concentration of glycogen.

"Range-finding" (or approximate) K; values (RF K; values) for Fohept and Fihept were determined for
the glycogen phosphorolysis reaction (Fig. 2.6). In these experiments, initial rates were determined using a
single concentration of the substrate orthophosphate (21 mM), and 5 different inhibitor concentrations (as well
as with no inhibitor). As before, glycogen was present in all phosphorolysis reactions at a saturating
concentration (1%). Initial rates were determined using a phosphoglucomutase/glucose-6-phosphate
dehydrogenase coupled assay (Engers et al., 1969). The approximate K; values for Fohept and Fyhept were
determined from the appropriate Dixon plot (1/v vs. [I]) (Fig. 2.6).

The linear plots obtained in this case (Fig. 2.6) suggest that in the presence of orthophosphate, Fyhept
and Fy hept were able to bind to the R-state conformation of the enzyme. Similar behaviour has been observed
previously with glucono-1,5-lactone and nojirimycin tetrazole (Gold et al., 1971; Withers & Rupitz, unpublished

results). The approximate K; values for Fohept and Fihept were 2.8 and 0.9 mM, respectively, for the glycogen
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phosphorolysis reaction. The dissociation constants (K; or Km) of the fluoroheptenitols, their parent compound
(heptenitol), and other substrates in either direction of the reaction catalyzed by phosphorylase b are given in
Table 2.1.

The monosaccharides listed in Table 2.1 all exhibited similar affinities for the enzyme's active site G.e.,
K; or K, values in the 5 mM range). These monosaccharides have closely related glycone moieties (glucose or
gluco-heptenitol structures), but quite different aglycone moieties. However, the monosaccharides listed in
Table 2.1 all have aglycone moieties that are either negatively charged (e.g., the phosphate moiety in 0G1P), or
uncharged but electron-rich (e.g., C=C moiety in the heptenitols). This suggests that there must be one or more
positively charged (or electron-accepting) amino acid side chains adjacent to the anomeric carbon atom of the

monosaccharide substrate (or inhibitor) in the enzyme's active site.

2.3.5. X-ray crystallographic studies.

X-ray crystallography has been used to study the binding of heptenitol (and heptulose-2-phosphate) by
glycogen phosphorylase b (Hajdu et al., 1987; Johnson et al., 1990), and these studies have yielded insights into
the catalytic mechanism of the enzyme. As an example, the high-resolution crystal structure of the
heptulose-2-phosphate-enzyme complex provided considerable experimental support for the "proton transfer”
role of the cofactor PLP (McLaughlin et al.,1984; see also Johnson et al., 1990).

Another example of the utility of X-ray crystallographic studies is the work of Hajdu et al. (1987), who
used a synchrotron radiation source and fast data-collection techniques to "observe" the progress of the catalytic
conversion of heptenitol to heptulose-2-phosphate in crystals of phosphorylase b. Their objective was to detect
the transient accumulation of a ternary complex (involving the enzyme, heptenitol, and phosphate) prior to the
formation of the product (heptulose-2-phosphate). They did indeed obtain data indicating occupancy of the
phosphate-binding site, as well as occupancy of the sugar-binding site, at early stages of the reaction.
Occupancy of the phosphate-binding site increased with time, and its electron density eventually became
contiguous with that of the reaction centre on the sugar, consistent with the formation of the product,
heptulose-2-phosphate. However, the enzyme has a much higher affinity for the product, heptulose-2-phosphate

(K; = 14 uM; Klein et al.,1984), than for phosphate (K; = 15 mM for AMP-activated phosphorylase; Engers
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etal,, 1969). It is therefore debatable whether the crystal structure observed at the early stages of the reaction in
question represents a ternary complex (involving the enzyme, heptenitol, and phosphate) or a mixture of two
binary complexes: (i) the enzyme and heptenitol, as well as (ii) the enzyme and heptulose-2-phosphate (Hajdu
et al., 1987).

