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ABSTRACT

Two new classes of specific, mechanism-based glycosidase inactivators were
developed: 2,2-dihalo glycosyl chlorides and 5-fluoro glycosyl fluorides. Both classes
were effective against

x-glucosidases, which

had been hitherto resistant to similar

inactivation strategies. Incubation of yeast -glucosidase with 2-chloro-2-deoxy-2-fluoroa-D-glucopyranosyl chloride or 2-deoxy-2,2-difluoro-c-D-arabinohexopyranosyl chloride
resulted in time-dependent inactivation of the enzyme, presumably by formation of
extremely stabilized 2,2-dihalo glycosyl-enzyme intermediates that are essentially incapable
of turnover.

Similar inhibition of Agrobacterium faecalis f3-glucosidase and yeast a

glucosidase was seen with the corresponding 5-fluoro glycosyl fluorides. 5-Fluoro-f3- and
5-fluoro-a-D-glucosyl fluorides form catalytically competent intermediates with the
appropriate glucosidases that are capable of turnover, but at rates reduced 1 0- and 1 0fold, respectively, with respect to the f3- and oc-D-glucosyl fluoride parent substrates. The
corresponding 5-fluoro-L-idosyl fluorides, the C5 epimers of the glucosyl compounds,
show even greater reductions in turnover rates, the kcat values of the 5-fluoro-cc- and 5fluoro-(3-L-idosyl fluorides with the appropriate enzymes being reduced a further 1.5- and
3000-fold. The spontaneous hydrolysis rates of these 5-fluoro glycosyl fluorides, and
those of the corresponding 2-deoxy-2-fluoro compounds, were determined to probe the
effects of the various fluorine substitutions on the transition states for hydrolysis.
A novel mass spectrometric technique for the identification and sequencing of
labelled active site peptides without the need for radiolabels has been developed. Briefly,
the technique involves enzyme inactivation, proteolytic digestion of the enzyme, and
identification of the modified peptide using electrospray tandem mass spectrometry by
exploiting the lability of the inhibitor-peptide bond which is selectively cleaved by collisioninduced fragmentation. The key catalytic nucleophiles in the clinically important human
lysosomal f-glucosidase (deficient in Gaucher disease), human acid f3-galactosidase

11

(deficient in GM1 gangliosidosis), and yeast ct-glucosidase were identified, as Glu-340,
Glu-268, and Asp-214, respectively.
3-Glucosidase and 3-mannosidase inhibitors, labelled with the positron-emitting
isotope 18
F, were synthesized for use in a novel approach to the in vivo imaging of
glycosidase activity using positron emission tomography (PET). This may be useful in the
diagnosis and treatment of abnormal glycosidase activity associated with disease (e.g.
Gaucher disease, the inherited deficiency of lysosomal 3-g1ucosidase).

Initially,

Agrobacterium faecalis f3-glucosidase was labelled in vitro with an 18
F-labelled
mechanism-based enzyme inactivator F]fluoro--D18
2-deox
mannosyl
y-2-[ [
F]fluoride,
1
8
the first such labelling of a glycosidase with this positron-emitting isotope, and reactivation
of the labelled enzyme was observed by monitoring release of radioactivity. Non-labelled
versions of these inhibitors were administered to rats. Rapid inactivation of the appropriate
enzymes was observed in each tissue assayed, and the clearance of the inhibitors was
demonstrated by their slow release from the enzymes both in vitro and in vivo. Uptake and
clearance of the inhibitors was probed using 19
F NMR and F-radiolabell
18
ed compounds,
revealing little hydrolysis but non-specific uptake of the inhibitor. Preliminary imaging
results were obtained in rats using PET, demonstrating the potential of this approach for
imaging glycosidase activity in vivo.
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CHAPTER I
GENERAL INTRODUCTION

1

1.1

Glycosidases
Glycosidases, or glycoside hydrolases, constitute a large family of enzymes which

catalyze the hydrolysis of glycosidic linkages (Figure 1.1) by the cleavage of the C-O bond
between a sugar (glycone) and an aglycone (which may be a second sugar, or other group).
The glycoside substrates of glycosidases thus comprise two structural units: the sugar
glycone, which is bound in the catalytic site of the enzyme; and the aglycone, which is
bound in an adjacent subsite. Although the aglycone in many natural substrates is another
sugar residue, many glycosidases exhibit a liberal aglycone specificity, catalyzing the
cleavage of a variety of anomeric substituents, including C-O-Aryl, C-S, C-N, and C-F
bonds. Interest in these enzymes is fuelled by their applications in industry (e.g. invertase
for the production of ‘invert’ sugar, cellulases for the degradation of cellulosic biomass,
xylanases in pulp-and-paper production) and by their relevance to cancer metastasis,
influenza, AIDS and other viral diseases, diabetes, and lysosomal storage disorders.
Glycosidase
+

OR

Glycone
Figure 1.1.

1.2

HO

ROH

OH

Aglycone
Reaction normally catalyzed by a glycosidase.

Classification of Glycosidases
Glycosidases may be divided into smaller subgroups according to:
(1) Anomeric configuration (a or

$) of the substrate.

For example, in general, a

f-glucosidase will catalyse the hydrolysis of f3-glucosides but not of cz-glucosides, while
an a-glucosidase is specific for a-glucosides.
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(2) Glycone specificity. A particular glycosidase usually exhibits maximal activity
with a specific glycone, and is generally classified according to the glycone against which it
is most active. An a-mannosidase, for example, is most active against x-mannosides, but
other a-glycosides may be substrates as well.
(3) Stereochemical outcome of the reaction. A glycosidase is termed “inverting” or
“retaining” depending on the relative anomeric configurations of the substrate and of the
product initially released from the enzyme. Hydrolysis catalyzed by a retaining glycosidase
leads to the formation of a product with the same anomeric configuration as the substrate,
while hydrolysis via an inverting enzyme gives a product of the opposite anomeric
configuration to that of the substrate (Figure 1.2).

Retaining
HO.

Inverting

Figure 12.
Hydrolyses catalyzed by retaining and inverting enzymes (shown for
glycosidases).

J3-

These different stereochemical outcomes reflect the existence of two distinct mechanistic
classes of glycosidases. The two mechanisms differ in that inverting glycosidases operate
via a direct displacement of the leaving group by water, while retaining glycosidases utilize
a double-displacement mechanism involving a glycosyl-enzyme intermediate. Despite these
differences, it is noteworthy that both classes employ a pair of carboxylic acids in the active
3

site. With inverting enzymes, one residue acts as a general acid and the other as a general

base, whereas with retaining enzymes one functions as a general acid and a general base
while the other acts as a nucleophile and a leaving group (Figure 1.3).
RETAINING MECHANISM

HOO

-o\

INVERTING MECHANISM

-oo
HO
OH

0..

HH
HO\

Figure 1.3.

1.3

,

Presumed mechanisms of retaining and inverting J3-glucosidases.

The Catalytic Mechanism of Retaining Glycosidases
A general mechanism for retaining glycosidases, which are the focus of this study,

was proposed in 1953 (Koshland, 1953) and is shown in detail in Figure 1.4 (in this case,
for a 3-glucosidase).

The first step involves displacement of the aglycone by an

appropriately positioned carboxylate nucleophile in the active site to form an cz-glycosyl
enzyme intermediate (the ‘glycosylation’ step).
4

In a second step, the intermediate is

hydrolysed to yield a-glucose as the initial product, regenerating the free enzyme (the
‘deglycosylation’ step). Both the formation and the hydrolysis of the glycosyl-enzyme
intermediate occur via oxocarbenium ion-like transition states. Cleavage of the C-O bond
in this model is assisted by general acid catalysis by an appropriately positioned carboxylic
acid residue while hydrolysis of the intermediate likely occurs with general base catalysis
by the same residue. Although not explicitly shown in Figure 1.4, much of the enzymatic
rate acceleration is proposed to be derived from non-covalent binding interactions between
the enzyme and the substrate.
A variation on the retaining mechanism involving stabilization of an ion-pair rather
than formation of a covalent intermediate has long been popular (Phillips, 1967) and cannot
be discounted for some glycosidases. However, considerable evidence in favour of a
covalent intermediate exists, including kinetic isotope effect studies and actual trapping of
such an intermediate. This evidence is described in a number of reviews (Legler, 1990;
Sinnott, 1990; Svensson & Sogaard, 1993). An alternative ring-opening mechanism for
retaining glycosidases has been recently resurrected (Franck, 1992), but lacks serious
experimental support (Sinnott, 1993).
1.4

Evidence for a Double Displacement Mechanism in Retaining
Glycosidases

1.4.1 Presence of a carboxylate nucleophile
X-ray crystallographic studies have invariably revealed the presence of glutamic or
aspartic acid residues in the active sites of glycosidases. Active site carboxylic acids have
been identified, for example, in the retaining (3-glycosidases hen egg white lysozyme
(Imoto et al., 1972), Cellulomonasfimi exoglycanase (White et al., 1994) and in E. coli

f

galactosidase (Jacobsen et al., 1994), and in the retaining a-glycosidase Taka c.t-amylase
(Matsuura et al., 1984) which are appropriately located to function as catalytic nucleophiles
(or

charge

stabilizers).

More

compelling

5

evidence

derives

from

X-ray

1
Oo
‘0
H

11
HO

HOO

OH

O%Ic

Figure 1.4.

Preswned mechanism of a retaining f3-glucosidase.
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structures of glycosidases co-crystallized with either inhibitors or substrates in the active
site (recent structures, e.g. (Campbell et al., 1993; Divne et a!., 1994), are reviewed in
(McCarter & Withers, 1994)). In such structures, however, although the residues which
are important to catalysis are often apparent and the identities of the residues in close spatial
proximity to the substrate or inhibitor are known, their specific roles in catalysis frequently
cannot be predicted from X-ray structural data alone.

Other evidence for active site

carboxylates is derived from labelling and mutagenesis studies, and will be discussed later.

1.4.2 The nature of the giycosyl-enzyme intermediate
The double displacement mechanism for retaining glycosidases initially proposed
by Koshland described the formation of a covalent glycosyl-enzyme intermediate. Indeed,
low temperature and rapid-quench studies with radiolabelled versions of natural substrates
have resulted in the trapping of covalent glycosyl-enzyme intermediates in porcine
pancreatic

x-amylase

(Tao et at.,

1989)

and

in

Streptococcus

sobrinus

cx

glucosykransferase (Mooser et a!., 1991). However, it has been suggested (Blake et al.,
1967), based on X-ray structural studies with hen egg white lysozyme, that a negatively
charged active site carboxylate (Asp-52) could stabilize a positively charged oxocarbenium
ion intermediate sufficiently to allow diffusion of the leaving group out of the active site
and attack of this ion-pair by a glycosyl acceptor (water or another sugar). While ion-pair
intermediates are still regularly invoked, particularly for lysozyme, there is considerable
evidence which favours the existence of a covalent glycosyl-enzyme intermediate for many
retaining glycosidases.
Strong evidence for the covalent nature of a glycosyl-enzyme intermediate is
derived from a-secondary deuterium kinetic isotope effect measurements with substrates
(deuterated at C-i) for which deglycosylation is rate-determining. Values of kH/kD

=

1.20-

1.25 have been determined for E. coli (lac Z) 3-galactosidase (Sinnott et a!., 1978), and
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kH/kD

=

1.10 1.12 for Agrobacterium 3-glucosidase (Kempton & Withers, 1992). These
-

large and positive kinetic isotope effects reflect significant sp
3 to sp
2 rehybridization at the
anomeric centre as the reaction proceeds from a ground state glycosyl-enzyme intermediate
to the transition state of the deglycosylation step.

This strongly implies that the

intermediate has considerably more sp
3 character than the subsequent transition state,
consistent with a covalent glycosyl-enzyme which is hydrolyzed via a transition state with
significant oxocarbenium ion character. If the intermediate were truly an ion pair, an
inverse kinetic isotope effect would be expected.
Additional evidence for the covalent nature of the intermediate is derived from the
interaction of several 3-g1ycosidases with activated 2-deoxy-2-fluoro-3-D-glycosides
(Withers et a!., 1988).

These compounds inactivate retaining -glycosidases by the

formation of a stabilized glycosyl-enzyme intermediate. The presence of the electronegative
fluorine at C-2 destabilizes both oxocarbenium ion-like transition states, thereby slowing
both the formation and the hydrolysis of the intermediate, while the presence of the good
leaving group (fluoride or 2,4-dinitrophenolate) accelerates the glycosylation step, leading
to the accumulation of the intermediate and inactivation of the enzyme (Figure 1.5). In the
case of Agrobacterium f3-glucosidase, such glycosyl-enzyme intermediates can be
extremely stable (with half-lives ranging from one to 500 hours at 37°C in buffer),
permitting demonstration of the covalent nature and of the stereochemistry (a-linked) of the
mtermediate by

19

F-NMR (Withers & Street, 1988), as well as identification of the
.

nucleophilic residue as Glu-358 (Withers et at., 1990). Upon incubation with a suitable
glycosyl acceptor, the enzyme may be reactivated and a disaccharide product isolated,
demonstrating that the intermediate is catalytically competent. The interaction of retaining
glycosidases with this class of inhibitiors will be discussed in further in greater detail in
Section 1.5.4.
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2
NO

2
NO

F

F

Figure 1.5.
Inactivation of Agrobacterium /3-glucosidase by trapping of a 2-deoxy-2fluoro-glucosyl-enzyme.

Finally, spontaneous (non-enzymatic) hydrolysis studies of various glycosides
indicate that glycosyl cations are very unstable species with vanishly brief lifetimes
(estimated to be 10

-10

to 10

-12

s in aqueous solution) (Banait & Jencks, 1991; Bennet &

Sinnott, 1986) while the lifetimes of covalent glycosyl-enzymes at ambient temperatures are
1 to 100 ms (Weber & Fink, 1980). It seems unlikely that an unstable ion-pair would exist
long enough, even within an extremely favourable enzyme active site microenvironment, to
allow diffusion of the leaving group out of the active site and attack by water prior to
collapse to a covalent species (Sinnott & Souchard, 1973).

1.4.3 Oxocarbenium ion-like transition states
Kinetic isotope effect studies provide evidence for oxocarbenium ion-like transition
states associated with both the glycosylation and deglycosylation steps of glycosidase
catalyzed hydrolysis.

By selection of appropriate aglycones, it is possible to obtain

substrates for which either step is rate-limiting, and the isotope effect on each step may then
be determined. The E. coli (lacZ) -galactosidase-catalyzed hydrolysis of -galactosyl
pyridinium salts exhibited a-secondary deuterium kinetic isotope effects of kHJkD

=

1.15

-

1.20, indicating substantial sp
2 character in the transition state for formation of the
galactosyl-enzyme since glycosylation is rate-limiting for these substrates (Sinnott &
Withers, 1974).

Even larger isotope effects are reported for this enzyme when
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deglycosylation is rate-determining, with k/kD
galactosides (Sinnott & Souchard,

1973).

=

1.2

-

1.25 for 2,4 -dinitrophenyl 3-

Similar results were obtained with

Agrobacterium 3-g1ucosidase (Kempton & Withers, 1992), with kH/IcD values for the
glycosylation and deglycosylation steps of kR/lcD = 1.06 and kH/kD

=

1.11, respectively.

Glycosidases are strongly inhibited by compounds which appear to mimic a
glycosyl oxocarbenium ion in conformation or charge, presumably functioning as transition
state analogues. In a glucosyl oxocarbenium ion (Figure 1.6), in contrast to a ground state
glucoside, C-i and 0-5 share a full positive charge, while C-i, C-2, C-5, and 0-5 are
required to be co-planar (Sinnott, 1987).

To fulfill these requirements, the glycosyl

oxocarbenium ion may theoretically adopt either a half-chair (
3 or
H
4

or a boat (
B
5
’
2

or B
) conformation.
5
,
2

8+

Glucosyl cation

Glucoside

Figure 1.6.
Comparison of transition state glucosyl oxocarbenium ion and ground state
F1 half chair conformer of the transition state oxocarbenium ion is
4
glucoside. The 3
shown.

Putative transition state analogues include aldonolactones (1.1) and aldonolactams
(1.2) which resemble the glycosyl oxocarbenium ion both in geometry, and to some
extent, in charge (Figure 1.7). K values for these compounds are often i0
2 to 10
-fold
4
lower than K values for the corresponding hexoses (Legler, 1990).
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OH

1.1

Figure 1.7.

Resonance structures of aldonolactones (1.1) and aldonolactams (1.2).

Other potent glycosidase inhibitors of this type include the amino sugar nojirimycin (1.3,
Figure 1.8) and its vanous analogues. Such compounds may bind up to 104 -fold tighter
than the corresponding ground state analogues (Legler, 1990).

K values of these

inhibitors with the corresponding glycosidases are typically in the micro- or submicromolar
range. The K
1 values of nojirimycin, galactononojirimycin, and mannonojirimycin with A.
wentii -g1ucosidase, E. coli -ga1actosidase, and Jack bean ct-mannosidase are 0.36,
0.045, and 1.2 M, respectively (Legler, 1990). Nojirimycins are presumed to resemble a
glycosyl oxocarbenium ion (Figure 1.6) in geometry and charge.

Upon protonation,

nojirimycin is isoelectronic with a glucosyl oxocarbenium ion; the dehydrated form would

appear to be nearly isosteric as well. However, for such inhibitors to be true transition
state analogues, their inhibitory efficiencies should correlate with the glycone specificities
of the corresponding substrates (Fersht, 1985; Wolfenden, 1972). This is not always the
case, and tight binding may result from fortuitous interactions between the inhibitors and
residues in the enzyme activite site.

However, a correlation has indeed been shown
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between a related class of transition state analogues, nojiritetrazoles (1.4, Figure 1.8), and
a series of glycosidases (Ermert et a!., 1993).

0
2
-H

HO—%.,.c
HOL..NV

.OH

+

OH

OH

1.3

OH

1.4
Figure 1.8.
Nojirimycin (1.3),
nojiritetrazole (1.4).

in both hydrated and dehydrated forms,

and

1.4.4 General acid catalysis
In addition to the enzymic nucleophile, a second carboxylic acid in the active site of
retaining glycosidases located on the face of the sugar opposite to the nucleophile, is
proposed to assist departure of the aglycone by general acid catalysis in the Koshland
mechanism (Figure 1.4).

Several crystal structures of both [3- and a-glycosidases,

including complexes of hen egg white lysozyme (Imoto, 1972) and porcine pancreatic a
amylase with appropriate inhibitors (Qian et a!., 1994), show suitably disposed carboxylic
acids (Glu-35 and Glu-233, respectively) within hydrogen bonding distance to the
glycosidic oxygen (or ‘glycosidic’ nitrogen) of bound inhibitors. In the amylase structure,
a third residue, Asp-300 is also apparently hydrogen-bonded to Glu-233 and to the
12

‘glycosidic’ nitrogen of the pseudotetrasaccharide inhibitor acarbose, and is equally likely
to play a role in acid/base catalysis.
Supportive evidence for acid catalytic assistance in glycoside hydrolysis is derived
from the glycosidase-catalysed hydration of octenitol derivatives. E. coli 3-galactosidase
catalyzes the hydration of D-galacto-octenitol (1.5) to a galactooctulose derivative; the
product of this reaction was characterized by H
1
-NMR (Lehmann & Schlesselmann,
1983). Based on the stereochemistry of the hydrated product, protonation occurred from
the [i-face of the galactose ring, consistent with the placement of a residue in this enzyme
that could function as an acid catalyst in the normal hydrolysis reaction (Figure 1.9).
Glycals are also hydrated by glycosidases to yield 2-deoxy derivatives (Wentworth &
Wolfenden, 1974). In contrast to the results with the exocyclic double bond in the octenitol
derivative, deuteration (or protonation) occurs from the a-face of the endocycic double
bond in D-galactal (1.6) (Lehmann & Zieger, 1977).

0
2
H
OH
1

cD

L

(.cv

HO.

D
-GaIactosidase

0
2
D
DO.