Hence even with the fastest available X-ray crystallographic data-collection methods, it is still
necessary to reduce the phosphorylase reaction rate as much as possible in order to detect phosphate bound in
the enzyme's active site (i.e., prior to the formation of any product). Part of the reason for this is that the
rate-limiting step in data accumulation is the diffusion of the ligands into the crystal. Thus it is necessary to
reduce the reaction rate to below the rate of diffusion of small ligands into the crystal. The use of fluorinated
heptenitols proved to be especially useful for this purpose. The results of the kinetic studies reported herein
showed that fluoroheptenitols are not turned over by the enzyme. Furthermore, it is known that in the absence of
heptenitol, phosphate alone cannot bind in the active site of phosphorylase b (E. Duke, pers. comm.). However,
from the data discussed below, it appears that the binding of F1hept promotes the binding of phosphate, and
allows for the detection of phosphate bound in the active site, since in this case there is no detectable formation
of a product.

X-ray crystallographic studies of each of the fluoroheptenitols bound at the active site of glycogen
phosphorylase b were carried out in collaboration with Dr. E. Duke and Prof. L. N. Johnson of the Laboratory of
Molecular Biophysics at Oxford University. Crystals of T-state phosphorylase b were soaked in a solution of
50 mM fluoroheptenitol, 50 mM phosphate, 10 mM Mg(OAc)2, 2.5 mM AMP, in 10 mM BES-NaOH, pH 6.7.
Each crystal was soaked for a minimum of 30 min to allow for diffusion of the ligands into the crystal.

The three-dimensional electron-density map of the phosphorylase-F hept co-crystal showed a weak but
readily detectable region of electron density attributable to the binding of phosphate (Fig. 2.7a). Phosphate was
bound in a region of the active site directly below (i.e., on the a-face of) the sugar ring of Fhept, close to the
flyorine atom of F1 hept and also adjacent to the 5' phosphate of the cofactor PLP (Fig. 2.7a). The structural data
from the phosphorylase-F1hept co-crystal agree with the results of mechanistic studies which postulated that the

bound substrate phosphate and the 5' phosphate of PLP are very close together in the active site of
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Figure 2.7. The structure
of Fibept or F2hept bound
in the active site of
glycogen phosphorylase b.

Co-crystals of T-state
glycogen phosphorylase b
and either Fphept (a) or
Fahept (b) were prepared
as described in the text.
Data were collected to
2.3 A resolution by Dr. E.
Duke in Prof. L. N.
Johnson's laboratory at
Oxford. Contours of
electron density are
indicated.

(a) F1hept—phosphorylase.
Electron density for
phosphate was observed
below the sugar ring. This
perspective of the
structure does not permit a
clear view of the oxygen
atom of the C-4 hydroxyl

group.

®) thept—phosphorylase.
No electron density for
phosphate was observed.
For the purpose Of
comparison only, this
electron density map
shows the location of the
phosphate bound in the
phosphorylase—Flhept
co-crystal.
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Asn 284

Difluoroheptenitol : cyan

Monofluoroheptenitol : yellow

Figure 2.8. Composite electron-density map of fluoroheptenitols bound in the active site of phosphorylase b.

This electron density map is a composite of two separate maps of either F1hept (yellow) or Fahept (blue) bound
in the active site of T-state glycogen phosphorylase b (see Fig. 2.7). The electron density attributable to
phosphate is from the F1hept-phosphorylase co-crystal only.
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phosphorylase, and that their interaction with each other is the major source of the catalytic power of the enzyme
(Helmreich, 1992; Madsen & Withers, 1984, 1986; Palm et al., 1990).

The three-dimensional electron-density map of the phosphorylase—Fahept co-crystal did not show any
region of electron density attributable to the binding of phosphate in the active site (Fig. 2.7b). For the purpose
of comparison, this electron density map shows the location of the phosphate bound in the phosphorylase—
Fyhept co-crystal, but it is clear that in the same region of the electron density map of the phosphorylase—Fahept
co-crystal there is no corresponding electron density (compare the electron-density contours of Figs. 2.7a and
2.7b in this region). It may be that the presence of two electron-rich fluorine atoms at the C-1 position of a
heptenitol derivative bound at the active site destabilizes the enzyme-substrate interactions necessary for the
binding of a negatively charged phosphate immediately adjacent to these fluorine atoms.

Both Fyhept and Fzhept bound to the same location in the active site of phosphorylase b as heptenitol,
and all three heptenitols appeared to exploit the same binding interactions with the same amino acid residues of
the enzyme (Fig. 2.8; see also McLaughlin et al., 1984 for the binding of heptenitol in the enzyme's active site).
Extra lobe(s) of electron density representing the fluorine atoms were evident (Figs. 2.7-2.8). When the electron
density maps of the fluoroheptenitol-enzyme co-crystals were compared with that of the enzyme alone, it
appeared that the position of the Asn 284 side chain had moved slightly in order to accommodate the fluorine
atom(s) in each case (E. Duke, pers. comm.).

Interestingly, closer examination of the structures shown in Fig. 2.8 suggested that the two bound
sugars adopted different conformations. Fphept appeared to bind in a full-chair conformation, as had been found
previously for heptenitol (Hajdu et al., 1987), whereas Fohept appeared to adopt a structure resembling a half
chair (E. Duke, pers. comm.). However, the resolution of the data (2.3 A) is insufficient to place much
confidence in these interpretations.

Only one isomer (trans) of Fhept was observed in the X-ray structure of the phosphorylase-F1hept
co-crystal, as evidenced by the single lobe of electron density due to fluorine at C-1 (see Fig. 2.7a). Prior to the

X-ray crystallographic studies, analytical data for F1hept already had indicated the formation of one major
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(>96%) isomer. The results of various NMR experiments (reported earlier in this chapter) indicated that the

major isomer was trans Fihept, and hence the X-ray crystallographic and NMR results were in good agreement.

2.4 CONCLUSIONS.

The 'H NMR spectrum of Fihept showed that the major (>96%) isomer formed during the selective
reduction of Fahept was the trans isomer, and that a minor (<4%) but detectable amount of the cis isomer was
also formed. The assigned stereochemistry of the major isomer of Fyhept was confirmed by 1H, 1H NOE, 13C,
and 19F NMR experiments.

Both Fyhept and Fhept were found to be competitive inhibitors of phosphorylase, binding to the active
site in the absence of phosphate and stabilizing the (inactive) T-state of the enzyme, as seen with glucose
analogues (Martin et al., 1991; Street et al., 1986).

The binding constants of Fohept, F1hept and a.G1P in the glycogen synthesis direction are all similar
(1-5 mM; see Table 2.1). The inhibition constants of Fohept, F1hept and heptenitol in the glycogen
phosphorolysis direction are also similar (1-4 mM; see Table 2.1). These results indicate that fluorine
substitution did not significantly affect the affinity of the enzyme for the heptenitol derivatives under study.

As was discussed in Chapter 1, heptenitol acts as a "suicide substrate” for phosphorylase in the
glycogen degradation reaction. Heptenitol is rapidly turned over by the enzyme to form 1-deoxy-D-gluco-
heptulose-2-phosphate, which acts as a tight-binding inhibitor (Klein et al., 1984). Given that heptenitol and
F2hept possess similar affinities for glycogen phosphorylase b, the inability of Fohept to act as either a substrate
or an inactivator must be due to a very slow rate of hydration (k1). This slow rate of hydration of Fahept is
probably attributable to the inductive effect of the electron-withdrawing fluorine atoms at the C-1 position,
which would destabilize any development of positive charge at the reaction centre. Hence the kinetic results are
in agreement with the proposal that the reaction mechanism of phosphorylase involves oxocarbonium jon-like
transition states.