1.6
Figure 1.9.
Hydration of D-galacto-octenitol (1.5) and ofD-galactal (1.6) by E. coli J3galactosidase. Protonation (or deuteration) occurs from the J3-face of the sugar in the
octenitol derivative andfrom the a-face in galactal.
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With most glycosidases studied, deuteration (or protonation) of glycals by retaining
glycosidases occurs on the face of the sugar opposite to that on which the acid catalyst is
assumed to be located. Hydration of cellobial, for example, catalyzed by Irpex lacreus exo
-(1,4)-celluIase and Aspergillus niger endo--(1,4)-cellulase in 1)20 led to deuteration
from the x-face of cellobiose (Kanda et a!., 1986). With glycals, it is believed that the
deuteron (or proton) is delivered by the catalytic nucleophile (Hehre et a!., 1977; Kanda et
a!., 1986) via a cyclic six-membered transition state.
Although a general acid catalytic residue is implicated in the mechanism of catalysis
of many glycosidases, acid catalysis is apparently not essential for hydrolysis of all
substrates with all glycosidases. The efficient E. coli 3-ga1actosidase-cata1ysed hydrolysis
(108 to 10
13
-fold rate enhancements) of 3-D-galactopyranosyl pyridinium salts (1.7,
Figure 1.10), which cannot accept a proton in a manner which will assist aglycone
departure, indicates that acid catalysis is not essential to the catalytic activity of this enzyme
(Sinnott & Withers, 1974). However, this enzyme also requires Mg
2 for maximal activity
with aryl galactosides (although not with galactosyl pyridinium salts) (Sinnott, 1978). The
metal ion may have a role in orienting an acid/base catalytic residue (Sinnott & Souchard,
1973) or may act directly as an electrophilic catalyst (Sinnott, 1990).
OH

HOO

Figure 1.10.

Galacrosyl pyridinium salt.

1.4.5 Non-covalent enzyme-substrate interactions
Both stabilization of a developing oxocarbenium ion by an enzymic nucleophile and
acid catalytic assistance contribute substantially to the rate accelerations achieved by
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retaining glycosidases, but these do not fully account for the catalytic power of these
-fold (Guthrie,
17
enzymes. In general, enzymes achieve spectacular (possibly up to 10
1977)) rate enhancements, in some cases approaching the limit of diffusion control, by
stabilization of the transition states for each of the steps involved, a concept elaborated by
Pauling (Pauling, 1946). This stabilization of the transition state and consequent decrease
in activation energy may be directly attributed to tighter binding of the transition state than
the ground state by the enzyme, preferentially stabilizing the transition state through
specific binding interactions (see (Fersht, 1985) for a detailed discussion).
It has been shown that tyrosyl t-RNA synthetase utilizes a complex network of
hydrogen bonds to achieve ground state specificity and to stabilize the transition state of the
reaction (Fersht, 1987). In that study, mutant enzymes were prepared using site-directed
mutagenesis to delete specific enzyme/substrate interactions (identified from the available
X-ray crystal structure). Comparison of kinetic data for these mutants with that for the
wild-type enzyme afforded information about the contribution of each mutated residue’s
non-covalent binding interactions to catalysis. Such interactions likely account for virtually
all of the rate increase afforded by this particular enzyme since no other residues which can
participate catalytically (e.g. as nucleophiles, acid catalytic groups etc.) were identified.
In

glycosidases,

these non-covalent binding interactions likely

hydrophobic interactions and hydrogen bonding.

comprise

The numerous hydroxyl groups

associated with most carbohydrates suggest that hydrogen bonding plays an important role
in binding and catalysis by enzymes with carbohydrate substrates.

Indeed, elaborate

hydrogen bonding networks between proteins and sugar ligands have been elucidated from
X-ray crystal data in complexes of, for example, L-arabinose binding protein with L
arabinose

(Quiocho

et

a!.,

1989),

Aspergillus

awamori

glucoamylase

with

deoxynojirimycin (Harris et a!., 1993), f-amylase with maltotetmose (Mikami et al.,
1994), and ct-amylase with acarbose (Qian et al., 1994).
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Deoxygenated glycosides have been shown to be useful probes of hydrogen
bonding interactions in a number of glycosidases and glycosyltransferases, for example in,
rabbit muscle glycogen phosphorylase (Street et al., 1989), glucoamylase (Sierks et al.,
1992), and E. coli 13-galactosidase (McCarter et at., 1992). Replacement of a hydroxyl at a
particular position on the normal substrate by hydrogen, a stericafly conservative
substitution, results in the abolition of all hydrogen bonding interactions with the enzyme at
that position. This will be reflected in increased activation energies for the catalytic steps,
and consequent rate decreases relative to the parent compounds. These binding interactions
were estimated to range from 10 to 18 kJ/mol for each of the 4’- and 6’-hydroxyls of
maltose (Sierks et at., 1992), and from about 20 kJ/mol for the 3-, 4-, and 6-hydroxyls to
about 33 kJ/mol for the 2-hydroxyl of galactose in 3-galactosidase (McCarter et at., 1992),
indicating that non-covalent interactions with each of the hydroxyls contributed
substantially to enzymic rates.

The very significant contribution of the 2-hydroxyl to

transition state stabilization in retaining glycosidases has been noted previously (see
Wolfenden & Kati, 1991, and references therein).

1.5

Glycosidase Inhibitors as Structural and Mechanistic Probes in
Biomedicine
Glycosidase activity is relevant to a number of clinically important processes. The

various lysosomal storage diseases, characterized by accumulation of specific glycolipids in
the lysosomes of affected individuals, result from genetic deficiencies in the specific
lysosomal glycosidases which normally catabolize these glycolipids. Diverse disorders,
always debilitating and often fatal, such as Gaucher disease, Tay-Sachs disease, and GM1
gangliosidosis, are associated with various defects in a great number of different lysosomal
glycosidases (Neufeld, 1991). One such enzyme, glucocerebrosidase (glucosylceramidase
or acid f3-glucosidase), the deficiency of which causes Gaucher disease, has been used
with some success to treat patients with Type 1 Gaucher disease by enzyme replacement
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therapy (Barton et a!., 1990). Glycosidase inhibitors have been useful in producing animal
models of lysosomal storage diseases in rats and mice by inhibition of normal lysosomal
glycosidase activity in vivo (Atsumi et at., 1993; Kanfer et at., 1982). They have also been
used as anti-cancer and anti-viral agents by interference with cell surface and protein
glycosylation (Bemacki et a!., 1985; Elbein et at., 1984). Another therapeutic application
of such inhibitors is the management of diabetes by the inhibition of intestinal a
glucosidase activity (Martin et at., 1991; Rios, 1994).
The kinetic evaluation of glycosidase inhibitors with wild-type or mutant enzymes
can provide valuable mechanistic insights, which in the case of enzymes of clinical
importance, may aid in the design of more effective therapeutic drugs. Such inhibitors are
extremely valuable in providing information about the roles of specific residues in catalysis
through high resolution X-ray structures of enzyme-inhibitor complexes, but are even more
indispensable in the absence of such structural data. Non-covalent transition-state analogue
inhibitors (Section 1.4.3) may afford insights into transition state structure. Additionally,
covalent inhibitors may enable identification of specific amino acid residues involved in
catalysis, in conjunction with sequence alignments of homologous enzymes and detailed
kinetic analyses of site-specific mutants. Active site residues which may play catalytically
essential roles in the mechanism of a glycosidase may be identified by derivatization with a
variety of covalent inhibitors, discussed below.

1.5.1 Affinity labels
Affmity labels are composed of an inherently reactive functional group which can
react with derivatizable residues on the enzyme, and a sugar moiety, which confers
specificity for the active site of the glycosidase. As the reactive group in the molecule may
react with a number of residues, use of affinity labels often results in labeffing of multiple
residues on the enzyme. Because of this lack of specificity, affinity labels in general are of
limited utility for the identification of specific catalytic residues or elucidation of their roles,
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other than to indicate their presence in or near the active site. The reactive nature of such
compounds renders them inappropriate for use as drugs.
covalent

inhibitors

include

N-bromoacetyl

Examples of this class of

glycosylamines

(1.8)

and

glycosyl

isothiocyanates (1.9) (Figure 1.11).

HO—
H

1.8
Figure 1.11. N-bromoaceiyl glyco.sylamines (1.8) and glycosyl isothiocyantes (1.9),
affinity labels of glycosidases.
Appropriate N-bromoacetyl glycosylamines have been used to inactivate E. coli 3galactosidase (Naider et al., 1972), Agrobacterium faecalis f3-glucosidase and C. fimi
exoglycanase (Black et al., 1993). The presence of several Agrobacterium f3-glucosidase
species derivatized by one, two and three N-acetylglucosaminyl moieties was shown by
electrospray mass spectrometry, indicating modification of several residues on this enzyme.
However, on occasion N-bromoacetyl glycosylamines may react specifically with a single
residue, as in the case of E. coli 3-galactosidase and C. fimi exoglycanase. In E. coli

f3-

galactosidase, the single active site amino acid labelled was identified as Met-502, which
was, however, later shown not to participate in catalysis.

In the case of C. fimi

exoglycanase, the labelled amino acid was identified as Glu-127, a conserved residue in
this glycosidase family, whose coniribution to catalysis was demonstrated by site-directed
mutagenesis. Sweet almond -glucosidase was inactivated by the glucosyl isothiocyanate
(Shulman et al., 1976) but no labelled residues were identified.
A large number of epoxyalkyl derivatives have been used to inactivate a variety of
glycosidases. Upon protonation of the epoxide either by the acid catalyst or by some other
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residue, an enzymic nucleophile may then attack, resulting in irreversible inactivation of the
enzyme (Figure 1.12). Various epoxyalkyl glycosides (1.10) have been used to label a
number of glycosidases, including hen egg white lysozyme (Moult et al., 1973), sweet
almond and Aspergillus wentii 3-glucosidases (Bause & Legler, 1974), and cellulases from
Aspergillus niger, Aspergillus wentii, Oxyporus sp (Legler & Bause, 1973) and Bacillus
macerans (Keitel et al., 1993). In many instances, the rate of inactivation varies with the
length of the alkyl chain. In lysozyme, the residue labelled by an epoxyalkyl chitobioside
derivative was identified as Asp-52 (Moult et a!., 1973), the residue previously proposed
on the basis of structural data and mutagenesis to act as the catalytic nucleophile (or chargestabilizer) in the normal mechanism.

AH

HO_A

HO.

1.10
Figure 1.12.

Reaction of an epoxyalkyl glucoside (1.10) with a 13-glucosidase.

1.5.2 Conduritol epoxides
The conduritol epoxides are a related class of inhibitors which incorporate an
endocylic epoxide within a cyclitol ring, this structure resembling the sugar ring of the
natural substrate. A number of these epoxides, with structures, corresponding to those of
the substrates of a range of glycosidases, have been synthesized (e.g. conduritol B epoxide
(1.11) is the “gluco” analogue). The mechanism of inactivation is similar to that of the
epoxyalkyl glycosides, with protonation of the epoxide and attack by an enzymic
nucleophile leading to formation of a covalent adduct. These inactivators are likely to be
19

more specific since nucleophilic attack of the endocyclic epoxide occurs at a centre
analogous to the anomeric centre of the substrate (Figure 1.13).

A wide range of

glycosidases has been successfully inactivated by these compounds (Legler, 1990). These
have also been used in vivo to inactivate glucocerebrosidase in mice, providing a possible
animal model for Gaucher disease (Kanfer et al., 1982).

A
Ho_)

Figure 1.13. Reaction of conduritol B epoxide (1.11) with a J3-glucosidase. The
residues involved in protonation and nucleophilic attack may not necessarily be the catalytic
residues in the normal mechanism.

Since rotation of the molecule by 180° about an axis bisecting the epoxide ring
places the epoxide and all hydroxyls in the correct orientations to mimic an a-glucoside
(Figure 1.13), conduritol B epoxide is an effective inactivator of both

13-

and a

glucosidases. With 13-glycosidases, attack of the catalytic nucleophile from the a-face of
the cyclitol ring would give products with the favoured trans-diaxial stereochemistry, while
with a-glycosidases, attack of this catalytic residue from the 13-face would produce the less
favoured trans-diequatorial products.

Indeed, 13-glycosidases are more effectively

inactivated by these compounds than are a-glycosidases, (Legler, 1990).

However,

conduritol epoxides have shown an unfortunate propensity to specifically, but ‘incorrectly’,
label active site residues other than the normal catalytic nucleophiles, on occasion leading to
incorrect assignment of the catalytic nucleophile. For example, inactivation of E. coli
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13-

galactosidase with the the appropriate conduritol epoxide resulted in labelling of Glu-461
(Herrchen & Legler, 1984).

Subsequent mutagenesis studies revealed that the glycine

mutant modified at this position displayed a

significant

level of activity inconsistent with

removal of the catalytic nucleophile, suggesting that this epoxide had originally labelled
another residue in the active site. Re-investigation of this enzyme using a new class of
inactivators, the 2-deoxy-2-fluoro glycosides (Section 1.5.4), resulted in the identification
of the actual nucleophile, Glu-537, mutants modified at this position exhibiting the
expected kinetic behaviour (Gebler et a!., 1992; Yuan et a!., 1994). The absence of the C-6
hydroxymethylene substituent in conduritol epoxides present in the sugar substrates likely
accounts for the ‘incorrect’ labelling observed, by permitting alternative binding modes in
the enzyme active site, and subsequent reaction with other residues.

1.5.3 Enzyme-activated inhibitors
Enzyme-activated, or mechanism-based, inhibitors are relatively chemically inert
species which require an activation process based on the normal mechanism of the enzyme
to subsequently react covalently at the active site.

Except for their inherent reactivity,

particularly at less than neutral pH, conduritol epoxides could arguably be included in this
category. Similarly, a glycosylmethyl triazene (1.12, Figure 1.14) requires protonation
(either non-specifically or by a specific active site residue) before yielding a reactive species
which decomposes rapidly to produce nitrogen, an arylamine and a highly reactive
glycosylmethyl carbonium ion in the active site. This electrophiic species may then rapidly
react with active site residues. Two active site residues in E. coil -galactosidase, Met-SO 1
and Glu-461, both of which were also identified by other labels, were labelled and
identified by use of these inactivators (Marshall et a!., 1980; Sinnott & Smith, 1976).
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2
NO
1.12
+

+

2
N

2
NH
Figure 1.14.
triazene.

Generation of a reactive glycosyl carbonium ion from a glycosylmethyl

A different mechanism by which a reactive species is produced in the active site is
by enzymatic cleavage of the glycosidic bond of an inherently unreactive glycoside,
releasing an aglycone which rearranges into a chemically reactive species. Inactivators of
this type include difluoroalkyl glycosides (1.13) which can undergo enzyme-catalyzed
cleavage, releasing a fluorohydrin which rapidly eliminates hydrogen fluoride to yield a
reactive acyl fluoride (Halazy et a!., 1989); or difluorotolyl glycosides (1.14) whose
aglycone, upon enzymatic release, again liberates hydrogen fluoride, but this time yielding
a reactive quinone methide (Halazy eta!., 1990) (Figure 1.15). A limitation of this strategy
is that the reactive species, once generated, may react non-specifically with various residues
if it does not react immediately. Even if immediate reaction occurred, the labelled residue
would reflect the active site location at which the reactive species was generated and the
reactivity of the labelled residue itself, and would not necessarily provide insights into the

normal mechanism. This rather indiscriminate reactivity also reduces their attractiveness as
potential drug candidates.
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Figure 1.15. Generation of a reactive acyl fluoride and a quinone methide from
difluoroalkyl glycosides (1.13) and dfluorotolyl glycosides (1.14), respectively.
1.5.4 Trapping of a catalytic intermediate: 2-deoxy-2-fluoro glycosides

A new class of mechanism-based inactivators, 2-deoxy-2-fluoro glycosides with
good leaving groups, has been developed which function via the formation, and
accumulation of a stabilized glycosyl-enzyme intermediate analogous to that formed in the
normal enzymic mechanism (Withers et a!., 1987; Withers et al., 1988).

Unlike the

inhibitors described previously which contain a reactive group present or latent in the
molecule, these compounds are 2-deoxy-2-fluoro analogues of normal, albeit artificial,
substrates, that are less chemically reactive than the parent substrates. The substitution of
fluorine for the hydroxyl at C-2 slows both the formation and the hydrolysis of the
intermediate, while the presence of the good leaving group (e.g. fluoride or 2,4-
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dinitrophenolate) accelerates only its formation, leading to trapping of this intermediate
(Figure 1.5).
The 2-hydroxyl group contributes substantially to transition state stabilisation in
glycosidases, by involvement in non-covalent interactions with residues in the enzyme
active site (likely via hydrogen bonding) that are worth at least 30 kJ/mol (McCarter et al.,
1992; Wolfenden & Kati, 1991). These interactions are diminished or abolished upon
replacement of this hydroxyl by fluorine, a substituent which may (weakly) act as a
hydrogen bond acceptor but which cannot possibly act as a donor, resulting in
destabilization of both transition states.

Abolition of these interactions may also be

achieved by the use of 2-deoxy glycosides, in which the hydroxyl is substituted by a
hydrogen.

Indeed, the deglycosylation step of p-nitrophenyl 2-deoxy f3-glucoside is

slowed sufficiently to permit denaturation trapping of a 2-deoxy-glycosyl-enzyme
intermediate in Aspergillus wentii -g1ucosidase and identification of the labelled residue
(Roeser & Legler, 1981). In the 2-deoxy-2-fluoro glycoside, the highly electronegative
fluorine also electronically destabilizes both electron-deficient transition states through polar
and inductive effects to a greater extent than the hydroxyl of the parent substrate, slowing
both steps further. Both effects (binding and electronic) combined produce a massive (10
to 8
10
fold) reduction in the rates of both steps (Street et a!., 1992; Street et a!., 1989).
The good leaving group increases the rate of the glycosylation step relative to the
deglycosylation step, resulting in accumulation of a 2-deoxy-2-fluoro-glycosyl-enzyme
intermediate.
This inactivation mechanism is supported by demonstration of the stoichiometric
reaction of inhibitor and enzyme both by electrospray mass spectrometry and by
measurement of the magnitude of the “burst” of dinitrophenolate released (Street et a!.,
1992); by demonstration (by 19
F-NMR) of a covalent a-D-glycopyranosyl-enzyme
intermediate (Withers & Street, 1988); by identification of the residue labelled after
proteolytic digestion and sequencing of the labelled peptide in several glycosidases, and
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subsequent mutagenesis (Gebler eta!., 1992; Miao et a!., 1994; Tull et a!., 1991; Withers
et al., 1990). Further, the catalytic competence of such intermediates is demonstrated by
the turnover of the intermediate in the presence of a suitable glycosyl acceptor which can
bind in the aglycone subsite (Street et al., 1992; Withers et a!., 1990). A disaccharide is
formed via a reaction analogous to a normal transglycosylation reaction, with attack by one
of the ring hydroxyls of the glycosyl acceptor at the anomeric centre of the 2-deoxy-2fluoro-glucosyl-enzyme intermediate, giving a disaccharide product and active enzyme
(Figure 1.16. Thus the enzyme is not irreversibly inactivated.

HO.

-oO
Figure 1.16. Turnover
transglycosylation.

of

a

2-deoxy-2-fluoro-glucosyl-enzyme

OH

intermediate

by

However, a significant limitation of such 2-deoxy-2-fluoro inhibitors is that they are only
effective against retaining -glycosidases, which form an a-glycosyl-enzyme intermediate
in the normal enzymic mechanism.

A number of retaining a-glycosidases,. which

presumably form a f3-glycosyl-enzyme intermediate, were not effectively inactivated by the
corresponding a anomers of these 2-deoxy-2-fluoro glycosides (Withers et a!., 1988).

1.6

Aims of this Thesis
1) To develop new mechanism-based inhibitors of both 3- and a-glycosidases as

probes of enzyme mechanism and transition-state structure. These will be used in the
derivatization of enzymes hitherto resistant to previous mechanism-based strategies in order
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to identify specific active site residues.

Such inhibitors may also be therapeutic drug

candidates.
2)

To examine the inhibition of specific glycosidases by mechanism-based

glycosidase inhibitors in vivo in order to develop new diagnostic probes for disorders of
glycosidase metabolism (e.g. lysosomal storage diseases), and to develop possible animal
models of these diseases.
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CHAPTER II
5-FLUORO GLYCOSIDES AS MECHANISM-BASED INACTIVATORS
OF BOTH

-

AND a-GLYCOSIDASES
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2.1

Introduction
Glycosidase inhibitors have proven to be valuable probes of enzymic mechanism

(Lalegerie eta!., 1982; Legler, 1990) and show considerable promise as therapeutic drugs
(Bernacki et al., 1985; Hughes & Rudge, 1994; Rios, 1994).

Those described to date

include both reversible, non-covalent types and irreversible, covalent types. Inhibitors in
this latter category have proved particularly useful in identifying active site residues (see
Sections 1.5.1 to 1.5.3).