The synthesis of fluoroheptenitols also proved to be a valuable contribution to X-ray crystallographic

studies of glycogen phosphorylase carried out by collaborators in Great Britain. These studies yielded important
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insights into the binding of phosphate in the enzyme's active site. In particular, they provided the first proof that
a heptenitol derivative and phosphate can bind simultaneously, something which was not clear from earlier work
performed with heptenitol (due to conversion to the product). Phosphate was bound in a region of the active site
directly below (i.e., on the a-face of) the sugar ring of trans Fihept, close to the fluorine atom and also adjacent
to the 5' phosphate of the cofactor PLP (see Fig. 2.7a). Both trans F1hept and Fohept bound to the same location
in the active site of phosphorylase b as heptenitol, and all three heptenitols appeared to exploit the same binding
interactions with the same amino acid residues of the enzyme. Finally, the assigned stereochemistry of the
major isomer of Fihept (tfrans) was confirmed by the results of the X-ray crystallographic studies of the
F1 hept-phosphorylase co-crystal.

Since fluoroheptenitols possess no anomeric configuration, they may also prove useful for kinetic and
structural studies of other a- or B-glucosyl mobilizing enzymes. These fluoroheptenitols might act as reversible
or possibly even irreversible inhibitors of these enzymes. Indeed, the next chapter of this thesis shows that these

compounds also reversibly inhibit Agrobacterium B-glucosidase.
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CHAPTER 3: KINETIC STUDIES USING f—GLUCOSIDASE

3.1. INTRODUCTION.

3.1.1. Importance and general properties of 3-glucosidases.

a. Catalytic activity and role in the microbial cellulase complex.

B-Glucosidase (B-D-glucoside glucohydrolase or cellobiase, E.C. 3.2.1.21) is an enzyme that catalyzes
the hydrolysis of various compounds with B-D-glucosidic linkages. Cleavage of the bond between the anomeric
carbon and the glucosidic oxygen yields glucose as the product, as well as the free aglycone moiety.
B-Glucosidases also catalyze reactions with nonglycosidic substrates, such as hydrolytic cleavage of the C—F
bond in glucosyl fluorides, and hydration of the double bond of glucals.

B-Glucosidases are widely distributed in nature, and have been isolated from bacteria (Han &
Srinivasan, 1969), yeast (Duerksen & Halvorson, 1958) and other fungi (Berghem & Pettersson, 1974), and
plants (Hultson, 1964). As a component of the cellulase complex, B-glucosidase catalyzes the hydrolysis of
cellobiose and cellodextrins (formed by the action of endo- and exo-glucanases) to form glucose. Since
cellobiose acts as an inhibitor of both endo- and exo-glucanases, -glucosidase plays an important role in the

degradation of cellulose (Berghem et al., 1975).

b. Catalytic activity and role in lysosomal glycolipid metabolism in humans.

Glucosylceramide is an important glycolipid in animal cells. It is the substrate of lysosomal (or acid)
B-glucosidase, which hydrolyzes the B-D-glucosidic linkage of this glycolipid (Fig. 3.1). In humans, the
hereditary metabolic disorder known as Gaucher disease is a result of a deficiency of lysosomal B-glucosidase
(glucosylceramidase, E. C. 3.2.1.45). Defective activity of this enzyme may lead to one of several variants of
Gaucher disease, which include the non-neuropathic (Type 1), neuropathic infantile (Type2), and neuropathic
juvenile (Type 3) forms (Barranger & Ginns, 1989; Grabowski, 1993; Grabowski et al., 1990). Prominent
symptoms of Gaucher disease include the accumulation of glucosylceramide in tissues, and enlargement of the

spleen and liver.
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Figure 3.1. The structure of glucosylceramide.

Gaucher disease was the first lysosomal storage disease discovered (Gaucher, 1882), and it remains the
most common type of lysosomal storage disease. It is also the first lysosomal storage disease to have been
successfully treated by enzyme therapy (Barton et al., 1991; Beutler et al., 1991; Fallet et al., 1992). There are
currently many studies in clinical and basic research directed at improved treatment and a possible cure for this

important disorder of B-glucosidase function (Barton et al., 1991; Beutler et al., 1991; Grabowski, 1993).