However, most such compounds are inherently chemically

reactive, thereby limiting their usefulness in the specific identification of catalytically
important residues. Further, their irreversibility, resulting in the permanent modification of
the enzyme labelled, limits their potential as drugs. Retaining glycosidases are generally
believed to follow a double-displacement mechanism in which a covalent glycosyl-enzyme
intermediate is formed and hydrolysed via oxocarbenium ion-like Iransition states
(Kempton & Withers, 1992; Koshland, 1953; Sinnott, 1990) (Figure 1.4). A successful
strategy for inactivation of retaining 3-glycosidases involves the use of activated 2-deoxy2-fluoro glycosides which form a stabiised 2-deoxy-2-fluoroglycosyl-enzyme intermediate
that turns over only very slowly (Section 1.5.4). Unfortunately, this approach has been
notably unimpressive with all a-glycosidases tested (McCarter et a!., 1993; Withers et a!.,
1988). Further, the requirement for a fluorine at C2 limits the utility of these inhibitors if
the enzyme is intolerant of substitution at this position (e.g., the C2 N-acetamido group of
N-acetylglucosaminidases). A novel approach to obviate both these problems and possibly
allow inhibition of both

J3-

and cx-glycosidases through accumulation of a covalent

glycosyl-enzyme intermediate, without compromising specificity through substitution of
any ring hydroxyl, was attempted.
5-Fluoro glycosides with good leaving groups might be expected to inactivate
retaining glycosidases by formation of a stabilized 5-fluoro glycosyl-enzyme intermediate
through a trapping mechanism analogous to that of the 2-deoxy-2-fluoro glycosides (see
Figure 1.5).

A fluorine at C5 of a glycosyl oxocarbenium ion exerts electronic effects
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similar to or greater than those of a C2 fluorine, both atoms being adjacent to cenires of
developing positive charge (05 in the case of the 5-fluoro oxocarbenium ion and Cl in the
corresponding 2-deoxy-2-fluoro species). Indeed, modeling studies have indicated that the
greatest difference in partial charge between a ground state sugar and the corresponding
glycosyl oxocarbenium ion is at 05 rather than Cl (Kajimoto et al., 1991; Winkler &
Holan, 1989), thus the electronic effects of fluorine substitution at C5 might be expected to
be even greater than those at Ci
However, the reduction in the rates of both glycosylation and deglycosylation steps
with 2-deoxy-2-fluoro glycosides presumably results from both the electronic effects of the
C2 fluorine and disruption of transition state binding interactions between the enzyme and
the usual C2 substituent. Such binding interactions should still be possible for the 5-fluoro
glycosides since the C2 substituent is unaltered.

Interactions at C2 in retaining

glycosidases are of substantial importance (McCarter et al., 1992; Roeser & Legler, 1981;
Wentworth & Wolfenden, 1974) and would be expected to significantly increase the rates
of both formation and turnover of a 5-fluoro glycosyl-enzyme intermediate relative to an
analogous 2-deoxy-2-fluoro species.

Further, a C5 fluorine is sufficiently small that

repulsive interactions involving this substituent would not be expected to be so large as to
preclude binding to the enzyme.

Indeed, valiolamine (2.1), a potent ct-glucosidase

inhibitor (Kameda et aL, 1984) produced by Streptomyces hygroscopicus, has an axial C5
hydroxyl group. Another natural product, nucleocidin (2.2), has a fluorine situated at the
analogous C4 position on the furanose ring of this nucleoside analogue.

2.2

Specific Aims
Initially, the syntheses of the novel 5-fluoro glycosyl fluorides, 5-fluoro (-D

glucopyranosyl fluoride (2.3), and 5-fluoro x-D-glucopyranosyl fluoride (2.4) will be
attempted.
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The 5-fluoro -D-g1ucosyl fluoride (2.3) may be a mechanism-based inactivator of
-glucosithses, like the analogous 2-deoxy-2-fluoro compound, in this case functioning by
the accumulation of a stabilized 5-fluoro glycosyl-enzyme intermediate. Similarly, the cx
glucosyl fluoride (2.4) may be an inactivator of the corresponding cx-glucosidase.
Inhibitors of x-glycosidases are of particular interest as potential agents for the treatment of
viral diseases and cancer (Hughes & Rudge, 1994), and for the management of diabetes
(Rios, 1994).
The rates of spontaneous hydrolysis of these and related compounds will be
determined, and compared with those of the parent and 2-deoxy-2-fluoro glycosyl fluorides
to assess the effect of the CS and C2 fluorines on the electron-deficient transition states
involved in the spontaneous (and enzyme-catalyzed) hydrolysis of these glycosyl fluorides.
No catalytic nucleophile in any a-glycosidase has yet been unequivocally identified
by accumulation of a species analogous to the normal glycosyl-enzyme intermediate,
without resort to denaturation trapping of a substrate (Mooser et al., 1991). Derivatization
and identification of the catalytic nucleophiles in an x-glucosidase by a novel technique
utilizing electrospray mass spectrometry will be attempted. Such a technique removes the
need for the synthesis of radiolabelled inactivators.

The derivatized enzymes will be

proteolytically digested, and the labelled peptides identified by a variety of mass
spectrometric techniques.

HO

OH

HO
F

HOOH

2.2

2.1

Figure 2.1. Structures of valiolamine (2.1), and nucleocidin (2.2).
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OH

F

F

2.3

2.4

Figure 2.2 Structures of 5-fluoro J3-D-glucopyranosyl fluoride, 5FGluF (2.3) and 5fluoro a-D-glucopyranosyl fluoride, 5FaG1uF (2.4).

Results and Discussion
2.3

Synthesis

a)

Synthesis of 5-fluoro 3-D-glucopyranosyl fluoride, 5FG1uF (2.3), and 5-fluoro
ct-L-idopyranosyl fluoride, 5Fc.ddoF (2.9)

Synthesis of the 5-fluoroglycosyl fluorides hinged upon the known radical
photobromination reaction at C5 of glucosides and glucosyl halides (Ferrier & Tyler, 1980;
Praly & Descotes, 1987; Somsák & Ferrier, 1991). Broniination occurs mainly at either
C5 or Cl since radicals at both centres are stabilized. Substitution at Cl can affect the
relative product distribution, with electron-withdrawing groups

disfavouring Cl

substitution. Thus photobromination of per-O-acetylated f3-glucosyl fluoride 2.5 (hv, N
bromosuccinimide, CCI
) yielded the protected 5-bromoglucosyl fluoride 2.6 in 41% yield
4
(Scheme 2.1).

Fluorination (Igarashi et al., 1969) of this compound with retention of

configuration at C5 (AgBFtoluene) afforded the protected 5-fluoro-3-D-glucosyl fluoride
2.7 in low (11%) yield.

/CH
(NH
O
H) and chromatography (27:2:1
Deacetylalion 3

) on silica gel yielded 2.3 in 59% yield. Fluorination of 2.6 with
2
O
3
EtOAc/CH
0
H/H
CN proceeded with inversion of configuration at C-5, affording the protected 53
AgF/CH
fluoro-cz-L-idosyl fluoride 2.8 in 40% yield. Note that the anomeric configuration of this
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sugar is formally a, despite the fact that the configuration of the Cl fluorine is unchanged,
since inversion at C5 formally renders this compound an L-idoside. Deacetylation and
purification of 2.8 as for the gluco compound gave 2.9 in 47% yield.

All 5-fluoro

F NMR, elemental analysis, and high
9
compounds were characterized by ‘H and ‘
resolution mass spectrometry (Tables 2.1 to 2.4, and Chapter 5).

OAc

,5h
4
hv/ NBS/ CC1
41%

OAc

2.5

2.6
h,/4O%
AgF/ 3
N, 6
CH
C

F
AgBF toluene,
/
4
11%\OoC, 1 h

2.7

2.8
H, 0°C, 2.5 h
CH
O
!3
3
NH

BTOAc

OH, 0°C, 2.5 h
3
! CH
3
NH

47%

59%

OOF
HO
2.9
Scheme 2.1. Synthesis of 5-fluoro f3-D -glucosyl fluoride (2.3) and 5-fluoro a-L-idosyl
fluoride (2.9).
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Synthesis of 5-fluoro ct-D-glucopyranosyl fluoride, 5FczGluF (2.4), and 5-fluoro
3-L-idopyranosyl fluoride, 5FI3IdoF (2.14)

b)

Prolonged reaction of 2,3,4,6-tetra-O-acetyl a-D-glucosyl fluoride 2.10 with NBS
eventually afforded the corresponding protected 5-bromo a-glucosyl fluoride 2.11 in 34%
yield (Scheme 2.2). Treatment of this compound with AgBF
4 or with HF/pyridine resulted
in extensive decomposition, but the 5-fluoro a-fluoride 2.12 was synthesized via the 5fluoro f3-L-idosyl fluoride 2.13.

Fluorination of 2.11 with silver fluoride (AgF,

CN) proceeded with inversion of the C5 configuration, affording the 5-fluoro (3-L3
CH
idoside 2.13 in 45% yield. Treatment of the idosyl fluoride 2.13 overnight with
HF/pyridine gave the evidentally thermodynamically more stable 5-fluoro gluco compound
2.12 in 25% yield. Each of 2.12 and 2.13 were smoothly deprotected with anhydrous
ammonia in methanol, giving the deprotected 5-fluoro glycosyl fluorides 2.4 and 2.14,
upon purification, in 81% and 98% yields, respectively.
Both acetylated D-glucosides 5F[3G1uF (2.7) and 5FaG1uF (2.12) exhibit the
couplmg constants expected for D-glucosides and appear to be essentially undistorted 4 1
C
chairs. However, the coupling constants of the acetylated 5-fluoro L-idosides indicate that
these sugars are clearly not in the

conformations adopted by the 5-fluoro D-glucosides.

Analysis of the observed coupling constants and comparison with those of other
saccharides indicate that the conformations of both compounds lie on the boat/skew-boat
pseudorotational itinerary (Figure 2.3).

In the a-L-idoside (2.8), H-2, H-3 and H-4

appear to be pseudoaxial and the observed coupling constants (J
23

=

34
J

=

6.3 Hz)

compare well with those measured for a series of a-D-glucosylpyridimum bromides (e.g.,
=

6.8 Hz, J
34

=

6.2 Hz), which have been assigned the 1
3 skew-boat conformation
S

(Hosie et at., 1984; Hosie & Sinnott, 1985). In the -L-idoside (2.13), the magnitude of
3 (8.3 Hz) indicates an approximately anti-periplanar orientation of H-2 and H-3, while
,
2
J
the small value of .134 (1.6 Hz) for this compound indicates a gauche orientation of H-3
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H,4h
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Scheme 2.2. Synthesis of 5-fluoro a-D-glucosylfluoride (2.4) and 5-fluoro f3-L-ido.syl
fluoride (2.14).
and H-4. Similar coupling constants have been noted in 2,3,4-th-O-acetyl-D-xylono-1,5lactone (J
3
,
2

=

8.9 Hz, 3
J
4

=

2.5 Hz) from which a 2
B boat conformation has been
5
’

inferred (Nelson, 1979). Idosides have been known to exhibit considerable confonnational
flexibility (Augé & Serge, 1984), and the possibility that the observed coupling constants
are an average of several slightly different conformations cannot be excluded. Relatively
minor changes in the chemical shift values and in the most of the measurable coupling
constants of the deacetylated compounds indicate that drastic conformational changes have
not occurred upon deprotection, and these compounds, 5FccIdoF (2.9) and 5F(MdoF
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(2.14) are depicted in the ‘S
B conformations likely adopted by their acetylated
5
’
3 and 2
precursors.

1k
i,4B

-

3
iS

1k
2S

0
,
3
B

1k

-

B
25

1k

0
H
5

4
‘C
Figure 2.3. Partial map of pyranoid ring interconversions. An additional eight half-chair
(H), four skew-boat (S), and three boat (B) conformations are not shown. Adapted from
(Stoddart, 1971).
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Spontaneous Hydrolysis of 5-Fluoro Glycosyl Fluorides
The mechanism of glycoside hydrolysis is thought to involve rate-limiting

formation of a short-lived oxocarbenium ion, followed by interception of this species by
solvent to give products of both inverted and retained configuration (Banait & Jencks,
1991; Sinnott & Jencks, 1980) (Figure 2.4). The lifetime of a glucosyl oxocarbenium ion
in water is estimated to be 10’ to 1(112 s (Banait & Jencks, 1991).

Considerable pre

association of the incoming nucleophile therefore likely occurs, and the existence of a
glucosyl oxocarbenium ion as a discrete intermediate is questionable, at least with anionic
nucleophiles or leaving groups (Zhang, Y. et a?., 1994).

ROH
0
2
H
HO

HO.%.

(OH

+

1

OH

OH

Figure 2.4. Presumed mechanism of spontaneous glycoside hydrolysis.
The presumed mechanism of 5-fluoro glycoside hydrolysis is somewhat more
complex. As shown in Figure 2.5, initial hydrolysis of the Cl aglycone would produce a
5-fluoro glycopyranose species. This will undergo ring opening to produce a reactive
fluorohydrin, which spontaneously decomposes with release of fluoride and a 5-keto
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H
HO.
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F
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ROH
0
2
H

HO

HO

(OH

Ho_\.Z>
FOH

Ho%LJL
H

2.15

Figure 2.5. Presumed mechanism of spontaneous 5-fluoro glycoside hyrolysis. Although
the initial departure of the leaving group is depicted as occuring a Cl, followed by ring
opening and loss of the CS fluoride, the reaction could also occur through initial departure
of the CS fluoride.
derivative, D-xylo-hexos-5-ulose 2.15. Though it is possible with extremely good leaving
groups that ring-opening may become rate limiting, the rate-detemilning step in this
reaction would be expected to be the formation of the oxocarbenium ion upon loss of the
initial aglycone. Although the first leaving group departure is depicted in Figure 2.5 as
occurring at Cl, the reaction could also occur through the initial departure of the C5
fluoride.
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It is difficult to predict which pathway would be followed.

Hydrolysis likely

follows the pathway involving initial loss of the C5 fluoride in compounds with leaving
groups at Cl of similar or lesser nucleofugacity than fluoride. Loss of the C5 fluoride
would formally produce a tertiary oxocarbenium ion, which would be expected to be more
stable than the secondary oxocarbenium ion produced from loss of the Cl fluoride;
however, nucleophilic attack at C5 would be more hindered than that at Cl.

Since the

mechanism is on the border between SN
1 and 2
SN it is not clear which factor will be more
,
important. In addition, differences in the electronic effects of the initially non-departing
fluorines at Cl or C5 on the stabilities of the two transition states are difficult to estimate.
With similar or identical leaving groups, both processes may occur. Ultimately, regardless
of which fluoride is lost first, two equivalents of fluoride would expected to be released
upon hydrolysis of a 5-fluoro glycosyl fluoride, along with a hexos-5-ulose species.
Spontaneous hydrolyses of the 2-deoxy-2-fluoro- and 5-fluoro glycosyl fluorides
4 to
were carried out at 50.0°C in 50 mM phosphate buffer, pH 6.8 containing 1 M NaC1O
maintain a constant ionic strength, according to Konstantinidis & Sinnott, 1991.
hydrolysis of glycosyl fluorides is pH-independent between pH

The

— 4 to 10 (Banait &

Jencks, 1991; Konstantinidis & Sinnott, 1991). Solutions of the glycosyl fluorides were
incubated in screw-top plastic vials, and aliquots were removed at intervals, frozen
immediately, and assayed together after completion of the reaction. In cases for which
hydrolysis was sufficiently rapid to allow monitoring of the reaction for four to five halflives, rates of fluoride release were determined by plotting the concentration of fluoride

versus time and fitting the data to a first order rate equation. If the rate of hydrolysis was
slow, so that only partial hydrolysis was observed over the assay period

(- 7 days), the

rate constant was determined by a linear fit of the initial rate of hydrolysis in which <5% of
the glycosyl fluoride had been consumed. Hydrolysis rate constants (k) for all compounds
refer to glycosyl fluoride consumed. Note that the value given is one-half the value initially
determined based upon F released for those 5-fluoro glycosides for which initial rates of
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fluoride release were measured since two equivalents of F are produced upon the
hydrolysis of these compounds. The results are presented in Table 2.5. Plots are shown
in Appendix I.

Table 2.5. Rates of spontaneous hydrolysis of glycosyl fluorides in 50 mM phosphate
buffer, pH 6.8, 1 M NaC1O
.
4
Compound
I3GluF

a

1.4

2FfGluF
5FfGluF

b

a

2FaG1uF

b

5FcG1uF

b

5Ff3IdoF
a

b

,t
1
2

(h)

0.5

0.046 ± 0.003

5FcddoF

ocGluF

k at 50.0°C (h
)
1

1.4 x 10 ± 0.05 x 10

15
510

0.063 ± 0.005

11

0.036

19

2.8 x lO ± 0.09 x 10

2 500

1.1 x 10 ± 0.01 x 10

650

0.048 ± 0.001

14

Data taken from (Konstantinidis & Sinnott, 1991).
Determined from initial rates.

The hydrolysis rates of the fluorine-substituted D-glucosyl fluorides were
considerably reduced compared to those of the parent o- and f3-D-glucosyl fluorides. As
expected, incorporation of an additional electronegative fluorine into the sugar ring
apparently leads to destabilization of the electron-deficient transition states involved.
Fluorine substitution at C2 results in a 130-fold reduction in the rate of hydrolysis of x-D
glucosyl fluoride and a 30-fold reduction in the 3 anomer.

In addition, it has been

previously shown (Konstantinidis & Sinnott, 1991) that the anomeric configuration of D
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glycosyl fluorides has a significant effect on their hydrolysis rates, the rate for a-D
glucosyl fluoride being some 40-fold slower than for the corresponding

(3

anomer. The 2-

deoxy-2-fluoro-D-glucosyl fluorides exhibit an even greater difference in hydrolysis rates,
the hydrolysis rate for the

Ct

anomer being 160-fold slower than for the corresponding

(3

compound. However, the cx and (3 anomers of 5-fluoro D-glucosyl fluoride undergo
, respectively),
1
hydrolysis at almost the same rate (1.1 x 10 h’ and 1.4 x 10 h
suggesting that loss of the axial C5 fluoride (common to both cx and (3 anomers) initially
occurs with each of these compounds, followed by rapid expulsion of the remaining
fluoride. A similar phenomenon is observed in the L-ido series, the rates for 5-fluoro-(3-Lidosyl fluoride and its a anomer being 0.048 h’ and 0.063 h’, respectively. Thus, it is
impossible to directly compare the effects of fluorine substitution at C2 and C5 in the gluco
series since the rate-determining steps in the hydrolysis of the 2-deoxy-2-fluoro glucosides
and of the 5-fluoro glucosides are likely different processes (necessarily loss of Fl in the 2deoxy-2-fluoro compounds and presumably loss of F5 in the 5-fluoro analogues).
However, a minimum estimate of the effect of the C5 fluorine is possible since loss of the
Cl fluorine must be slower than loss of the C5 fluorine. This suggests at least a 1000-fold
reduction in rate for the (3-D-glucosyl fluoride (cf 30-fold for the 2-deoxy-2-fluoro
compound) and at least a 30-fold reduction in rate for the a anomer (cf 130-fold for the 2deoxy-2-fluoro compound). The apparently greater effect of fluorine substitution at C5
than at C2 is possibly to due to a greater proportion of partial positive charge at the
transition state residing at 05 rather than at Cl, or to the greater net electronic effect of
substitution of a hydrogen, rather than a relatively electronegative hydroxyl, by fluorine.
A mechanism for 5-fluoro glycosyl fluoride hydrolysis involving loss of both
fluorides and formation of D-xylo-hexos-5-ulose (Figure 2.5) is supported by the available
evidence.

All of the 2-deoxy-2-fluoro glycosyl fluorides that were followed to total

hydrolysis released one equivalent of fluoride, while all of the 5-fluoro glycosyl fluorides
followed to total hydrolysis released two equivalents of fluoride.
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The products of

hydrolysis of 2Ff3G1uF and 5FaIdoF were analyzed by desorption chemical ionization
(DCI) mass spectrometry. Both samples were followed to >95% completion, as assayed
by removing aliquots and measuring the fluoride released. The hydrolysates were freeze
dried, acetylated with acetic anhydride in pyridine, and the products analyzed by desorption
chemical ionization mass spectrometry after work-up.

A strong peak at m/z 368 was

observed in the spectrum of the 2FfGluF hydrolysate, consistent with the mass of 1,3,4,6).
4
tetra-O-acetyl-2-deoxy-2-fluoro-D-glucose (M÷NH
supported this assignment (calcd. for 9
F0
C
1
H
4
9

+

The high resolution spectrum

NH: 368.1356; found: 368.1351).

The spectrum of the 5Fc.ddoF hydrolysate showed a weak peak at m/z 364, consistent with
the mass of 2,3,4,6-teira-O-acetyl-D-xylo-hexos-5-ulose 4
(M+NI{
)
.

Again, this

assignment is supported by the high resolution spectrum (calcd. for 1
0
C
H
4
8
0

+

:
4
NH

364.1237; found: 364.1248). The low intensity of the peak derived from D-xylo-hexos-5ulose (2.15) is consistent with the known instability of this compound (Kiely & Fletcher,
1969), which likely underwent further decomposition prior to acetylation and analysis.
Indeed, solutions of hydrolysed 5-fluoro fluorides presumably containing 2.15 became
pale brown upon prolonged incubation, in contrast to solutions of the hydrolysis products
of the 2-deoxy-2-fluoro fluorides, which remained colourless.

2.5

Kinetic Studies of the Reaction of 5-Fluoro Glycosyl Fluorides with
Agrobacterium faecalis -Glucosidase and Yeast (Saccharomyces
cerevisiae) ct-Glucosidase

The general kinetic mechanism for a retaining o- or f3-glycosidase is shown in
Figure 2.6. Assuming only the chemical steps are kinetically significant, the mechanism
may be depicted as follows.
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E

+

3
k

2
k

1
k

E-P

E•S

S

‘

E+P

1
k
0
2
H

HX

Figure 2.6. Kinetic schemefor retaining glycosidases. E is the enzyme, S is the substrate,
E.S is the non-covalent enzyme-substrate complex, HX is the aglycone, E-P is the covalent
1 are the rare constants for rapid
1 and k
glycosyl-enzyme complex, and P is the product. k
3 are the first order
2 and k
and revesible formation of the initial Michaelis complex, and k
rate constants for glycosylarion and deglycosylation, respectively.
Assuming a steady state concentration of E•S and E-P is reached during the reaction
then
(2.1)

[E-PJ
3
[E.SJ =k
2
k

and

dfE•S1
dt

(2.2)

[E.S]
2
[E•Sj -k
1
[E][SJ -k
1
k

=

=0
0 is the sum of the concentrations of free enzyme and
The total concentration of enzyme, E
all enzyme-bound species
]
0
[E

[E]

=

+

[E.S]

+

(2.3)

[E-P]

Therefore, by substituting for [E-P] and rearranging
[S]
E
0
[
1
k
]

Solving for

=

1
(k

+

)[E•S]
2
k

+

[E•S][S]
1
k

=

1
(k

+

)[E’S]
2
k

+

1
(k

+

+

[E•S1[S1
2
k
1
3
k

(2.4)

)[E•S][S]
3
Ik
k
k
1

[E.S]
[E.S]

=

1
k

+

E
0
J
1
k
1
IS1
k [SI
X
1
k
±-k1
+ 2
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(2.5)

Since at steady state the rate of production of P. v iS given by
(2.6)

dEEl=k
[
3
E-P1
dt

[E.SJ
2
=k
Jc [EQJ [SI
_
3
k
2

then

ç
3
j
2
k
_
_______

v,=

_k
_
3
+k
2
k
3

..±k
1
k
2

+

(2.7)

[SI

1
k

which follows the standard form of the Michaelis-Menten equation
(2.8)

v =kcatf1[S1
Km + [SI
Therefore the kinetic parameters for this mechanism are
kcat

=

2
+
1
k
Km =k
1
k

kcatfK

=

(2.9)

23—
+ k
3

2
k

(2.10)

1(3
+k
2
k
3

(2.11)

_.
2
k
1
.j
k+k
1
2

It can be shown that k is the rate constant for the rate-determining step of the reaction and
will always be associated with the highest free energy step in the pathway. kcat/Km Will
always be the second-order rate constant for the free enzyme and free substrate proceeding
to the transition state of the first irreversible step (Fersht, 1985).

2
a) Substrates with k

>

3
, k
3
k

>>

0. When the aglycone is a highly activated

leaving group (e.g. fluoride or 2,4-dinitrophenolate), it would be expected that if the rate of
glycosylation were increased sufficiently relative to deglycosylation, then deglycosylation
would become rate determining, i.e. k
2

>

.
3
k
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Assuming further a rapid, reversible

association of enzyme and substrate, i.e. k
1

>>

, the kinetic parameters kcat, Km, and
2
k

kcau/Km then become
1

kcat

=

Km

1
=k

kcat/K

(2.12)
1(3
+k
2
k
3

1
k

(2.13)

(2.14)

=

1
k

This kinetic model applies to substrates for which deglycosylation is rate-limiting, such as
f3-D-glucosyl fluoride with Agrobacterium f-g1ucosidase.
b) Inactivators with k
2

>>

, k
3
k
3

0. At the extreme, if k
3 is very much smaller

, such that k
2
than k
3 (or keat) approaches zero, then an extremely stable glycosyl-enzyme
intermediate will accumulate and the enzyme will be inactivated. The kinetic model then
becomes
2
k

1
k

E-I

E•I

E+I
1
k

HX
Figure 2.7. Kinetic scheme for inactivation of retaining glycosidases by accumulation of a
covalent intermediate. E is the enzyme, I is the inactivaror, E•I is the noncovalent enzyme
inactivator complex, HX is the aglycone, E-I is the covalent glycosyl-enzyme intermediate.
Rate constants are as in Figure 3.4.
This kinetic model predicts a time-dependent inactivation of the enzyme. If [I] is much
greater than [E
j, [I] can be assumed to be essentially constant during the reaction, and
0
pseudo first-order kinetics with respect to enzyme concentration wifi be observed. In
Michaelis-Menten form, the equation for this process is:

v
=
1
]j1[fl
K + [I]

(2.15)
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where v
1 is the inactivation rate, k
1 is the rate constant for inactivation, and K
1 is an
apparent dissociation constant for all forms of enzyme-bound inactivator. From Figure
2.7, it can be seen that k
1

Vi

where

=

=

, and K
2
k

=

/k Equation (2.15) can be rewritten as
1
k..
.

(2.16)

kobs[O]

kObS=.jIjj1_
Kj + {IJ

(2.17)

The rate of inactivation, v
1 is equal to

1 = lSbs[EO1
0
dm

(2.18)

dt

Thus

j
0
ln[E

=

(2.19)

kobst

Note that if K>> [11, then Equation (2.17) becomes

kobs

=

f[]]
1
(k
)
K

(2.20)

Note that since k/K is equivalent to 1
)/1c 1
2
k
(k
,
k
/
K is analogous to kcat/Km in terms of
the individual rate and equilibrium constants for each step. This kinetic model applies to

inactivators for which keat is very small relative to k
, such as 2-deoxy-2-fluoro-3-D1
glucosyl fluoride with Agrobacterium 3-g1ucosidase.

c) Inactivators or slow substrates with k
2 > Ic
, Ic
3
3 > 0. The scheme represented in
Figure 2.7 holds if k
2 (or k) is very much greater than k
3 (or kcat). In such a situation,
essentially all of the enzyme will exist as the accumulated glycosyl-enzyme intermediate,
and complete inactivation will be observed. K and k
1 may be then be directly determined.
However, the extent to which the intermediate accumulates depends primarily on the
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relative values of k and kcat. If the magnitude of keat approaches (but is still less than) k
,
1
then the intermediate will slowly turn over and a steady-state rate will be established (cf
Figure 2.6). An apparent K’ under steady-state conditions Legler, 1990; Wentworth &
Wolfenden, 1974) is given by
’=
1
K

1

K
_
1
+ ki/kcat

(2.21)

This equation takes the form of the Michaelis-Menten expression for Km (Equation 2.13)
with K

k = kcat. In such a situation, K
1 = k
2 and 3
=1
/k k
k
,
’ represents a minimum
1

value for the actual dissociation constant K. This kinetic model applies to inactivators (or
slow substrates) for which keat is significant relative to k, such as D-galactal with E. coli
[3-galactosidase (Wentworth & Wolfenden, 1974), which exhibits tight apparent binding
and subsequent slow turnover of the 2-deoxy-hexosyl enzyme formed (see Figure 1.9).
2.5.1 Inactivation of Agrobacterium faecalis f3-glucosidase and yeast a
glucosidase by the 5-fluoro D-glucosides 5F3GluF (2.3) and
5FaGIuF (2.4), respectively

a) Inactivation of Agrobacterium /3-glucosidase.

Incubation of 5-fluoro--D-

glucosyl fluoride (5FfGluF) 2.3 with Agrobacterium faecalis 3-glucosidase resulted in
rapid time-dependent inactivation according to essentially pseudo-first order kinetics,
though inactivation, particularly at lower inactivator concentrations, did not proceed to
completion (Figure 2.8A). This is consistent with a kinetic model (Street et al., 1992) in
which at high concentrations of inactivator, the rate of formation of the intermediate
k[5F(3GluFJ) is significantly greater than that of its breakdown

(=

(= k[5FGlu-enzyme]),

but not at low inactivator concentrations. A re-plot of the rate constants from the initial
exponential phase showed no saturation at concentrations up to 3.7 p.M and at higher
concentrations, inactivation became too rapid to accurately measure. Nonetheless, a second
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A) Inactivation of Agrobacterium J3-glucosidase with 2.3. Enzyme was
Figure 2.8.
incubated with the following concentrations of 2.3 and aliquots assayed with /3PNPFuc a
the indicated times. 3.68 jiM (V), 1.84 pM (C)), 0.921 pM (X), 0.736 pM (•), 0.368
pM (0). B), Replot of rate constants from above.
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Figure 2.9.
Reactivation of isolated 5-fluoro
glucosidase at 3 7°C.
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Figure 2.10. Reversible K
’for2.3 with Agrobacterium J3-glucosidase determined under
1
steady state conditions.
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fK
1
order rate constant k

=

660 ± 43 min’mlvf’ was obtained from the slope of this plot

(Figure 2.8B). The expected level of protection was afforded by 4.7 tM castanospermine
(K

=

3 p.M, (Namchuk, 1993)), the pseudo-first order rate constant at 1.84 .tM 5FGluF

being reduced from 1.07 to 0.18

. When freed of excess inhibitor by ultrafiltration,
4
mm

followed by incubation in buffer at 3 7°C, a first-order recovery of enzyme activity was
3
observed (k

(keat) =

1
, corresponding to t
1
0.082 ± 0.006 min

=

8.5 mm, Figure 2.9),

indicating a catalytically competent intermediate that is capable of normal turnover, but at
’ under
1
greatly reduced rates. Consistent with the proposed kinetic model, an apparent K
,
1
steady-state conditions, representing a minimum value for the true dissociation constant K
was determined to be 0.30 ± 0.08 p.M (Figure 2.10).
As a further demonstration that inactivation had occurred by formation of a
relatively stable 5-fluoro glucosyl-enzyme intermediate, an electrospray mass spectrum of
the 5FG1u-inactivated f3-glucosidase was obtained.

This showed that the mass of the

protein increased from 51192 ± 6 Da to 51 363 ± 6 Da upon inactivation, an increase of
171 ± 12 Da, which is consistent, within experimental error, with the covalent attachment
of one 5-fluoro glucosyl moiety (181 Da).

b) Inactivation of yeast (Saccharomyces cerevisiae) a-glucosidase. Incubation of
yeast ct-glucosidase with 5-fluoro-a-D-glucosyl fluoride (5FaG1uF) 2.4 also resulted in
inhibition of the enzyme by accumulation of a 5-fluoro glycosyl-enzyme intermediate.
Inhibition was veiy rapid, and no time dependence was observed, even when assaying at
the shortest possible time intervals
very rapid.

) was
1
(— 30 s), indicating that the inactivation step (k

However, complete inhibition was not observed since turnover of the

intermediate (keat) was also rapid, allowing the establishment of a small, but significant
steady-state rate. This compound is perhaps best described as a slow substrate rather than
an inactivator. Incubation of various concentrations of 5FaG1uF with enzyme resulted in
slow rates of fluoride release until the compound was consumed, ultimately releasing two
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Figure 2.11. Hydrolysis of 2.4 (99 uM (V), 198 uM (zi), and 990 jiM (0)) catalyzed
by yeast a-glucosidase at 37°C.
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(2.0 ± 0.3) equivalents of fluoride (Figure 2.11). These rates were constant over a range
-1
vaiue of 6.6 ± 0.4 nn Times courses
of concentrations, enabling determination of a
.

of fluoride release were linear over virtually the entire course of the hydrolysis reaction,
even at gtM concentrations, indicating an extremely low Km value. This veiy low Km value
(resulting from significant accumulation of an intermediate) precluded its determination due
to the insensitivity of the F-- selective electrode at the low concentrations required.
However, an apparent K under steady-state conditions was determined to be 1.40 ± 0.09
j.iM (Figure 2.12). Among inhibitors of yeast a-glucosidase, 5FaGluF thus shows the
tightest apparent binding yet described.
2.5.2 Inactivation of Agrobacterium faecalis f-glucosidase and yeast cx
glucosidase by the 5-fluoro L-idosides 5FctIdoF (2.9) and 5FIdoF
(2.14), respectively

a) Inactivation of Agrobacterium 13-glucosidase. Perhaps surprisingly, the C-5
epimers of the 5-fluoro gluco compounds above, in which the sugar hydroxymethylene is
of the L-idosyl configuration, are also effective inactivators of the corresponding
glycosidases. In the case of Agrobacterium 3-gIucosidase, a non-fluorinated p-nitrophenyl
cx-L-idoside (synthesized and kinetically evaluated by Dr. Evelyn Rodriguez in this
laboratory) is a correspondingly reasonable substrate of this enzyme, consistent with
inactivation by the 5-fluoro idosides occurring by recruitment of the normal catalytic
mechanism. The kinetic parameters for hydrolysis of p-nitrophenyl a-L-idopyranoside

byAgrobacterium 3-glucosidase are keat

=

4 and Km
47 ± 2 mm

2.55 ± 0.2 mM. The

value is only 200-fold reduced from the analogous 3-D-glucoside (k = 10000 mind,
Km = 0.078 mM), and the Km is increased 30-fold.

Remarkably, considering the

significant structural and conformational differences between L-idosides and D-glucosides,
this reduction in keat is less than that seen with either D-allosides (1300-fold) or D
mannosides (1000-fold) in a series of 2,4-dinitrophenyl glycosides (Namchuk, 1993). The
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corresponding D-galactoside in this series is, however, a good substrate with a 1.3-fold
higher kcat than the D-glucoside.
Incubation of Agrobacterium -glucosidase with 5FctIdoF 2.9 resulted in timedependent inactivation of the enzyme. As with the 5-fluoro gluco analogue 2.3 above, loss
of enzyme activity initially followed first order kinetics, yet incomplete inactivation and a
steady-state phase were observed (Figure 2.13A). The phenomenon was more extreme in
this case, the steady-state rate at the lowest concentrations of inhibitor corresponding to
only

—

25% inactivation. A re-plot of the rate constants derived from the initial exponential

phase versus inhibitor concentration showed no saturation at concentrations up to 1 mM.
Unfortunately, at higher concentrations, inactivation became too rapid to accurately
measure at 370C, and it was not possible to obtain values of k
1 and K•.
second order rate constant 1
k
/
K

=

Nonetheless, a

3.0 ± 0.09 min
mM- was obtained from the slope of
1

the plot of kobs versus inhibitor concentration (Figure 2.1 3B).

The inactivation was

therefore re-examined at a lower temperature (5°C) to slow the inactivation and allow
studies to be performed at higher inhibitor concentrations.

Under these conditions,

saturation was indeed observed, allowing the determination of kinetic parameters of k
1 at
5°C

=

8.1 ± 0.6 min’, K
1

=

3.0 ± 0.5 mM. The expected level of protection was afforded

by 4.5 mM isopropylthio 3-D-glucopyranoside (K
1

=

4 mM, (Withers et a!., 1987)) the

pseudo-first order rate constant at 0.36 mM 5FaIdoF being reduced from 0.94 to 0.28
mm-’. Again, the intermediate formed was capable of turnover. When freed of excess
inhibitor and incubated at 4°C or 37°C, a rapid first-order recovery of enzyme activity was
observed, with k
3 (kcat) values of 1.1 x i02 ± 0.2 x i02 min
1 and 5.8 x i02 ± 1.2 x i02
, corresponding to
1
min

t
1
12

=

65 mm and 12 mm, respectively (Figure 2.14). At 37°C,

both the glycosylation (reflected by 1
k
I
K) and the deglycosylation (reflected by kcat) steps
of the enzyme were slower for the 5-fluoro idosyl compound 2.9 than for the gluco
analogue 2.3, by 200- and 1:5-fold, respectively.
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Figure 2.13. A) Inactivation of Agrobacterium f3-glucosidase with 2.9. Enzyme was
incubated with the following concentrations of 2.9 and assayed with J3PNPFuc at the times
shown: • = 0.014 mM, 13 = 0.029 mM, N = 0.058 mM, A = 0.072 mM, C) = 0.151 mM,
A = 0.359 mM, 17 = 1.08 mM. B) Replot of rate constants from above.
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Figure 2.14. Reactivation of isolated 5-fluoro idopyranosyl-Agrobacterium J3-glucosidase
at 4°C (0) and 37°C (•).

As with the gluco compound, an electrospray mass spectrum of the 5-fluoro idosyl
inactivated f-glucosidase showed that the mass of the protein increased from 51 205 ± 6
Da to 51 384 ± 5 Da upon inactivation, an increase of 179 ± 11 Da, which is consistent,
within experimental error, with the covalent attachment of one 5-fluoro idosyl moiety (181
Da).

b) Test for inhibitory contaminant in SFcxJdoF 2.9.

A 1.3-fold molar excess of

M). Aliquots
5
5FoIdoF (95 .tM) was incubated with Agrobacterium -glucosidase (70 p
were removed at appropriate intervals, diluted, and assayed for activity.
concentration of 5FczIdoF,

—

At this

70% inactivation of the enzyme after 17 minutes was

previously observed (see Figure 2.13). In the present experiment,

—

50% inactivation was

observed after 14.5 minutes. These values are very close, indicating that 5FczIdoF is the

true inhibitor. Indeed, exactly the same level of inactivation is not expected since with near
stoichiometric amounts of enzyme, the inactivation is a second order process. Further, the
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rapid turnover of the intermediate, releasing active enzyme, also results in consumption of
the inhibitor, and would reduce the level of inactivation. However, if this

—

50% reduction

in activity was due to a possible contaminant, it would have to have constituted almost half
of the preparation, which is clearly not the case, as indicated by NMR or mc.
c) Inactivation of yeast a-glucosidase. 5-Fluoro -L-idosyl fluoride (5FfIdoF)
2.14 inactivated yeast a-glucosidase according to essentially pseudo-first order kinetics,
the inactivation of this enzyme by 2.14 being the most complete of all the 5-fluoro
glycosyl fluorides tested (Figure 2.15A). A replot of the rate constants obtained from the
exponential portion revealed reversible, saturable binding (K
1
allowed determination of an inactivation rate constant, k
1
to a half-life at saturation of
deoxynojirimycin (K

=

=

=

=

1.8 ± 0.4 mM) and

1.4 ± 0.1 min
, corresponding
1

0.49 mm (Figure 2.15B). The competitive inhibitor 1-

13 tM, (Legler, 1990)) afforded protection from inactivation as

expected; a concentration of 58 I.LM reducing kobs for 1.25 mM 5F1doF from 0.51 mm
4
to 0.29 min
. When freed of excess inhibitor by ultrafiltration, followed by incubation in
1
buffer at 40C or

370c,

a first-order recovery of enzyme activity was observed, with k
3

(kcat) values of 3.2 x 10 ± 1.0 x 10 min’ and 2.1 x 10 ± 0.2 x 10 min
,
1
corresponding to t
1

=

2200 mm

and 330 mm, respectively, indicating a catalytically

competent intermediate that is capable of normal turnover, but at greatly reduced rates
(Figure 2.16). The reactivation of the 5-fluoro-cz-L-idosyl enzyme was the slowest of any
of the 5-fluoro glycosyl-enzymes observed, consistent with the almost complete
inactivation seen. Indeed, the

of 2.14 was reduced 3000-fold from the gluco analogue

2.4, sufficient to allow isolation and monitoring of the reactivation of the glycosyl-enzyme
intermediate. The glycosylation step was also slow for the 5-fluoro L-idoside, the k value
of the idoside (1.4 min
) being less than even the kcat value for the 5-fluoro D-glucoside
t
(6.6 1
min
)
, which reflected the deglycosylation step. However, in the absence of pre
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Figure 2.15. A) Inactivation ofyeast a-glucosidase with 2.14. Enzyme was incubated
with the following concentrations of 2.14 and aliquots assayed with czPNPGIu at the
times shown: O = 0.313 mM; 13=0.625 mM; = 1.25 mM; LI = 3.13 mM; V = 11.3
mM. B) Replot of rate constants from A).
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Figure 2.16 A) Reactivation of isolated 5-fluoro idopyranosyl-yeast a-glucosidase ci
4°C (0) and37°C (0).
steady-state data on the 5-fluoro D-glucoside, the degree of the reduction in the
glycosylation step cannot be inferred.

d) Test for inhibitory contaminant in SFj3IdoF 2.14.

In this experiment, a

relatively large amount of enzyme is used to remove possible inhibitory contaminants
which might be present in small amounts in the inhibitor preparation.