3.1.2. Agrobacterium B-glucosidase.

The B-glucosidase used for this work is a protein from Agrobacterium faecalis (previously typed as
Alcaligenes faecalis) (Han & Srinivasan, 1969). The purification and characterization of Agrobacterium
B-glucosidase have been reported by Day & Withers (1986).

The Agrobacterium P -glucosidase monomer has a relative molecular mass of ~50,000. The
catalytically active form of this enzyme is a dimer, with one active site per monomer (Day & Withers, 1986).
The enzyme is B-retaining and has a "flexible" specificity for both the glycone and aglycone moieties of the
substrate. Agrobacterium B-glucosidase hydrolyses a wide variety of different glycoside substrates, including
B-glucosides, B-mannosides, B-galactosides, and cellobiose (Day & Withers, 1986). The substrate flexibility of
the enzyme even includes the ability to hydrolytically cleave C—S, C—N, and C—F bonds.

The gene encoding Agrobacterium B-glucosidase has been cloned and expressed in E. coli
(Wakarchuck et al., 1986). The expression product of the cloned gene is basically identical with the naturally
occurring enzyme. Both proteins have the same amino acid sequence, and display the same kinetic behaviour
(Wakarchuck et al., 1986). The B-glucosidase enzyme (commonly referred to as pABGS) used for this work

was the expression product of the cloned gene.



3.2. THE AIMS OF THIS STUDY.

Various glycals were examined as potential substrates (catalytically hydrated by the enzyme), or as
potential inhibitors or inactivators (of the hAydrolysis of a glucoside substrate), of Agrobacterium B-glucosidase.
One or more of these compounds might inactivate B-glucosidase by the formation of a covalent glycosyl-enzyme
intermediate, which would be expected if the rate of glycosylation significantly exceeded the rate of
deglycosylation, and this latter rate was extremely slow. Altematively, one or more of these compounds might
act as a substrate, which would be expected if both glycosylation and deglycosylation were rapid. Under these
circumstances it might be possible to use a series of related substrates to study inductive effects on the reaction
mechanism, or to study the stereochemistry of hydration of the substrate. Finally, these compounds should at
least act as inhibitors of the catalytic hydrolysis of glucosides. The presence of the double bond in a glycal
might result in increased affinity of these compounds for B-glucosidase, due to the flattening of the sugar ring
towards the half-chair conformation of the transition state. Tight-binding enzyme inhibitors have frequently
proven useful in basic and applied research.

D-Glucal is a hexenitol glycal with an endocyclic enolic double bond. This compound has been shown
to act as a slow substrate of Agrobacterium B-glucosidase (Street, 1988). D-Gluco-heptenitol is a glycal with an
exocyclic enolic double bond, and the effect of this compound on pABGS activity has yet to be investigated.
Such an investigation was part of this study, and hence heptenitol was synthesized for this work.

Both Fahept and Fp hept were found to act as reversible inhibitors of glycogen phosphorylase b, an
o-glycosylase (see Chapter 2). Since heptenitols possess no anomeric configuration, the effects of Fohept and
F1hept on Agrobacterium B-glucosidase activity were investigated. Methylglucal was also synthesized, and its
effects on B-glucosidase activity were examined. If promising results were obtained with the parent compound,
the synthesis of fluorinated derivatives of methylglucal would be attempted, and their effects on the activity of
the enzyme would also be studied to provide more insight into the role of inductive effects on glycal hydration.

o,B-Unsaturated glucals, which might act as Michael acceptors for a nucleophilic residue in the active
site of a glycosylase, were investigated as a new class of potential inactivators of Agrobacterium [3-glucosidase.

The first o, f-unsaturated derivative of D-glucal that was examined was 1-nitro-D-glucal, which was generously
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provided by Prof. A. Vasella of the University of Zurich. Other o.,-unsaturated derivatives of D-glucal were
synthesized (or in some cases generously provided by colleagues) and their effects on Agrobacterium

B-glucosidase activity were also studied.