This “purified”

inhibitor sample is then re-tested as an inactivator. An 11-fold molar excess of 5FIdoF
(0.31 mM) was incubated with yeast a-glucosidase (0.028 mM) for 20 minutes. At this
concentration of 5FIdoF, inactivation of the enzyme was previously determined to be>
90% complete at this time, corresponding to a

kobS =

0.20 min
1 (see Figure 2.15). The

inactivated enzyme was removed by ulirafiltration, and the filtrate was re-tested for
inactivation of c-glucosidase, by adding an appropriate dilution of fresh enzyme, removing
aliquots at intervals and assaying for residual activity with ctPNPG1u. Time-dependent
inactivation was observed with kobS

=

0.21 min
, a value that compares well with that
1
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previously determined. Thus any possible contaminant in the original preparation that
might have been responsible for the inactivation observed would have to have constituted at
least

10% of the preparation, an amount detectable by NMR and TLC, which was not

observed.

e) Anomeric specificity of the L-idosyl fluorides. Despite significant differences

between the ground state conformations of these L-idosides and the corresponding D
glucosides, a high level of anomeric specificity for the appropriate a- or f3-D-glucosidase
was exhibited by these L-idosyl fluorides. Less than 4% inactivation of a-glucosidase in
the presence of 5-fluoro a-L-idosyl fluoride 2.9 (1.58 mM) and 2% inactivation of

f3-

glucosidase in the presence of the f3-L-idosyl fluoride 2.14 (1.25 mM) was observed after
one hour at 370C, although 39% and 7% inactivation of these enzymes, respectively, was
observed after 24 hours incubation with these compounds. It is likely that these much
slower inactivation processes are due to very small amounts of contaminating 5F3IdoF and
5FaIdoF, respectively, in preparations of the a-L- and -L-idosyl fluorides.

2.5.3 Interpretation of Kinetic Results with 5-Fluoro Glycosyl Fluorides

The kinetic parameters for reaction of the 5-fluoro glycosyl fluorides with each of
Agrobacterium 3-glucosidase and yeast a-glucosidase are summarized in Tables 2.6 and

2.7, and compared with those of the analogous 2-deoxy-2-fluoro compounds. The kinetic
behavior of the 5-fluoro glycosides, which cause rapid inactivation and exhibit turnover at a
significant rate, is analogous to the slow hydration and tight apparent binding of various
glycals by some glycosidases (Legler, 1990; Wentworth & Wolfenden, 1974). Like some
glycals, which display a slow onset of inhibition, the formation of most of the 5-fluoro
glycosyl-enzyme intermediates is relatively slow, sufficient in some cases to permit
determination of a k
1 value.

However, the formation of the 5-fluoro-D-glucosyl-ct-

60

Table 2.6. Kinetic parameters for reaction of f3GluF, 2FI3G1uF, 2dI3PNPG1u, 5FJ3G1uF,
and SFcddoF with Agrobacterium J3-glucosidase.
Km or K’

3 or kcat
k
(1)

1
k

(1)

(mM)

K

kca/Km

(mM)

/K
1
k
)
1
(min’mlvf

Compound
GluF

a

2FI3G1uF

2d[3PNPG1ud

1.2 x i(1

g

1.5
g

8.2 x 1(12
2
1
±0.6x1C

5FcddoF

2
5.8 x o
±1.2x1C1

b
C

d

e
“
g

8.1 x

5.9

C

0.40

14.8
100

1.5 x 1(12

5FI3G1uF

a

3 000

3.7

11 000
b

or

e
3.0 x 10
-4
±0.lxlO

---

-

660
—

g

8.i’

3.0

—

—

3.0

Data taken from (Day & Withers, 1986).
Data taken from (Street et al., 1992; Withers et al., 1988).
’=K
1
! (1 + k
1
’ calculated according to K
1
K
fk).
1
Data taken from (Namchuk, 1993).
1 ‘value.
Experimentally determined K
At 5°C.
Reactivation of isolated glycosyl-enzyme.

1 was determined. Furthermore,
glucosidase from 5FaG1uF is very rapid, and thus no k
the turnover of the 5-fluoro glycosyl-enzyme intermediates is generally slower than the
turnover of the 2-deoxy-hexosyl-enzyme intennediates formed with glycals (e.g. kcat

=

1 for D-galactal with (3-galactosidase (Wentworth & Wolfenden, 1974)). Lower
0.28 min
apparent K
’ values are therefore observed.
1

The behavior of the 5-fluoro L-idosides,

which inactivate more slowly, and turn over at an even lower rate, is similar to that of 2-
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deoxy-2-fluoro compounds with 3-glucosidases, permitting isolation of the corresponding
5-fluoro L-idosyl-enzyme intermediates with both Agrobacterium 3-glucosidase and yeast
a-glucosidase.
k (kcat) values for the 2FG1u- and 5FG1u-labelled (3Comparison of the 3
glucosidase reveals that the turnover of the 2-deoxy-2-fluoro-glycosyl-enzyme intermediate
fold (compared to the parent substrate) presumably due to a
10
is slowed some 9
combination of electronic effects and the loss of critical binding interactions at the 2position, while turnover of the 5-fluoro glucosyl-enzyme intermediate is only (!) slowed
5

some 10 -fold.

Since the 2-position hydroxyl is intact in the latter compound, little
.

..

transition state binding energy would be expected to have been lost in that case. The keat
, which if deglycosylation is
1
value for the 2-deoxy hexoside (2dI3PNPG1u) is 1.5 min
fold reduction in the turnover of the 2-deoxy10
rate-limiting, represents at least a 4
hexosyl-enzyme intermediate. This reduction could be even greater if the intermediate is
also destabilized. It is tempting to speculate from these data that the contributions of
electronic and binding factors to the enormous decrease in the rate of 2-deoxy-2-fluoro
glycosyl-enzyme hydrolysis are approximately equal. However, several factors must be
considered. Firstly, the rate for the 2-deoxy compound represents a minimum estimate of
the contribution of the 2-position binding interactions, since the hydrolysis rate of this
compound is considerably increased by the electronic effect of a relatively electron-rich
centre adjacent to the developing oxocarbenium ion-like transition state.

Secondly, the

distributions of partial positive charge in the oxocarbenium ion-like enzymic transition
states may be different in the 2-deoxy-fluoro and 5-fluoro species, and the electronic effects
on transition state stabilities of the fluorines at C5 and at C2 may be different. Indeed, the
effect of incorporation of a C5 fluorine on the spontaneous hydrolysis rate of (3-glucosyl
fluoride is some 30-fold greater than that of a C2 fluorine (Table 2.5).

Thirdly, the

turnover rates will also be influenced by destabilization of the 2-deoxy-2-fluoro glucosyl
or 5-fluoro glucosyl-enzyme intermediates by loss of specific binding interactions and/or
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Table 2.7. Kinetic parameters of aGluF, 2FaG1uF, 5FaG1uF, and SFj3IdoF with yeast
a-glucosidase.
3 or kcat
k

Km or K -

k

(min’)

(mM)

(min’)

kcat/Km or
(mM)

(min’mM’)

Compound

2FaG1uF
5FctGluF

5FIdoF

0.93

1500

aGluFa
b

4.8

96
6.6
± 0.4
2.1 x

b
C

d

---

---

---

---

1600
20

1.4 x 10
±0.09x 10
e

2.7 x

1.4
±0.1

d

±0.2x 10
a

1
k/K

1.8
±0.4

0.77
±0.22

Data taken from (Konstantinidis & Sinnott, 1991).
Data taken from (Braun, 1995).
Experimentally determined K’ value.
1
K calculated according to K

=

K•/ (1

+

kjfk).

Reactivation of isolated glycosyl-enzyme.

steric factors, which may be different in the two cases. However, these data indicate that
the electronic effects of fluorine substitution at C2, and to an even greater extent at C5,
results in substantial destabilization of the enzymic transition states.
With yeast c-g1ucosidase, substitution of the 2-hydroxyl for fluorine has not
resulted in the great destabilization of the deglycosylation transition state observed with the
-glucosidase, and 2-deoxy-2-fluoro a-D-glucosyl fluoride is merely a substrate for the
former enzyme. There are several possible explanations for this. One possibility is that
this enzyme is able to recoup binding energy at the 2-position via fluorine acting as a
hydrogen bond acceptor. A second, perhaps more likely scenario, is that the more rapid
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turnover is due to the inherently greater lability of a 2-deoxy-2-fluoro j3-D-glucosyl-enzyme
intermediate. The smaller electronic effect of fluorine substitution on the hydrolysis rate of
such a species (cf the spontaneous hydrolysis rates of 2FGluF and 2FaG1uF relative to
the parent compounds, Table 2.5) suggests a lesser degree of oxocarbenium ion character
at this transition state, consistent with the smaller a-secondary deuterium kinetic isotope
effects seen with f’-methyl glucoside and 3-glucosyl fluoride relative to the a anomers
(Bennet & Sinnott, 1986; Zhang, Y. et al., 1994). In the enzymic reaction, the 5-fluoro
substituent reduces the kcat value by a further 15-fold relative to the 2-deoxy-2-fluoro
species, consistent with a greater electronic effect of the C5 fluorine (Section 2.4).
In conclusion, 5-fluoro 3- and a-glycosides are potent mechanism-based inhibitors
of

-

and a-glycosidases, respectively. Both the 5-fluoro-3- and 5-fluoro-a-D-glucosyl

fluorides form catalytically competent intermediates with the appropriate glucosidases that
fold, respectively, from the
10
are capable of turnover, at rates reduced i- and 3

f3- (Day

& Withers, 1986) and a-D-glucosyl fluoride (Konstantinidis & Sinnott, 1991) parent
substrates. The corresponding L-idosyl fluorides are hydrolyzed even more slowly, the
keat values of the 5-fluoro-a- and 5-fluoro-[3-L-idosyl fluorides with the appropriate
enzymes being reduced a further 1.5- and 3000-fold, respectively. Evidently, and quite
reasonably, in light of the 200-fold reduction in the rate of p-nitrophenyl L-idoside with
Agrobacterium -glucosidase, both 5-fluoro idosyl-enzyme intermediates turn over more
slowly than the analogous 5-fluoro glucosyl species. These 5-fluoro compounds should be
valuable tools to probe glycosidase mechanisms and to identify active site residues,
particularly those of enzymes which are intolerant of substitution of the C2 substituent (e.g.
N-acetylglucosaminidases) or which are resistant to inactivation by 2-deoxy-2-fluoro
glycosides (e.g. a-glycosidases). Further, the fact that successful inactivation is seen
provides further substantial evidence (Lehmann & Reinshagen, 1970) against an enzymic
mechanism involving initial 05-Cl endocyclic cleavage (See Section 1.3, and (Fleet, 1985;
Franck, 1992; Post & Karplus, 1986)). Such a process, rather than resulting in enzyme
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inactivation by accumulation of a cyclic 5-fluoro glycosyl-enzyme intermediate, would
liberate a reactive fluorohydrin at C5 as the proposed acycic intermediate is formed. This
would presumably eliminate fluoride rapidly, releasing a 5-ketoglucose derivative.
2.6

Identification of the Catalytic Nucleophiles of both 13- and cx
Glycosidases using 5-Fluoro Glycosyl Fluorides and Mass
Spectrometry

2.6.1 Confirmation of the mode of action of 5-fluoro glycosyl fluorides by
labelling of the catalytic nucleophile of Agrobacterium faecalis 1glucosi dase
Previously, the catalytic nucleophile of Agrobacterium f3-glucosidase has been
identified as Glu-358 by inactivation with [
H]-labelled 2,4-dinitrophenyl 2-deoxy-23
fluoro-3-D-glucopyranoside, followed by peptic hydrolysis of the 2FG1u-labelled enzyme,
isolation of the radiolabelled peptides by liquid chromatography, and sequencing by Edman
degradation (Withers et al., 1990).

Radioactivity was detected in two peptides which,

upon isolation and sequencing, proved to have the sequences Y1TENGAC and ITENGAC.
The nucleophile, Glu-358, is absolutely conserved in all glycosidases of this family, and
mutation of this residue to alanine resulted in a mutant with severely compromised activity
(106 of wild-type activity) (Withers et a!., 1992).

Inactivation of the enzyme by the 5-fluoro f3-D-glucosyl- and 5-fluoro ct-L-idosyl
fluorides would be expected to result in derivatization of the same residue as the 2-deoxy-2fluoro glycoside.

Such a fmding would indicate that the 5-fluoro glycosides are not

reacting through a different mode with the enzyme, perhaps by displacement of the C5
fluorine by another enzymic nucleophile. To test this, (3-glucosidase was inactivated with
non-radiolabelled 5FI3G1uF or 5FczIdoF, proteolyzed with pepsin, and the resulting
mixture of peptides subjected to liquid chromatography as for the 2FGlu-labelled enzyme.
Identification of the site of attachment of the 5-fluorosugars, thus of the
nucleophilic amino acid residue, was achieved without resort to radiolabelling by using a
new mass spectrometric technique to identify the labelled peptide in a peptic hydrolysate of
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the labelled enzyme.

Peptic hydrolysis of 5FG1u- and 5FIdo-labelled -glucosidase

resulted in a mixture of peptides which was separated by reverse phase-HPLC using the
ESMS as detector. When the spectrometer was scanned in the normal LC/MS mode, the
total ion chromatogram (TIC) of the 5FIdo-labelled enzyme digest displayed a large number
of peaks, which arise from every peptide in the mixture (Figure 2.17A). The peptide
bearing the 5-fluoroidosyl label was then identified in a second run by using the tandem
mass spectrometer in the neutral loss mode. In this technique the ions are subjected to
limited fragmentation by collisions with an inert gas (Ar) in a collision cell. Since the ester
linkage between the sugar inhibitor and the peptide is one of the more labile linkages
present, relatively facile homolytic cleavage of this bond occurs resulting in the loss of a
neutral sugar residue of known mass and leaving the peptide moiety with its original
charge. Quadrupoles Qi and Q3 can then be scanned in a linked manner in which the two
analyzers are offset by the mass of the anticipated “lost” neutral species such that only ions
differing in m/z by the mass of the lost sugar moiety (181 Da) can pass through both
quadrupoles and be detected (Busch & Cooks, 1983). When the spectrometer was scanned
in the neutral loss tandem MS/MS mode searching for the mass loss m/z 181,
corresponding to the loss of the 5FIdo label from the labelled active-site peptide in the
singly charged state, a greatly simplified chromatogram was obtained (Figure 2. 17B).
Several major peptides are seen, plus a number of minor species.

However, when a

sample of non-labelled enzyme was subjected to peptic digestion and subsequent
ESMS/MS neutral loss mode analysis, the chromatogram shown in Figure 2. 17C was
obtained. Most of the features of Figure 2. 17B are seen here also, with the exception of
peptides 1 and 2, indicating that these peptides are the species of interest. The other signals
arise from non-labelled peptides which undergo an equivalent fragmentation, the most
likely being elimination of a tyrosine residue (181 Da) from several different peptides.
Since the stoichiometry of inactivation is 1:1 enzyme/inhibitor, peptides 1 and 2, which
were only detected in the digest of the inhibited enzyme, are presumably overlapping
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Figure 2.17. ESMS experiments on Agrobacterium f3-glucosid.ase proteolytic digests: (A)
labelled with 5FIdo, TIC in normal MS mode, (B) labelled with 5FIdo, TIC in neutral loss
mode, and (C) unlabelled, TIC in neutral loss mode, (D) mass spectra of peptides 1 and 2
in Fig.2.17B.
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peptides containing the covalently modified active-site residue.

These singly-charged

peptides were measured at m/z 1051 ± 1 and 888 ± 1 (Fig. 2.17D), thus since the 5FG1u or
5FIdo moieties have a mass of 181 Da, the molecular weights of the unlabelled active-site
peptides are 870 ± 1 and 707 ± 1. The neutral loss chromatogram of the 5FG1u-labelled
digest was essentially identical, with peaks of identical masses eluted at nearly the same
retention times (not shown).
Consistent with these findings, the calculated masses of the Y1TENGAC and
ITENGAC species previously identified by labelling with the 2-deoxy-2-fluoro derivative
are indeed 870.37 and 707.30 Da, respectively. A similar neutral loss experiment, on
2FG1u-labelled enzyme, again produced an essentially identical chromatogram, but with
masses of 1035 ± 1 and 872 ± 1, consistent with the attachment of 2FGIu (165 Da)
moieties to the YITENGAC and ITENGAC peptides (Tull et at., 1995).

These results,

taken together, confirm that the same residue in Agrobacterium f-glucosidase is labelled by
the 2-deoxy-2-fluoro, 5-fluoro glucosyl, and 5-fluoro idosyl derivatives, and provides
further evidence that inactivation of this enzyme by these inhibitors occurs by the
accumulation of stabilized 2-deoxy-2-fluoro- or 5-fluoro-glycosyl-enzyme adducts which
are analogous to the glycosyl-enzyme intermediate in the normal catalytic mechanism. This
rapid, sensitive and non-radioisotopic approach utilizing mass spectrometry to identifying
labelled residues in enzymes offers broad applicability to other systems (see following
Section, and Chapter 4).
2.6.2 The catalytic nucleophile of yeast (Saccharomyces cerevisiae) a
glucosi dase

a) Background and signcance.

Glycosyl hydrolases of Family 13 (the a

amylase family (Henrissat, 1991; Henrissat & Bairoch, 1993)), which include cz-amylases,
and some ct-glucosidases and oligo-1 ,6-glucosidases, are important enzymes involved in
the digestion of starch and other a-linked oligosaccharides in bacteria, plants and animals.
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These glycosyl hydrolases cleave a-glycosidic bonds with net retention of configuration,
and thus are retaining ct-glucosidases. The active sites of these enzymes are known to
include a trio of conserved carboxylic acids (Kadziola et at., 1994; Klein et al., 1992;
McCarter & Withers, 1994; Qian et a!., 1993; Qian et at., 1994). Presumably, one residue
functions as the catalytic nucleophile, one as a general acid/base and the third possibly to
afford additional stabilization of developing positive charge or to modulate the P
<a’S of the
1
other catalytic residues.
Considerable progress has been made towards elucidating the roles of these
carboxylates in Family 13 enzymes, involving kinetic analyses of site-specific mutants
(Svensson & Sogaard, 1993, and references therein) and X-ray crystallography (Kadziola

et a!., 1994; Klein eta!., 1992; Qian eta!., 1993; Qian eta!., 1994). Labelling studies have
also been useful. For example, an aspartate which functions as a catalytic nucleophile in a
sucrose: cL-glucan glycosyltransferase, has been identified in Streptococcus sobrinus ci
glucosyltransferase by denaturation trapping using radiolabelled sucrose (Mooser et a!.,
1991). Similarly, in a second group of cx-glycosyl hydrolases (Family 31), Asp-505 and
Asp-1394 have been identified as active site residues in each of the two homologous active
sites in the sucrase-isomaltase complex by affmity labelling with conduritol B epoxide
(CBE) and have been suggested to be the catalytic nucleophiles (Quaroni & Semenza,
1976). However, lysosomal ct-glucosidase and sucrase-isomaltase (Family 31) and the o
amylases (Family 13) belong to different glycosidase families (Henrissat, 1991; Henrissat
& Bairoch, 1993) with only weak active site similarities. Another approach was therefore
required to unequivocally demonstrate the covalent involvement of a specific active site
carboxylate as the nucleophile in the normal catalytic mechanism of Family 13 glycosidases
and related enzymes of the a-amylase family catalyzing the hydrolysis of a-glycosidic
linkages.
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b) Inactivation of yeast a-glucosidase.

Incubation of the enzyme with either

5FcGluF 2.4 or 5F3IdoF 2.14 resulted in inhibition of the enzyme by accumulation of a
5-fluoro glycosyl-enzyme intermediate, as described previously (Section 2.5). For ES/MS
experiments, the enzyme was incubated with 5F3IdoF (8.7 mM) for one hour or 5FaG1uF
(2.7 mM) for 10 to 15 s.

Because of the significant turnover of the 5-fluoro glucosyl

enzyme, the 5FctGluF mixture was immediately added to pH 2 buffer. Both mixtures were
proteolyzed with pepsin and analyzed immediately after digestion

(— 30 mm). Relatively

rapid digestion and prompt analysis of the 5-fluoro glycosyl-labelled peptides is necessary
since the C5 fluorine is labile at pH 2.

c) Identification of the Labelled Active Site Peptides by Mass Spectrometry. Peptic
digestion of the 5FGlu- or 5FIdo-labelled enzymes resulted in a mixture of peptides which
was separated by HPLC using the mass spectrometer as a detector. When scanned in
LC/MS mode, the total ion chromatogram (TIC) displays a complex mixture of peaks
The labelled peptides were

arising from every peptide in the digest (Figure 2.18A).

identified in a second run using tandem mass spectrometry in neutral loss mode, by
selective fragmentation of the inhibitor-peptide bond. As before, the two quadrupoles ale
scanned in a linked mode so that only those ions differing by the mass of the label could be
detected. For a singly-charged peptide, this m/z difference is the mass of the label (181
Da); for a doubly-charged peptide, the m/z difference is one-half of the mass of the label
(90.5 Da), and so on.
Scanning in neutral loss mode for the mass loss m/z 181 from a singly-charged
peptide revealed two peaks (Figure 2.1 8B) in the 5FIdo-labelled digest that were absent in
an unlabelled, control digest (Figure 2.18C). The strong peak at 18.9 mm was due to a
singly-charged labelled peptide measured at 925 ± 1 (Figure 2.1 8D), corresponding to a
singly-charged unlabelled peptide of mass 745 ± 1 (i.e., 925

-

181

+

1). The less intense

peak at 20.5 mm was due to a singly-charged labelled peptide measured at 1073 ± 1
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(Figure 2.18E), corresponding to a singly-charged unlabelled peptide of mass 893 ± 1.
Inspection of the protein sequence without any consideration of protease specificity
revealed only six possible candidate singly-charged peptides of mass 745 ± 1, and only
twelve of mass 893 ± 1. However, only two individual glutamic or aspartic acids, residues
which are known to act as catalytic nucleophiles in glycosidases, were present in candidate
peptides of both masses. These residues were Asp-214 in peptides RIDTAGL (residues
212-218) and FRIDTAGL (211-218), and Glu-390 in peptides GQEIGQI (388-394) and
VYQGQEIG (385-392). However, only the former aspartic acid residue, Asp-214, is
highly conserved among this family of proteins as would be expected of a catalytically
essential residue, and the following data show that the peaks observed at m/z 925 and 1073
indeed correspond to labelled peptides with the sequences RIDTAGL and FRIDTAGL.
Neutral loss chromatograms of the 5FIdo- and the 5FG1u-labelled digests were
similar, both giving the same two masses (shown in Figure 2.1 8D and 2.1 8E) at nearly the
same retention times, indicating that the L-idosyl and D-glucosyl moieties had labelled the
same residue in two overlapping peptides (Figure 2.19). Both peaks were stronger in the
5FIdo-labelled

digest,

probably

because

of

the

greater

accumulation

of

the

intermediateresulting from the less rapid turnover of the 5-fluoro idosyl moiety.
Interestingly, despite identical masses, the 5FG1u- and 5FIdo-labelled peptides appeared to
elute slightly differently. Though retention times can vary between runs, the difference in
retention times between the two peptides was 1.6 mm in the 5FIdo-labelled digest, and a
full 2 mm in the 5FGlu-labelled digest, suggesting that the structural differences between
the 5-fluoro glucosyl esters and their idosyl analogues influence the elution of these hepta
and octa-peptides from the column. Similar results were obtained with Agrobacteriwn

-

glucosidase (Section 2.6.1, not shown).
The first technique applied to the defmitive identification of these candidate peptides
involves tandem mass spectrometry to fragment the selected ions by collision-induced
dissociation (CII)) and detect the fragments so generated (Busch & Cooks, 1983).

71

100

A

.75

;so
25
0
,_.

:

100

24

22

18

16

B

..E 50

0

22

20

18

16

24

Time bin)
100

C

75
50
25
0

20

18

16

22

24

Time (mm)
-

‘

100

925

D

75

50
25
0

.i

1000

500

2000

1500

m’z
100

E

1073

75
50
25
0

.

500

I

Ii

moo

I

nlz

1500

2000
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Figure 2.19. Neutral loss Total Ion Chromatograms of a-glucosidase proteolytic digests.
(A) Labelled with SFIdo, (B) labelled with 5FG1u, (C) unlabelled. The mass spectra of
the peaks at 18.9 and 20.5 mm in panel A, and at 18.5 and 20.5 mm in B, show identical
masses and are displayed in Figure 2.19D and E. Chromatograms were obtained on
consecutive runs on the same day.
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Daughter ion scans at increased collision gas energy of the 5FIdo-derived peak at mlz 925,
which gave the most intense neutral loss signal, resulted in loss of the label giving rise to
the peak at m/z 745 (Figure 2.20). The peak at mlz 906 is consistent with the elimination
of I{F (-20) from the 5-fluoro glycosyl-labelled peptide. Ions at m/z 887 and 727 are
consistent with elimination of water (-18) from threonine-containing peptides at m/z 906
and 745. The peak at mlz 633 is likely due to side chain loss from leucine and isoleucine.

) and 270
2
Further peptide bond fragmentation was also observed, with ions at m/z 385 (b
) corresponding to arginylisoleucylaspartyl and arginylisoleucyl species resulting from
3
(b
losses of TAGL and DTAGL fragments, respectively, from the C-terminus of the parent
Typical of arginine-containing peptides, a ions were observed, both

peptide.

) having also lost ammonia
1
) and 112 (a
2
arginylisoleucyl and arginyl species at m/z 225 (a
(-17). These data indicate that the labelled peak at m/z 925 has the sequence RIDTAGL.
RIDTAGL

too
RIDTAGL+5FIdo
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Figure 2.20. Tandem MS/MS daughter ion spectum of the SFIdo-labelled active site
peptide (m/z 925 in the singly-charged state).
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Further confirmation of the sequence was obtained by high resolution liquid
secondary ion mass spectrometry (LSIMS) of the 5FIdo-derived peptides. The accurate
masses, determined by LSIIvIS, of the peaks at mlz 925 and 745 (putatively the labelled and
unlabelled RIDTAGL peptides in the singly-charged state) were 925.46193
745.4 1832, respectively.

and

No possible peptides derived from any type of proteolytic

cleavage of the native protein have a mass within 5 ppm of the accurate 925.46193 mass,
indicating that this peak can only be due to a labelled peptide. Indeed, a 5-fluoro glycosyl
labelled RIDTAGL species (calculated mass 925.46423, Am
with this mass.

=

2.48 ppm) is consistent

Only one possible peptide has a mass within 5 ppm of the measured

745.41832 mass of the unlabelled peptide: R11)TAGL, with a calculated mass of
745.42082 (Am

3.36 ppm), confirming that the smaller peptide labelled must have the

=

sequence RIDTAGL.
Similarly, the accurate masses of the peaks at mlz 1073 and 893 (putatively the
labelled and unlabelled FRII)TAGL peptides in the singly-charged state) were 1072.53332
and 892.489 14, respectively. The accurate mass of the peak at mlz 1072.53332 is indeed
consistent with a 5-fluoro glycosyl-labelled FRII)TAGL species (calculated mass
1072.53264, Am

=

0.63 ppm). Only one other possible peptide has a mass within 5 ppm

of this mass: SDQIFSFTK (residues 519-527, calculated mass 1072.53 150, Am

=

1.70

ppm). However, a peptide of this mass at the same retention time was not present in the
unlabelled digest. Similarly, only two possible peptides have masses within 5 ppm of the
accurate 892.489 14 mass of the unlabelled peptide: FRIDTAGL, with a calculated mass of
892.48925 (Am
892.48924, Am

=
=

0.12 ppm), and RAIFESAV (residues 193-200, calculated mass

0.11 ppm). However, a RAIFESAV peptide is inconsistent with the

MS/MS results above, indicating that the larger peptide labelled has the sequence
FRIDTAGL.
The attachment site of the 5-fluoro glycosyl moiety, thus the nucleophile, was
confirmed by aminolysis of the labelled peptide.
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A labelled digest treated with 30%

ammonium hydroxide for fifteen minutes at 500C was examined by mass spectrometry and
compared to an untreated, labelled control digest. In the aminolyzed sample, the labelled
peptide of m/z 925.5 present in the untreated digest was absent and was replaced by a new
peptide of m/z 745.0, consistent, within error, with aminolysis of a glycosyl ester to
glutamine, to give a RINTAGL peptide of one mass unit less than the parent, unlabelled
peptide.
The aspartic acid equivalent to Asp-214 is absolutely conserved in all members of
Family 13 glycosyl hydrolases (Figure 2.21). It has been suggested previously that this
residue was the catalytic nucleophile in this family (Mooser, 1991; Svensson and Sogaard,
1993).

Interestingly, however, this suggestion was based in part on the supposed

homology of residues equivalent to Asp-214 and the surrounding sequence in Family 13
enzymes with the short active site regions surrounding Asp-505 or Asp-1394 in the
sucrase-isomaltase complex (the enzyme has two homologous active sites), both of which
are labelled by the active site-directed inhibitor CBE. Mutagenesis results by Hermans et
a!. of the equivalent Asp-5 18 residue in lysosomal a-glucosidase expressed in COS- 1 cells
are equivocal (Hermans et at., 1991). The asparagine mutant exhibits activity 2 to 6% of
wild-type, a level some one hundred- to one thousand-fold greater than expected for
nucleophile position mutants which have been observed to show greatly reduced activity in
mechanistically similar enzymes (typically,

<

10-5 of wild type activity in purified mutants

of several retaining 3-glycosidases) (Miao er a!., 1994; Withers et at., 1992; Yuan et at.,
1994). However, the

—

5% level of wild-type enzymatic activity reported by Hermans et

al. represents the background in the assay system employed. This assay system was
therefore too insensitive to measure the true activity of a mutant with greater than a
hundred-fold reduction in activity.

Moreover, this region in sucrase-isomaltase is not

convincingly homologous to the region surrounding Asp-214 in the yeast enzyme (Figure
2.21), and indeed, sucrase-isomaltase (Family 31) and yeast cz-glucosidase (Family 13)
belong to different, albeit likely related, glycosidase families (Henrissat, 1991; Henrissat &
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A
.

Saccharomyces cerevisiae cz-glucosidase
Candida albicans cc-glucosidase
Bacillus thermoglucosidasius sucrase-isomaltase
Pediococcuspentosaceus a-glucosidase
Streptococcus mutans glucodextranase
Homo sapiens pancreatic cx-amylase
Barley cz-amylase, Type A
Taka amylase, A. oryzae
Bacillus subtilis cc-amylase

203
195
188
190
183

WL2HVD.ER IDTAGLY S

186

L2IVAR LDASKHMW

193
216

KS2L.FAWR LDFARGYS
VSNYS IDLR IDTVKHVQ

165

ANDADR FDAAEHIE

WLKV.QER
WLKVD_ER
WNKVR
W.mKIGER

IDTAGMYS
MDVINMI S
MDVINQIS
MDVIDMIG

B

Homo sapiens intestinal sucrase-isomaltase

*

isomaltase

494

HQEVQYilGLW IDMNEV
*

sucrase
Homo sapiens lysosomal ct-glucosidase

1383 NEKMK2GLW IDMNEP
507
HDQVP2GMW IDMNEP.aN

Candida tsukubaensis a-glucosidase
Schwanniomyces occidentalis glucan

515
459

SEIVDESGIW LDMNEP
YELTPE.GIW ADMNEV

213

SKKVAGVW YDMSEV

cx- 1 ,6-glucosidase (glucoamylase 1)

Aspergillus niger cc-glucosidase chain P2

Figure 221. A) Alignment of region containing the catalytic nucleophile aspartate labelled
by 5-fluoro glycosyl fluorides in selected Family 13 glycosyl hydrolases (boxed). B)
Alignment of region containing active site aspartate labelled by conduritol B epoxide (CBE)
in selected Family 31 glycosyl hydrolases. The sequences shown are. sp P072 65 yeast a
glucosidase, sp Q02 751 C. albicans a-glucosidase, gp D10487 Bacillus
thermoglucosidasius sucrase-isomaltase, gp L32093 Pediococcus pentosacêus a
glucosidase, sp Q99040 Streptococcus mutans glucodextranase, sp P00693 Barley a
amylase, Type A, sp P04 746 Homo sapiens pancreatic a-amylase, gp M33218 A. oryzae
Taka-amylase A sp P14410, sp P00691 Bacillus subtilus a-amylase, Homo sapiens
intestinal sucrase-isomaltase, sp P10253 Homo sapiens lysosomal cx-glucosidase, sp
P29064 Candida tsukubaensis a-glucosidase, sp P22861 Schwanniomyces occidentalis
glucan a-1,6-glucosidase (glucoamylase 1), and pir JC1200 Aspergillus niger a
glucosid.ase chain P2. Accession numbers correspond to those in the SWISS-PROT,
GenPept, or PIR databases. Absolutely conserved residues in either Family 13 (A) or
Family 31 enzymes (B) are shown in bold; other conserved residues are underlined.
• Labelled by 5-fluoro glycosylfluorides
* Labelled by conduritol B epoxide
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Bairoch, 1993). Furthermore, CBE may have labelled other active site residues in sucrase
isomaltase, possibly the acid/base catalysts, as has been observed with conduritol epoxide
derivatives in other glycosidases (Gebler, 1992; Miao, 1994).
While the identity of the catalytic nucleophiles in sucrase-isomaltase and other
Family 31 enzymes remains equivocal, that of yeast ct-glucosidase and Family 13 enzymes
((x-amylase family) is clearly established by the present work and is consistent with the
available mutagenesis and structural data, as described below.

Consistent with the

assignment of a catalytic nucleophilic role to Asp-214, mutagenesis of the equivalent
residue (Asp-176) in the Bacillus subtilis ct-amylase of Family 13 to asparagine results in
the expected drastic reduction in activity, from 8500 Units in the wild-type to
Units in the mutant with starch as substrate, a

>

<

0.069

10
5
fold reduction in wild-type activity

(Svensson & Sogaard, 1993; Takase et a!., 1992). By contrast, mutagenesis of the
remaining residues of the conserved trio in the same enzyme (Glu-208 and Asp-269) to
glutamine or asparagine, respectively, result in less severe reductions in activity.
As well as defining the role of a key catalytic residue, the unequivocal identification
of Asp-214 as the catalytic nucleophile is of considerable usefulness in the elucidation of
the roles of other active site residues of Family 13 glycosidases. In particular, the present
results aid in rationalizing the available X-ray structural data, which with regard to defming
the catalytic roles of the conserved active site residues, is unfortunately inconclusive.
Inspection of the X-ray structure of porcine pancreatic ct-amylase complexed with the
pseudotelrasaccharide inhibitor acarbose (Qian et a!., 1994) reveals that Asp-197 (the
equivalent residue to Asp-214) lies on the side of the active site cleft opposite to Glu-233
and Asp-300, the latter two residues forming hydrogen bonds with the “glycosidic” amine
of the acarviosine moiety. In the acarbose-complexed structure, Glu-233 and Asp- 197 are
nearly equidistant to the “anomeric” carbon of the acarviosine moiety (3.5 versus 3.3

A,

respectively). However, the present results clearly implicate Asp-197 as the nucleophile,
suggesting that Glu-233 and Asp-300 (which are apparently hydrogen-bonded to each
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other via an intervening water, as well as to the “glycosidic” amine) may be involved in
acid/base catalysis. Furthermore, the use of this novel class of inactivators to specifically
label and inhibit this important class of glycosyl hydrolases may have implications for the
management of diabetes or obesity, conditions in which it is desirable to limit the digestion
of a-linked oligosaccharides by intestinal a-glucosidases.
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CHAPTER III
2,2-DIHALO GLYCOSIDES AS MECHANISM-BASED INACTIVATORS
OF ot-GLYCOSIDASES
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3.1

Introduction
2-Deoxy-2-fluoro glycosyl fluorides have been shown to be effective mechanism-

based inactivators of retaining -glycosidases. Inactivation of these enzymes occurs by the
formation of a stabilized 2-deoxy-2-fluoro-a-D-glycosyl-enzyme intermediate which turns
over only very slowly. Electionic destabilization by the electronegative fluorine of the
electron-deficient transition states involved in both the formation and hydrolysis of this
intermediate slows both steps in the enzymic reaction. Incorporation of a good leaving
group (fluoride, PKa

=

3.45, or 2,4-dinitrophenolate, PKa

=

3.9) renders this intermediate

kinetically accessible. However, the corresponding cx anomers of these compounds were
less successful at inactivating a variety of cx-glycosidases, at best partial inactivation being
seen (Withers et al., 1988). For example, incubation of Jack bean a-mannosidase with 2deoxy-2-fluoro-cx-mannosyl fluoride resulted in no time-dependent inactivation of the
enzyme, while incubation of yeast cx-glucosidase with the 2-deoxy-2-fluoro-cx-D-glucosyl
fluoride resulted in only partial inactivation according to complex kinetics. It was later
shown that even this inactivation of the yeast enzyme was due to a contaminant in the
inactivation preparation, and that 2-deoxy-2-fluoro-cx-glucosyl fluoride is in fact a slow
substrate for the enzyme (see Chapter 2, and (Braun, 1995)).
The failure of 2-deoxy-2-fluoro-cx-D-glucosyl fluoride to inactivate yeast cx
glucosidase is due to turnover of a 2-deoxy-2-fluoro f3-D-glucosyl-enzyme intermediate at a
rate too great to permit its significant accumulation. To overcome this problem, it was
proposed to further retard the turnover of the glycosyl-enzyme intermediate by introduction
of a second fluorine at C-2.

Since the presence of these geminal fluorines would be

expected to result in a similar large decrease in the rate of formation of the intermediate,
exceptionally good leaving groups such as chloride (pKa

-7) would be incorporated into

these inactivators, to ensure that the glycosylation step is not too compromised to preclude
formation of the intermediate at reasonable rates.
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3.2

Specific Aims
The initial goal is the synthesis of novel 2-deoxy-2,2-dihalo-a-D-glycopyranosyl

halides, specifically 2-chloro-2-deoxy-2-fluoro-a-D-glucopyranosyl chloride (3.1), 2chloro-2-deoxy-2-fluoro-cx-D-mannopyranosyl chloride (3.2), and 2-deoxy-2,2-difluorocL-D-arabinohexopyranosyl chloride (3.3).

These compounds may be effective

mechanism-based inactivators of the corresponding a-glycosidases, functioning by the
formation of extremely stabilized 2-deoxy-2,2-dihalo glycosyl-enzyrne intermediates. They
will therefore be kinetically evaluated with yeast cx-glucosidase and Jack bean x
mannnosidase.
HO

HO

3.1

Figure 3.1.
Structures of 2-chloro-2-deoxy-2-fluoro-a-D-glucopyranosyl chloride,
2C12FaG1uC1
(3.1),
2 -chloro-2 -deoxy-2 -fluoro-a-D-mannopyranosyl
chloride,
2C12FaManC1 (3.2), and 2 -deoxy -2 ,2 -duoro-a-D-arabinohexopyranosyl chloride,
2,2Fcv.AraCl (3.3).
The 2-deoxy-2,2-difluoro compound, since it has two small, identical substituents
at C-2, might be expected to be an inactivator of either an c-mannosidase (whose
substrates have an axial hydroxyl at C-2) or an (x-glucosidase (whose substrates have an
equatorial hydroxyl at C-2). By contrast, the 2-chloro-2-deoxy-2-fluoro mannosyl chloride
would not be expected to be sterically accommodated by and thereafter inactivate an x
glucosidase since the axial chlorine at C-2 is significantly larger than the hydrogen at that
position in a glucoside substrate (fable 3.1).

Similarly, the 2-chloro-2-deoxy-2-fluoro

glucosyl chloride would not be expected to inactivate an a-mannosidase. However, the 2chloro-2-deoxy-2-fluoro glucosyl and mannosyl chlorides may inactivate the ‘correct’
enzymes since chJorine is very similar in size to a hydroxyl, and should not cause great
steric interference with binding. However, such compounds would likely not participate in
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significant hydrogen bonding interactions at that position.

Such possibly selective

mechanism-based inactivators of ct-glycosidases may be useful probes of mechanism and
may be of therapeutic interest for the inhibition of a-mannosidases and cx-glucosidases.

Table 3.1: Size comparison of C-H, C-F, C-Cl, and C-OH groups (Adapted from Walsh,
1983).
Bond length

Group

(A)

Van der Waals Radius of
C-X Substituent (A)

Total (A)

C-H

1.09

1.20

2.29

C-F

1.35

1.35

2.74

C-Cl

1.77

1.80

3.57

C-OH

1.43

2.10

3.53

Finally, derivatization and identification of the active site nucleophiles in these
enzymes by electrospray mass spectrometry, as described previously, will be attempted.
The residue labelled in yeast cz-glucosidase by these compounds would be expected to be
identical to the residue identifed by labelling with the 5-fluoro glucosyl and idosyl fluorides
(Chapter 2).
Results and Discussion
3.3

Synthesis

Much of the work on synthesis and enzyme kinetic analysis of the following 2,2dihalo glycosyl chlorides was carried out by an undergraduate student, Mr. Wai Yeung,
under my supervision.
a)

Synthesis of 2-chloro-2-deoxy-2-fluoro-x-D-glucopyranosyl chloride,
2C12FctG1uC1 (3.1)
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The syntheses of both the 2-chloro-2-deoxy-2-fluoro-glucosyl and -mannosyl
chlorides were attempted from the same acetylated 2-fluoro glucal precursor (Scheme 3.1).
3,4,6-Tri-O-acetyl-2-deoxy-2-fluoro-cL-D-glucopyranosyl fluoride (3.4) (Shelling et al.,
1984) was converted to the protected glycosyl bromide by treatment with 45% HBr/HOAc.
After workup, the crude bromide was treated with triethylamine in refluxing acetonitrile to
give 3,4,6-th-O-acetyl-2-deoxy-2-fluoro-D-glucal (3.5) in 98% yield. This glycal was
chlorinated (Bradley & Buncel, 1968) by stirring a cooled solution of the glycal in carbon
tetrachioride saturated with chlorine to afford 3,4,6-tri-O-acetyl-2-chloro-2-deoxy-2-fluorocx-D-glucopyranosyl chloride (3.6) in 34% yield.