3.3. RESULTS AND DISCUSSION.

3.3.1. The synthesis of heptenitol.

In 1977, Brockhaus & Lehmann published a multistep procedure for the synthesis of
D-galacto-heptenitol. Later, Prof. Lehmann's group and their collaborators used a similar, multistep synthetic
procedure to prepare D-gluco-heptenitol as part of a study of the catalytic hydration of this compound by .- and

B-glucosidases and exo-o-glucanases (Hehre et al., 1980).

[3.1] [3.2] [3.3]

RajanBabu & Reddy (1986) have also reported the synthesis of D-gluco-heptenitol. They used
persilylated D-glucono-1,5-lactone as a starting material, and Tebbe's reagent (3.1) (Tebbe et al., 1977) to effect
the methylenation. However, there are several difficulties associated with the use of Tebbe's reagent. In
addition to being very expensive, Tebbe's reagent has a short shelf-life, and its use requires special techniques
and equipment due to its extreme sensitivity to air and water.

Dimethyltitanocene (3.3) has been used for the methylenation of several carbonyl compounds,
including esters and lactones (Petasis & Bzowej, 1990). In this procedure titanocene dichloride (Cp2 TiCly,
where Cp = cyclopentadienyl) (3.2) is used to prepare dimethyltitanocene (Cp, TiMes) (Claus & Bestian, 1962),

which is used immediately to effect the methylenation of carbonyl compounds via a Wittig-type reaction. In this
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work the procedure of Petasis & Bzowej (1990) was used for the one-step conversion of persilylated
glucono-1,5-lactone to persilylated D-gluco-heptenitol (Scheme 3.1). The reaction was relatively simple
(compared with the reaction using Tebbe's reagent) and efficient (with an 80% yield for the reaction shown in
Scheme 3.1). Triethylsilyl ethers were used to protect hydroxyl groups during the synthesis of
D-gluco-heptenitol. These ethers were stable enough for the reaction conditions, yet the silyl groups could be

easily removed later using tetra(n-butyl)ammonium fluoride (TBAF).

OSiEt, OSiEt,
Et,Si0 . Et,SiO
CpoTiM 3
Et,SiO o Pe e o EtSiO o
THF, 65°C, 26 h Q
Et,SiO o Et,SiO H
(80%) H

Scheme 3.1. The synthesis of heptenitol from glucono-1,5-lactone using dimethyltitanocene.

3.3.2. Kinetic studies using heptenitol.

a. Heptenitol as a substrate of pABGS.

Thin-layer chromatography provided the first evidence that heptenitol was catalytically hydrated by the
cloned B-glucosidase, pABGS5. The enzymatic hydration product appeared to be identical to a sample of
1-deoxy-D-gluco-heptulose that had been prepared by the quantitative (nonenzymatic) hydration of heptenitol in
0.025 N H,S04 after 10 min at 100 °C. 1H NMR was then used to determine which anomer of
1-deoxy-D-gluco-heptulose was formed initially during the enzymatic reaction. This determination was based
on the assignment of axial and equatorial methyl protons of 1-deoxy-D-gluco-heptulose reported by Hehre et al.

(1980).
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Figure 3.2. lH NMR determination of the stereochemistry of pABGS-catalyzed hydration of heptenitol.

400 MHz 'H NMR spectra were obtained using the samples indicated below. Only the relevant regions of the
spectra are shown, which contain the signals attributable to equatorial (5 = 1.52 ppm) or axial (5 = 1.50 ppm)
methyl protons of the product, 1-deoxy-D-gluco-heptulose (Hehre et al., 1980). In all cases 18 mM heptenitol
was incubated in 50 mM deuterated sodium phosphate buffer (pD 6.8) and 0.1% BSA at room temperature.

(a) Nonenzymatic hydration at 8.5 hours. No enzyme was added.
(b) Catalytic hydration at 13-27 minutes. pABGS (0.32 mg/mL) was present.
(b) Catalytic hydration at 51-66 minutes. pABGS (0.32 mg/mL) was present.
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Scheme 3.2. The B-glucosidase-catalyzed hydration of heptenitol to form 1-deoxy-D-gluco-heptulose.