The per-O-acetylated chloride was

deacetylated by treatment with anhydrous ammonia in freshly distilled methanol to give
only the gluco product, 2Cl2FxGluCl (3.1) in 50% yield.
Only one other deprotected stable glycosyl chloride has been reported (Bradley &
Buncel, 1968). Not surprisingly, this compound is another 2,2-dihalo glycosyl chloride,
2,2-dichloro-2-deoxy-cL-D-arabinohexopyranosyl chloride. The instability of free glycosyl
chlorides is due to facile hydrolysis of the anomeric chloride, but in these cases the two
halogens at C-2 provide sufficient electionic stabilization to permit their deprotection and
isolation.
b)

Attempted synthesis of 2-chloro-2-deoxy-2-fluoro--D-mannopyranosyl chloride,
2Cl2FcxManCl (3.2)
The synthesis of 2-chloro-2-deoxy-2-fluoro-ct-D-mannopyranosyl chloride (3.2)

was attempted in a similar manner from the same 2-fluoro glucal precursor.

Studies

involving the addition of chlorine to D-glucal tri-O-acetate, in which the reaction solvent
was varied, revealed that the proportions of the manno and gluco products produced were
dependent principally on the polarity of the solvent used (Igarashi et a!., 1970). Nonpolar
solvents such as carbon tetrachioride yielded more cis-addition products and a higher
proportion of glucosides, whereas polar solvents such as nitromethane resulted in
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1. 45%HBr/HOAc,6h
CN, reflux 18 h
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2
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9
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OH, 0°C, 4.5 h
3
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3.1

Scheme 3.1. Synthesis of 2 -chloro-2 -deoxy-2 -fluoro-cc-D-glucopyranosyl chloride (3.1)
and attempted synthesis of 2-chloro-2-deory-2-fluoro-a-D-mannopyranosyl chloride
(3.2).
more trans-addition products and a higher proportion of mannosides.

Reaction of the

glycal (3.5) in a number of polar solvents was therefore investigated. However, reaction
of 3.5 in acetonitrile or nitromethane yielded complex mixtures from which no manno
compounds and only low yields (7%) of the acetylated a-glucosyl chloride (3.6) could be
isolated in several attempts, possibly due to the instability of the manno compounds on
silica gel. This may be due to the more facile formation of a chioronium ion in the 2-

85

chloro-2-deoxy-2-fluoro a-mannosyl chloride. The synthesis of 2Cl2FctManCl (3.2) was
not pursued further.
c)

Synthesis of 2-deoxy-2,2-difluoro-a-D-arabinohexopyranosyl chloride,
2,2FctAraCl (3.3)

The synthesis of the 2,2-difluoro chloride (3.3) proceeded from the same common
intemiediate 2-fluoro glucal used for the 2-chloro-2-deoxy-2-fluoro compounds (Scheme
3.2). The 2-fluoro glucal was fluorinated by addition of acetyl hypofluorite across the
double bond, as described previously (McCarter et at., 1993). A slurry of sodium acetate,
glacial acetic acid and CFC1
3 was cooled to -78 C and a 20% fluorine/helium mixture was
bubbled through the slurry to produce acetyl hypofluorite in situ. The glucal dissolved in
3 was then added to the slurry to produce, after workup, 1,3,4,6-tetra-O-acetyl-2,2CFC1
difluoro-cz-D-arabinohexopyranose (3.8) in 76% yield. 1,1-Dichioromethyl methyl ether
with a Lewis acid catalyst has been employed to synthesize 3,4,6-th-O-acetyl-2-chloro-2deoxy-cx-glucopyranosyl

chloride

glucopyranose (Farkas et a!., 1977).

from

1 ,3,4,6-tetra-O-acetyl-2-chloro-2-deoxy-3-

Therefore, the synthesis of the protected 2,2-

difluoro-c-D-arabinohexopyranosy1 chloride (3.9) was attempted directly from the per-Uacetate 3.8.

However, several attempts under various conditions with different Lewis

acids (ZnCl
, SnCl
2
) produced only a low (7%) yield of 3.9 and a compound identified as
2
3,4,6-tri-O-acetyl- 1 ,5-anhydro-5-chloro-2-deoxy-2,2-difluoro-D-glucitol (3.10) in 15%
yield after chromatography.
The final successful synthetic pathway involved a two-step process in which 3,4,6tri-O-acetyl-2,2-difluoro-x-D-arabinohexopyranose (3.11) was synthesized first, and then
treated with thionyl chloride. Selective deacetylation of the anomeric centre of 3.8 with
hydrazine acetate in dimethylformamide for 4 days afforded 3.11 in 23% yield.

This

hemiacetal was then added to freshly distilled thionyl chloride and refluxed for three days,
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Scheme 3.2. Synthesis of 2 ,2-difluoro-a-D-arabinohexopyranosyl chloride 3.3.
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Fl

OH

yielding the desired product 3.9 in 62% yield after chromatography.

The extended

reaction times required for this synthesis are a testament to the deactivating effects of the
geminal fluorines at C-2 on reactivity at the anomeric centre. An additional complication of
the synthesis of these 2,2-difluoro compounds is their difficult visualization by TLC. Most
char extremely poorly when visualized with sulphuric acid or ammonium molybdate, and
are not of course, UV-active. However, 3.9 was smoothly deacetylated using anhydrous

ammonia in dry methanol to yield 2,2FczAraCl (3.3) as a white solid in 83% yield.
The unintended synthesis of 3.10 in the 1,1-clichioromethyl methyl ether reaction
was a complete surprise. A possible explanation for the formation of 3.10 could be the
formation of C5-05 oxocarbenium ion via a 1,3 hydride shift (Figure 3.2). The presence
of the two electronegative fluorine substituents at C-2 might well promote such a
rearrangement by destabilization of the initially formed C 1-05 oxocarbenium ion. There is
some precedent for such 1,3 hydride shifts (Skell & Maxwell, 1962). 2-Methyl-l-butanol
reacted with KOH and bromoform results in a mixture of products, including 3-methyl-ibutene, presumably via a 3-methyl-2-butyl cation (Figure 3.3).

However, 2-methyl-2-

butanol gives none of this product, suggesting that the 3-methyl-2-butyl cation in the
previous reaction of 2-methyl-1-butanol is not formed via a 1,2 shift from an initial 2methyl-2-butyl cation, but rather directly from the 2-methyl-1-butyl cation via a 1,3 hydride
shift.

3.4

Kinetic Studies with Yeast a-glucosidase and Jack Bean
mannosidase

-

Retaining glycosidases are proposed to follow the kinetic scheme shown in Figure
3.4, according to the Koshland mechanism:
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1,3 hydride shift
C)

Cf attack

OAc
AcO

3.9

3.10

Figure 3.2. Possible mechanism for the formation of 3.10.

OH

2-methyl-2-butyl cation
1,2 hydride shift

+

1,2 hydride shift

2-methyl-1-butyl cation

1,3 hydride shift

4
*

+

3-methyl-2-butyl cation

Figure 3.3. Synthesis of 3-methyl-i -butene from 2-methyl-i -butanol, possibly via a 1,3
hydride shift.
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Figure 3.4. Kinetic scheme for retaining glycosidases. E is the enzyme, Gly-X is the
substrate, E.Gly-X is the noncovalent enzyme-substrate complex, HX is the aglycone, E
1 are the rate constants for rapid
1 and k.
Gly is the covalent glycosyl-enzyme complex. k
3 are the first order
2 and k
and revesible formation of the initial Michaelis complex, and k
rate constantsfor glycosylation and deglycosylation, respectively.
. The fact that 2-deoxy-2-fluoro-a2
3 <<k
To trap the intermediate requires that k
D-glucosyl fluoride is a substrate for cz-glucosidase indicates that with a single C2 fluorine,
the 2-deoxy-2-fluoro 3-D-glucosy1-enzyme intermediate turns over at a rate too great to
permit its significant accumulation (see Chapter 2).

Incorporation of a second

.
3
electronegative C2 halogen was proposed to further slow k
exceptional leaving group (e.g. chloride, PKa

—

If the aglycone is an

-7), then the rate of glycosylation might be

2
expected to be much greater than the rate of deglycosylation, i.e. k

>>

.
3
k

In such

circumstances, an extremely stabilized glycosyl-enzyme intermediate will accumulate,
resulting in enzyme inactivation and the kinetic model becomes
2
k

1
k

E-I

El

E+I
k

HX

Figure 3.5. Kinetic schemefor inactivation of retaining glycosi&zses by accunudation of a
covalent intermediate. E is the enzyme, I is the inactivator, E•I is the noncovalent enzyme
inactivator complex, HX is the aglycone, E-I is the covalent glycosyl-enzyme intermediate.
Rate constants are as in Figure 3.4.
This kinetic model predicts a time-dependent inactivation of the enzyme. If [ii is
, [I] can be assumed to be essentially constant during the reaction,
[E
]
much greater than 0

and pseudo first-order kinetics with respect to enzyme concentration will be observed. In
Michaelis-Menten form, the equation for this process is:
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v=kjjffi
1 + [I]
K

(3.1)

where v
1 is the inactivation rate, k
1 is the rate constant for maximal inactivation, and K
1 is
an apparent dissociation constant for all forms of enzyme-bound inactivator. From Figure

3.5, it can be seen that k
1=k
, and K
2
/k Equation (3.1) can be rewritten as
k..
.
1=1

(3.2)

V =

where

kObS=......kflL
1 + [I]
K

(3.3)

The rate of inactivation, v
1 is equal to

dt
Thus

]
0
ln[E

=

=

b[E
0
k
]

(3.4)

l(obst

(3.5)

-

Note that if K>> [1], then Equation (3.3) becomes

‘Sbs =

3.4.1

(k/K)[Ij

(3.6)

Inactivation of yeast x-glucosidase with 2CI2FctGIuCI (3.1) and
2,2F(xAraCi (3.3)

To determine the kinetic parameters for reaction of each of the above compounds
with a-glucosidase, the enzyme was incubated in the presence of various concentrations of
each of 2Cl2FctGluCl and 2,2FczAraCl. Aliquots were removed from the inactivation
mixtures at intervals and assayed for remaining enzyme activity by dilution into cells
containing p-nitrophenyl c-glucopyranoside. This prevents further inactivation by diluting
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the inactivator and providing a large excess of a competing ligand. The observed pseudo, at each inactivator concentration
0
first order rate constants for the inactivation process, k
were determined by plotting the residual enzyme activity against time and fitting the data to
a weighted single-exponential equation,

using the curve-fitting program GraFit

1 were calculated by fitting the kobs values so
(Leatherbarrow, 1990). Values for k and K
determined to Equation (3.3) using GraPh.
Time dependent inactivation of yeast a-glucosidase by 2Cl2FcxGluCl (3.1) was
observed. Inactivation followed pseudo-first order kinetics at each of a series of inactivator
concentrations, allowing determination of a series of k
0 values. Saturation of the enzyme
was observed at higher 2Cl2FctGluCl concentrations, allowing determination of the
individual kinetic parameters k
1

=

0.25 ± 0.06 min
1 and K
1

=

47 ± 19 mM (Figure 3.6).

1
The corresponding half-life at saturating concentrations of inactivator is 2.8 mm. The k/K
value is 5.3 x 10 ± 3.4 x 10 min’mIvf’.

Inactivation of ct-glucosidase by this

compound is in keeping with expectations since the equatorial chlorine at C-2 of
2Cl2FczGluCl is similar in size to, and of the same configuration as, the equatorial
hydroxyl of the natural glucoside substrate, while the axial fluorine is only slightly larger
than the axial hydrogen in the substrate (Table 3.1). Protection from inactivation with a
competitive ligand, in this case 1-deoxynojirimycin, DNJ (K
1

=

9.6 IIM (Legler, 1990)),

indicates that the inactivation is active-site directed (Figure 3.7). The presence of DNJ (63
p.M), reduced the kobs at 11.3 mM 2Cl2IkxGluCl from 0.056 min
1 to 0.020 min
1 (Figure
3.7)
Inactivation of retaining glycosidases by the trapping of a stabilized glycosyl
enzyme intermediate represents the first step in the turnover of a very slow substrate.
According to this kinetic model, when inactivated enzyme is freed of excess inactivator,
incubated at an appropriate temperature and aliquots removed for assay, the activity of the
enzyme would be expected to slowly return as the glycosyl-intermediate is hydrolyzed,
releasing free enzyme and 2-chloro-2-deoxy-2-fluoro-glucose. However, no reactivation
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Figure 3.6. Inactivation of yeast cc-glucosidase by 2C12FaG1uC1. A) Plot of residual
activity versus time at the indicated inhibitor concentrations: 3.78 mM (X), 5.67 mM (V),
bS values
0
1134 mM (0), 22.7 mM (N), 34 mM (0), and 60 mM (A). B) Replot of k
from above.
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Figure 3.7. Protection against inactivation by 2C12FaG1uC1. Inactivation a a single
concentration of2,2FaAraCl (11.3 mM) in the presence of the indicated concentrations of
1-deoxynojirimycin: 0 ,nM (0), 63 pM (3).
of ct-glucosidase that had been inactivated by 2C12FczG1uC1 was observed, even after

incubation for ten days at 37°C in buffer (results not shown). Such an exceedingly slow
reactivation rate is consistent with the enormous destabilization of the deglycosylation
transition state afforded by the two geminal halogens at C-2, resulting in an extremely
stable 2-chloro-2-deoxy-2-fluoro-3-glucosyl-enzyme intermediate.
Inactivation of yeast a-glucosidase by 2,2FcLAraC1 (3.3) was also observed.
Saturation of the enzyme was observed in the range of inhibitor concentrations tested (11 to
93.5 mM). Values of kobS were plotted against time, fitted to Equation (3.3), and the

kinetic parameters determined to be k
1 = 8.8 x 10± 1.0 x

min’ and K
1

=

9.7 ± 2.7

mM. The corresponding value for k
fK is therefore 9.1 x 1(1 ± 3.3 x 10 min’mM’
1
(Figure 3.8). The inactivation of the enzyme by 2,2FaAraCl is thus 58-fold slower than
that by 2C12FG1uC1 in terms of ,
/K and 280-fold slower in terms of k
1
k
. Protection
1
against inactivation was observed with DNJ (200 p.M) reducing the kobs at 11 mlvi
2,2FaAraCl from kobs

=

3.7 x 10 min
t to kObs
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=

9.9 x 10 min
t (Figure 3.9).
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Figure 3.8. Inactivation of yeast a-glucosidase by 2,2FcxAraCl. A) Plot of residual
activity versus time at the indicated inhibitor concentrations: 9.9 mM (C)), 11 mM (A),
19.8 mM (•), 49.5 (D), 715 (N), and 93.5 mM (a). B) Replot of k
b values from
0
above.
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As with the 2C12RxG1uCI-inactivated enzyme, no reactivation of the 2,2FxAraClinactivated enzyme was observed over 3 days at 37°C, in buffer alone or in the presence of
100 mM cz-methyl glucoside as a possible transglycosylation acceptor (results not shown),
again consistent with formation of an extremely stabilized glycosyl-enzyme intermediate.
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Figure 3.9. Protection against inactivation by 2,2FcrAraCl. Inactivation at a single
concentration of 2,2FaAraCl (11 mM) in the presence of the indicated concentrations of 1deoxynojirimycin: 0 pM (•), 200 pM (0).
Recall that the kinetic parameters (k and Km) for 2FczGluF with yeast a
glucosidase are 96 rnin
1 and 4.8 mM, respectively (versus 1500 min
1 and 0.93 mlvi for
the parent substrate (x-glucosyl fluoride, respectively. See Chapter 2). The incorporation
of a second halogen at C-2 has thus resulted in a reduction in the rate of the deglycosylation
step by at least 10
-fold over that of the 2-deoxy-2-fluoro glucosyl derivative. This is in
8
addition to the one to two order of magnitude reduction afforded by the substitution of the
equatorial hydroxyl by a fluorine. However, it is difficult to quantify the full effect of the
second halogen since no reactivation was observed. It is not certain whether the poor
binding of 2Cl2FctGluCl with ct-glucosidase is due principally to the equatorial chlorine at
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C-2, which is slightly larger than a hydroxyl, or to the axial fluorine at this position, which

is slightly larger than a hydrogen. However, the poorer binding seen with the 2-chloro-2deoxy-2-fluoro glycosyl chloride compared to the 2-deoxy-2,2-difluoro analog suggests
that the relatively bulky equatorial chlorine is largely responsible for the poor binding of the
former compound with this enzyme. Although the 2-deoxy-2,2-difluoro compound lacks
the steric bulk of the 2-chloro-2-deoxy-2-fluoro compound, and is apparently bound more
tightly, it results in much slower inactivation of the enzyme. This is likely a consequence
of the greater electronic effect of the equatorial fluorine (rather than chlorine) in the 2,2difluoro compound.

With both compounds, the colossal reduction in the rate of the

deglycosylation (and glycosylation) steps upon introduction of the second halogen
(chlorine or fluorine) is principally a result of very substantial electronic factors.
3.4.2

Attempted inactivation of Jack bean cx-mannosidase

Jack bean a-mannosidase was tested for inactivation by the 2,2-dihalo glycosyl
chlorides. No inactivation of Jack bean cx-mannosidase by either 2Cl2FczGluCl (3.1) or
2,2F(xAraCl (3.3) was observed. Enzyme was incubated with 2C12FaG1uC1 (20.0 mM)
for three days, or 2,2FLAraC1 (20.0 and 10.0 mM) for 15 hours and two days,
respectively. No time-dependent loss of activity which could be attributed to the presence
of the inhibitors was detected. It was expected that 2Cl2FczGluCl would not inactivate an
(x-mannosidase since binding of this compound would be expected to be sterically hindered
by the equatorial chlorine atom at C-2 in the gluco configuration. However, no steric
effects of equal severity would be expected to have significantly hindered the binding of
2,2lkzAraCl by the mannosidase since a fluorine atom is smaller than the axial hydroxyl
group and only slightly larger than the equatorial hydrogen in a mannoside substrate (Table

4.).
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The lack of inactivation of Jack bean cz-mannosidase by either 2C12FaG1uC1 or
2,2FxAraCl prompted an investigation to confirm the stereochemical outcome of
hydrolysis by the cz-mannosidase.

This enzyme has been shown to catalyze

transglycosylation reactions, suggestive of a retaining mechanism, but its mechanism has
not been unequivocally elucidated. ‘H-NMR speciroscopy was used to determine whether
the glycosidic bond of a-mannosides is cleaved with retention or inversion of anomeric
configuration by this enzyme (Figure 3.10).

Spectrum A shows the anomeric proton

H-NMR spectrum of p-nitrophenyl a-D-mannopyranoside in DO.
region of the 1
doublet at 3

=

12
5.73 ppm (J

—

The

1.4 Hz) is due to the equatorial anomeric proton of the a

mannoside substrate. The large resonance at 6=4.75 ppm is due to HOD. Spectra B and
C were recorded at intervals after the addition of enzyme and clearly reveal first the
appearance of a resonance at 6

=

5.13 ppm (J
12

—

1.4 Hz) due to the equatorial anomeric

proton of a-mannose, followed by the appearance of a resonance at 6

=

4.85 ppm

(j12

—

1.0 Hz) from f3-mannose formed by mutarotation of the cc-anomer (Angyal & Pickles,
1972). After 90 minutes (Spectrum D), the substrate has been completely consumed and
the fmal equilibrium anomeric ratio (60:40 a43) has been established. This enzyme clearly
catalyzes the hydrolysis of mannoside substrates with net retention of anomeric
configuration, thus the lack of inactivation by 2,2FctAraCl in particular cannot be the
simple consequence of this enzyme catalyzing hydrolyses via an inverting mechanism.
The ‘H-NMR results clearly establish that Jack bean ct-mannosidase is a retaining
enzyme. Assuming a Koshland mechanism, the lack of inactivation of this enzyme by
2,2FaAraCI must be due either to: 1) a glycosylation step which is rate-limiting, in which
case 2,2FczAraCl is either a slow substrate, or in the extreme, is not turned over by the
enzyme; or 2) a deglycosylation step which is too fast to accumulate an intermediate, and
F-NMR analysis of samples of
9
hence 2,2FcxAraCl is again simply a substrate. ‘
2,2FcxAraCl incubated for several days in the presence of a large amount of a-mannosidase
revealed no detectable hydrolysis of 2,2FaAraCl, indicating that the second possibility, a
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Figure 3.10. 1
H-NMR determination of the stereochemical course of hydrolysis of p..
nitrop henyl a-D-mannopyranoside by Jack bean a-mannosidase. Spectra are of the
anomeric proton region of the substrate and products before addiron of enzyme (A), and cZ
15,45, and 90 mm after addition (B, C, and D, respectively). See text and ChapterS for
experimental details.
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2,2-difluoro-f3-D-arabinopyranosyl-enzyme intermediate that is turned over rapidly, is
unlikely.