In a control reaction without enzyme, heptenitol was incubated for 8.5 hours at room temperature.
During this time some spontaneous hydration occurred. In the 1H NMR spectrum (Fig. 3.2a) of this reaction
mixture the only signal attributable to methyl protons was the signal at § = 1.52 ppm (assigned to protons of an
equatorial C-1 methyl group) (Hehre et al., 1980). Hence only the more stable a-anomer of 1-deoxy-D-gluco-
heptulose was formed as a result of the nonenzymatic hydration of heptenitol.

When heptenitol was briefly incubated with pABGS (for 13-27 min at room temperature), the 1H NMR
spectrum (Fig. 3.2b) of this reaction mixture showed two distinct methyl 1H resonances, one at § = 1.50 ppm
(assigned to protons of an axial C-1 methyl group), and another at 8 = 1.52 ppm (assigned to protons of an
equatorial C-1 methyl group). The signal at 3 = 1.50 ppm increased as the duration of the enzymatic reaction
increased to 51-66 min at room temperature (Fig. 3.2¢; cf. Fig. 3.2b). Hence the B-anomer of 1-deoxy-D-gluco-
heptulose was formed as the initial product of the pABGS5-catalyzed hydration of heptenitol (Scheme 3.2).
Presumably this product subsequently anomerized spontaneously to form the more stable o-anomer.

For kinetic studies the cuprimetric method described by Hehre et al. (1980) was used to measure the
rate of formation of the product, k¢cqt, and the Michaelis constant, Kiy,. The enzyme hydrated heptenitol at a
reasonable rate, with a kgt value of 640 + 60 min'l. This is about 7% of the rate of pABGS-catalyzed
hydrolysis of §GIcPNP, but about 300 times faster than the rate of pABG5-catalyzed hydration of D-glucal
(kcat = 2.28 min'!, Ky, = 0.85 mM) (Street, 1988). The affinity between heptenitol and the enzyme's active site

appeared to be very poor, as the Ky, measured by the cuprimetric method was 270 + 40 mM (Fig. 3.3).
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However, the substrate specificity for pABG5-catalyzed hydration of heptenitol, kcat/Km = 2.4 min-!mM-!, was

about the same as that for pABGS5-catalyzed hydration of D-glucal, kca/Km = 2.7 min"lmM-1 (Street, 1988).
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Figure 3.3. Determination of Ky, and Vi, ax for pABG5-catalyzed hydration of heptenitol.

Reactions (0.500 mL) were performed at 37 °C in 50 mM sodium phosphate buffer (pH 6.8) with 30 pg of
pABGS. Heptenitol concentrations were 10, 30, 60, 80, 121, 161, 201, and 251 mM.

b. Heptenitol as an inhibitor of pABGS.

As a further probe of this apparently poor binding, a reversible inhibition test was performed using
heptenitol, the enzyme, and the substrate BGICPNP. The resulting double-reciprocal plot indicated a very
complicated pattern of binding (Fig. 3.4a). The results suggested that heptenitol acts as a mixed-type inhibitor
of pABGS5-catalyzed hydrolysis of BGICPNP. The change (from uncompetitive or noncompetitive to
competitive) in the type of inhibition observed as heptenitol concentration increased can be seen clearly in a

Dixon plot (Fig. 3.4b).
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Figure 3.4. Determination of kinetic parameters for the inhibition of pABGS by heptenitol.

(a) Double-reciprocal plot of kinetic data. Reactions (0.500 mL) were performed at 37 °C in 50 mM sodium
phosphate buffer (pH 6.8) with 0.06 pg of pABGS and 0.1% BSA. The concentrations of heptenitol in the
reactions were 0 {0}, 1.6 {V}, 4.1 (R}, 8.2 {e},204 (A}, 40.8 {T}, 81.6 {A}, and 122 {x} mM.

(b) Dixon plot of data obtained from panel (a). The concentrations of BGIcPNP in the reactions were 0.33 {0},
0.17 { e}, 0.10 {00}, 0.067 {M}, and 0.033 {A} mM.




71

These results suggest that at low inhibitor concentrations, heptenitol occupies a binding site other than
the active site, and acts as a noncompetitive inhibitor (Kj = 13 £ 1 mM). This K; value was obtained by fitting
the data from low inhibitor concentrations (0, 1.6, 4.1, and 8.2 mM) to equations describing different types of
enzyme inhibition, using the computer program GraFit™ (Leatherbarrow, 1990). The best fit of the data was
obtained for noncompetitive inhibition. The next best fit was obtained for uncompetitive inhibition, which
would have yielded a value of Kj=8.5 + 0.7 mM.

As the concentration of heptenitol increased, the K; increased also. It appeared that at higher inhibitor
concentrations, heptenitol may also act as a competitive inhibitor, binding to the enzyme's active site. This
explanation might account for the large difference in the values of the dissociation constants obtained from the

substrate test (K, = 270 mM) and the reversible inhibition test (K = 13 mM).

c. Inactivation tests using heptenitol.

Heptenitol was examined as a potential inactivator of pABGS by incubating the enzyme with 10 mM
heptenitol and the appropriate reaction buffer for 20 hours at 37 °C (see Materials and Methods). At various
time intervals small aliquots were removed and residual enzyme activity was assayed using the substrate
BGIcPNP. No time-dependent inactivation of pABG5 was detected during these tests when compared with

parallel control reactions.

3.3.3. Kinetic studies using fluoroheptenitols.

a. Inactivation tests using fluoroheptenitols.

Fohept and F1hept were examined as potential inactivators of pABGS5 by incubating the enzyme with
10 mM of either fluoroheptenitol and the appropriate reaction buffer for 19 hours at 37 °C (see Materials and
Methods). At various time intervals small aliquots were removed and residual enzyme activity was assayed
using the substrate BGICPNP. No time-dependent inactivation of pABGS was detected during these tests when

compared with parallel control reactions.
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b. Substrate tests using fluoroheptenitols.

TLC and 19F NMR were used to determine if Fohept or F1hept acted as a substrate of pABGS. Either
potential hydration product (1,1-difluoro- or 1-fluoro- derivative of 1-deoxy-D-gluco-heptulose) was expected to
yield a TLC spot with an Rrlower than that of the precursor fluoroheptenitol. The 19F NMR spectrum of either
potential hydration product was also expected to differ from that of the precursor fluoroheptenitol.

There were no detectable differences in the thin-layer chromatograms and !9F NMR spectra obtained
using aliquots taken over a period of 3 days from a 0.500-mL reaction mixture containing 17 mM Fshept, 0.6 mg
of pABGS5, 0.1% BSA, and 50 mM deuterated phosphate buffer (pH 6.8). Comparable results were obtained in
another experiment using the same conditions, but where Fohept was replaced by 10 mM Fihept. These results

indicated that neither Fohept nor F1hept acted as either substrates or inactivators of pABGS.

c. Fluoroheptenitols as inhibitors of pABGS.

Reversible inhibition tests were performed using either Fohept or Fihept. In each case, an approximate
value of the inhibition constant (a range-finding Kj or RF K;) was determined by measuring initial hydrolysis
rates using a single substrate concentration (85 uM BGICPNP) and S or 6 inhibitor concentrations. Dixon plots
of the respective data yielded RF K; values. Inhibition constants for either Fahept or Fihept were then
determined accurately. This involved measuring initial rates using 5 substrate concentrations bracketing the Ky,
value (determined in the absence of inhibitor), and carrying out a set of reactions at each substrate concentration
using 5-7 inhibitor concentrations bracketing the respective RF K; value determined earlier.

The initial-rate data obtained at each substrate and inhibitor concentration were then fitted to equations
describing different types of enzyme inhibition, using the computer program GraFit™ (Leatherbarrow, 1990).
The data fit very well to equations describing noncompetitive and uncompetitive inhibition. The fit to the
equation describing uncompetitive inhibition yielded K; values of 0.37 £ 0.01 mM 