To further probe this behavior, 2-deoxy-2-fluoro-cx-D-mannosyl fluoride

2FcManF, which is not an inactivator of this enzyme (Withers et al., 1988), was evaluated
as a substrate by monitoring the initial rates of release of fluoride using a fluoride electrode.
2FaManF was an exceedingly poor substrate and no saturation was observed. However,
an estimate for VmfKm of 9.6 x i08 ± 2.0 x i08 Lmin’mg’ at pH 6.5 was determined.
This represents a 12 000-fold reduction in rate relative to the parent compound (x-D
mannosyl fluoride (Vm

=

6.0 ± 0.6 j.tmolmin’ mg
, Km = 5.2 ± 0.4 mM, Vm/Km
1

=

1.2

X

i0 ± 0.1 x 10 Lmin
mg’ (Howard, S., McCarter, J., Withers, S., unpublished
1
results). In contrast to the results with yeast c-gIucosidase, where the rate of enzymatic
hydrolysis of 2-deoxy-2-fluoro-cx-D-glucosyl fluoride is only reduced by an order of
magnitude relative to that of the parent a-D-glucosyl fluoride (see Chapter 2), substitution
of the 2-hydroxyl by fluorine in the analogous mannosyl fluoride results in this much larger
rate decrease. Possibly, crucial binding interactions involving the axial 2-hydroxyl are
formed at the transition state in the ct-mannosidase which are abolished with either the 2deoxy-2-fluoro or the 2-deoxy-2,2-difluoro glycosyl halides, or this enzyme is more
sensitive than is the cx-glucosidase to the electronic effects of even a single fluorine at C2.
Unfortunately, the 2-chloro-2-deoxy-2-fluoro mannosyl chloride was not available to test
with the cx-mannosidase, but the results above would suggest that this compound is
unlikely to be either an inactivator or a substrate.

3.5

Mass spectrometry of Labelled a-Giucosidase

Identification of the site of attachment of the 2-deoxy-2,2-dihalo sugars, thus of the
nucleophilic amino acid residue of yeast a-glucosidase, by electrospray mass spectromeiry
was attempted. The labelled residue would be expected to be identical to that identified by
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the 5-fluoro glycosyl fluorides, namely Asp-214 (Chapter 2). Peptic hydrolysates of the
labelled and unlabelled enzyme were prepared and analyzed by ESMS as previously
described in Chapter 2.
Repeated attempts to obtain a neutral loss signal resulting from loss of the mass of
either the 2-chloro-2-deoxy-2-fluoro glucosyl moiety (m/z
difluoro-arabinopyranosyl moiety (m/z

=

=

199) or the 2-deoxy-2,2-

183) from peptic digests of inactivated

(X

glucosidase, as described previously, were unsuccessful. No significant neutral loss peaks
were observed. Apparently, and quite reasonably, the presence of the two halogens at C-2
destabilizes the formation of an anomeric radical arising from homolytic cleavage of the
inhibitor-enzyme ester bond.
The LCMS spectra showing all peptides in digests of x-glucosidase inactivated by
2C12FctG1uCI and 2,2FccAraCl were then searched for the same major peptide that was
labelled by the 5-fluoro glucosyl and idosyl fluorides (RJDTAGL, m/z 745.5, see Chapter
2). This peptide, when derivatized by a 5-fluoro glycosyl moiety, has a mass of 925.5.
When labelled instead by a 2-chloro-2-deoxy-2-fluoro glucosyl moiety or a 2-deoxy-2,2difluoro-arabinopyranosyl moiety, the expected masses of these peptides would be 943.5
and 927.5, respectively. These peptides were not reproducibly identified in peptic digests
of a-glucosidase inactivated by 2C12FxG1uC1 or 2,2FaAraCl, respectively. However,
these peaks were identified in a single, brief and partial peptic digest of inactivated a
glucosidase, but they decomposed prior to isolation (Braun, 1995). In contrast to the great
stability of the intact 2,2-dihalo glycosyl-enzymes at near neutral pH, cleavage of 2,2dihalo glycosyl esters on solvent-accessible small peptides at pH 2 may be very facile.
Such cleavage probably occurs via attack of water on the ester carbonyl, rather than at the
anomeric centre of the sugar. This might be facilitated by the presence of the two C-2
halogens, possibly rendering the sugar a better leaving group.
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3.6

Conclusions

The results described herein are significant as they represent only the second mode
by which an a-glycosidase has been inactivated by the accumulation of a glycosyl-enzyme
intermediate analogous to that formed in the normal catalytic mechanism.

Mechanism-

based inactivation by these 2,2-dihalo glycosides with exceptional leaving groups thus
provides further proof that the catalytic mechanism of a-glucosidases involves such a
glycosyl-enzyme intermediate. Yeast a-glucosidase was inactivated by both 2C12FzG1uC1
1 and k.IK,
and 2,2FaAraCl, with 2C12FaG1uC1 being a superior inactivator in terms of k
but poorer in terms of binding. Neither of these compounds inactivated Jack bean cx
mannosidase, despite the apparent mechanistic similarity of these enzymes. The results for
both enzymes are summarized below (Table 3.2).

Table 32: Kinetic parameters of 2C12FcxG1uCZ and 2,2FcxAraCl with yeast cc-glucosid.ase
and Jack bean a-mannosidase.
Enzyme

Compound

2C12FaGJuC1

1
k

1
K

)
1
(min

(mM)

0.25
±0.06

2,2FcxAraCl

Jack bean cz-mannosidase

yeast cx-glucosidase

47
±19

fK
k
1

5.3 x
3
±3.4x10

8.8 x 10

9.7

9.1

4
±1.0x10

±2.7

5
±3.3x10

No Inactivation

No Inactivation

Protection of cz-glucosidase against inactivation by both inactivators by DNJ was
observed, indicating that these inactivators are active site-directed.

After freeing the

inactivated cz-glucosidase of excess inactivator, the enzyme did not exhibit significant
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reactivation, even after ten days at 37°C, consistent with formation of an extremely
stabilized glycosyl-enzyme intermediate. Inactivation of yeast a-glucosidase, and not Jack
bean a-mannosidase, by 2,2FxAraCl suggests significant differences in transition state
binding interactions, geometry, or charge development between these enzymes, and
possibly, between retaining ct-glucosidases and retaining a-mannosidases in general.
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CHAPTER IV
MECHANISM-BASED GLYCOSIDASE INHIBITORS AS PROBES OF
HUMAN ENZYMES AND AS POTENTIAL DIAGNOSTICS
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4.1

Introduction
Glycosidic linkages in mammalian tissues occur in both glycolipids and

glycoproteins.

Catabolism of these species occurs principally in the lysosome.

For

example, the f3-glucosidic bond of glucosyl ceramide, which forms the core structure of
gangliosides, is cleaved by -glucocerebrosidase (EC.3.2. 1.45), a membrane-associated
acid glucosidase localized to this organelle.

Gaucher’s disease, the most prevalent

lysosomal storage disorder, is caused by an inherited deficiency in this enzyme (Brady et
at., 1965; Grabowski et al., 1990) which results in accumulation of glucosyl ceraniide
principally in macrophages of the spleen, liver and bone marrow.

A large number of

lysosomal storage diseases, each resulting from various genetic deficiencies in a specific
glycosidase, have been characterized.
Animal models to study the pathology and evaluate treatments for Gaucher’s
disease have been produced in mice using the irreversible glycosidase inhibitors conduritol
B epoxide (CBE, 1 ,2-anhydro-myo-inositol) and the related, naturally occuring epoxide
based inhibitor, cyclophellitol (Atsumi etal., 1992; Kanferet at., 1975) (see Figure 1.13).
Assays of f3-glucocerebrosidase in tissues of animals administered these compounds
showed marked inhibition of enzyme activity in spleen, liver, kidney and brain, and a
resultant accumulation of glucosyl ceramide was found in these tissues. Related cycitols
have not, however, been used to generate animal models of other lysosomal storage disease
arising from similar glycosidase deficiencies, for two principal reasons.

Firstly, the

chemical syntheses of epimeric analogues of these epoxide-based cycitol inhibitors (e.g.
manno or galacto configurations) or incorporation of appropriate radionucides into these
structures for tracer studies are non-trivial tasks.

Secondly, the inherent reactivity and

relative lack of specificity of this class of inhibitors tends to limit their usefulness as
specific inhibitors of a given class of glycosidases.

Indeed, CBE is also an effective

inhibitor of a-glucosidases (Legler, 1990). More specific covalent inhibitors that may be
readily labelled with appropriate radioisotopes are required.
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Recall that retaining glycosidases catalyze the hydrolysis of glycosidic bonds with
overall retention of anomeric configuration.

The mechanism involves the formation

(glycosylation step) and hydrolysis (deglycosylation step) of a glycosyl-enzyme
intermediate via transition states with substantial oxocarbenium ion character (Figure 1.4).
2-Deoxy-2-fluoro glycosides with good leaving groups have been shown to act as
covalent, mechanism-based inhibitors of retaining 3-glycosidases by forming a relatively
stable 2-deoxy-2-fluoro-glycosyl-enzyme intermediate (See Section 1.5.4, Withers et at.,
1988; Withers & Street, 1988). The C-2 fluorine of the inhibitor electronically destabilizes
these positively charged transition states, slowing the rates of both glycosyl-enzyme
formation and hydrolysis. In addition, the limited hydrogen bonding capability of fluorine
would be expected to result in loss of significant transition state binding interactions,
further slowing these processes. The presence of a good leaving group increases only the
rate of glycosyl-enzyme formation, thereby resulting in accumulation of the intermediate

and inactivation of the enzyme.

Turnover of the intermediate and reactivation of the

enzyme does, however, occur by hydrolysis or by transglycosylation to acceptor ligands,
with half-lives ranging from one to 500 hours (Street et at., 1992). Transglycosylation
involves binding of the acceptor ligand to the aglycone site of the inactivated enzyme and
reaction of one of its hydroxyl groups with the trapped intermediate, a process which is
essentially the microscopic reverse of the glycosylation step with the natural substrate.
The production of animal models of glycosidase deficiency diseases is but one
potential application of specific inhibitors of mammalian glycosidases.

With the

development of positron emission tomography (PET), the non-invasive study of
metabolism and physiological processes involved in health and disease in the living human
body has become feasible. The technique is based on the labelling of biologically active
molecules with a short-lived positron-emitting isotope, and the quantitation of regional
tissue concentrations of the administered radiopharmaceutical by computed tomography.
PET has been extensively applied in the investigation of regional glucose metabolism in
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heart and brain (e.g. Reivich et a!., 1979; Strauss, 1989), and in receptor- and enzymebinding studies by non-covalent and covalent ligands (e.g. Wagner, 1986). The potential
for labelling 2-deoxy-2-fluoro glycosyl fluorides with ‘
F (t
8
112

110 mm) suggests the

application of F]flu
18
2-deox
y-2-[
oro glycosyl fluorides to the diagnostic imaging of (3glycosidase activity in vivo using positron emission tomography (PET).

Irreversible

covalent inhibitors of enzymes of the dopaminergic system (e.g. inhibition of monoamine
oxidase with deprenyl) have been similarly used for the in vivo imaging of enzyme activity
for diagnosis and treatment of several psychiatric disorders (MacGregor et a!., 1985).
2-Deoxy-2-fluoro glycosyl fluorides are promising candidates for the specific
inactivation of retaining mammalian (3-glycosidases in vivo, especially since they are close
structural mimics of the parent sugars, and thus will likely be transported across cell
membranes. They may therefore be useful in producing animal models of glycosidase
deficiency diseases. As potential imaging agents, a key advantage of this class of inhibitors
is the relatively rapid reactivation of the 2-deoxy-2-fluoro glycosyl-enzyme intermediate via
hydrolysis or transglycosylation, thus facilitating prompt clearance after imaging and
minimizing adverse effects due to irreversible enzyme inactivation. No such reactivation
would occur with the cyclitol-based inhibitors. Such selective inhibition of mammalian
retaining glycosidases may aid in defining the roles of specific glycohydrolases involved in
glycolipid and glycoprotein processing or catabolism.

4.2

Specific Aims
Specific, mechanism-based inhibitors will be used as structural and mechanistic

probes of mammalian glycosidases, with an emphasis on those lysosomal enzymes
involved in genetic disease. Several approaches will be taken:
The appropriate 2-deoxy-2-fluoro glycosyl fluorides will be employed in an attempt
to inactivate purified human lysosomal (3-glucosidase and human lysosomal (3galactosidase in vitro by accumulation of stable intermediates. The derivatized enzymes
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will be proteolytically digested, and the labelled peptides identified and characterized by a
variety of mass spectrometric techniques. Thus the residue which functions as the catalytic
nucleophile in the normal catalytic mechanism of each enzyme will be identified.
These inhibitors will be administered to rats, and glycosidase activities of various
tissues will be assayed to determine the degree and specificity of glycosidase inhibition in
vivo. Reactivation of the inactivated enzyme activity will be examined, and compared to
the in vitro results obtained above.
F, and used to label
Inhibitors will be labelled with the posiiron-emitting isotope 18
glycosidases in vitro. Radiolabelled inhibitors will then be administered to rats to evaluate
the biodistribution and clearance of the labelled compound in vivo. Specific uptake of these
inhibitors will be assessed by ligand blocking experiments.

Finally, imaging of the

administered inhibitor in rats using PET will be attempted to demonstrate the feasibility of
this approach to imaging glycosidase activity in vivo.

Results and Discussion
4.3

Identification of the Catalytic Nucleophiles of Human Lysosomal
Glycosidases by 2-Deoxy-2-Fluoro-Glycosyl Fluorides and Mass
Spectrometry

4.3.1 The catalytic nucleophile of human glucocerebrosidase

a) Background and signficance. Human glucocerebrosidase (acid 3-glucosidase,
N-acyl-sphingosyl-l-O-3-D-glucoside: glucohydrolase, GCase) cleaves the 3-glucosidic
linkage of glucosylceramide (Figure 4.1).

It is a membrane-associated glycoprotein (67

kDa, 497 amino acids) with both high mannose and complex oligosaccharides (Takasaki et
a!., 1984; Grabowski, 1990), whose crucial role in glycolipid catabolism has been
established by disruption of the GCase gene in mice, such mice dying within hours of birth
(Tybulewicz et a!., 1992).

Various point mutations of the human enzyme result in

phenotypically diverse Gaucher disease variants. This disease has served as a prototype
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for the development of enzyme replacement therapies using specifically oligosaccharide
modified enzyme for targetting to the major sites of pathologic involvement (Barton et at.,
1991; Barton, 1990; Fallet et a!., 1992; Figueroa et aL, 1992).

OH

Figure 4.1. Structure ofgluco.syl ceramide.

Even though a great variety of mutations in the structural gene coding for GCase

has been associated with the many phenotypic variants of Gaucher disease, few residues in
the enzyme have been suggested as crucial to catalysis (Grace et at., 1994). Labelling of
Asp-443 with [
H]-labelled bromoconduritol B epoxide (Br-CBE), a putative mechanism3
based inactivator, had previously led to the suggetion of this residue being the catalytic
nucleophile in GCase (Dinur et at., 1986).

However, recent kinetic analyses of GCase

mutants produced by site-directed mutagenesis of Asp-443 or Asp-445, including that in
which Asp-443 was converted to glycine, revealed activities similar to or greater than wild
type (Grace et at., 1994). These observations are incompatible with Asp-443 being the
catalytic nucleophile since replacement of a nucleophiic carboxylate side chain by hydrogen
would have a profoundly deleterious effect upon the reaction rate. Indeed, kinetic analyses
of mutants of the mechanistically similar Agrobacteriwn faecalis 3-glucosidase mutated at
its catalytic nucleophile residue Glu-358 have shown enormous (> 6
10
fold) reduction in
catalytic ‘activity for all substitutions except aspartic acid, which reduced the activity 1 0fold (Withers, 1992). An alternative approach to the identification of this nucleophile was
therefore required.
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GCase has been assumed previously (Dinur et al., 1986; Legler, 1990) to
hydrolyse the glycosidic linkage of glucosyl ceramides with overall retention of the
anomeric configuration.

2-Deoxy-2-fluoro glycosides with good leaving groups are

mechanism-based covalent inactivators for glycosidases of this type.

Therefore, the

inactivation of human glucocerebrosidase using 2-deoxy-2-fluoro--D-glucosyl fluoride
and the subsequent identification of the labelled residue by means of a novel combination of
mass spectromeiric techniques which does not require the use of radiolabels will be
attempted (see also Chapter 2).

Such a non-radioisotopic approach may have valuable

application to the identification of active site residues in other enzymes.

b)

Inactivation of GCase.

Inactivation of GCase by 2-deoxy-2-fluoro-3-D-

glucosyl fluoride occurred in a rapid, time-dependent manner as shown by the activity vs.
time plots in Figure 4.2A.

The inactivation followed the expected pseudo-first order

kinetics, allowing pseudo-first order rate constants at each inactivator concentration to be
calculated.

No saturation was observed at the inactivator concentrations studied, and

higher concentrations could not be investigated due to the rapidity of inactivation which
precluded accurate sampling. Reliable values for the inactivation rate constant (k
) or the
1
reversible dissociation constant (K
) could not, therefore, be determined as can be seen
1
from the replot in Figure 4.2B. However, a reliable second order rate constant of kfK
1

=

0.023 ± 0.00 1 4
mlvl was calculated from the slope of this plot. Poor binding of
min
2FGluF is unsurprising given that the enzyme undoubtedly ordinarily develops many of
its key binding interactions with the ceramide moiety (Figure 4.1). Indeed, a K
1 value of
75 mM for 2-deoxy-2-fluoro-glucose has been reported previously (Osiecki-Newman et
a!., 1988).

Inclusion of castanospermine (8.3 .tM), a known (Osiecki-Newman et al.,

1988) competitive inhibitor of GCase (K
1

=

7 .tM) in an inactivation mixture containing

10.4 mlvi 2FGluF reduced 0
k
b
s, the pseudo-first order inactivation rate constant, from
0.23 min
1 to 0.15 min
. This is the expected degree of protection against inactivation if
1
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the two reagents bind at the same site, thereby indicating that the inactivation is active-site
directed. Additional evidence that this inactivation is due to stabilization and trapping of the
normal intermediate in catalysis was obtained by demonstration of its catalytic competence.
Following removal of excess inactivator from the labelled enzyme, the sample was
incubated at 37°C and the return of enzymatic activity was monitored. Return of activity
was a first order process, with a spontaneous reactivation rate constant, k
3 of 5.3 x 10
0.4 x i04 mm, corresponding to a half-life of
1

112
t

=

1300 minutes (Fig. 4.4).

±
The

manno epimer, 2-deoxy-2-fluoro-3-D-mannosyl fluoride, was also an inactivator of the
enzyme with kfK
1

=

0.0019 ± 0.0001 1
mM (Figure 4.3A and B).
4
min

As might be

expected, the inactivaton was slower with this species, reflecting less facile accomodation
of an axial fluorine by the enzyme at a position which normally binds a hydroxyl of the
gluco configuration. Reactivation of the intermediate was also less rapid, with k
3
-4

-4.-I

10 ± 0.4 x 10 mm

corresponding to a

112
t

=

=

2.8 x

2500 mm (Figure 4.5).

c) Identification of the catalytic nucleophile of GCase. Identification of the site of
attachment of the 2-fluorosugar, thus of the nucleophilic amino acid residue, was achieved
by using a combination of mass spectrometric techniques to first identify the labelled
peptide in a peptic hydrolysate, and then to determine the sequence of this peptide. Peptic
hydrolysis of 2FGlu-labelled GCase resulted in a mixture of peptides which was separated
by reverse phase-HPLC using the ESMS as detector. When the spectrometer was scanned
in the normal LC/MS mode, the total ion chromatogram (TIC) of the 2FG1u-labelled GCase
digest displayed a large number of peaks, which arise from every peptide in the mixture
(Fig. 4.6A). The peptide bearing the 2-fluoroglucosyl label was then identified in a second
run by using the tandem mass spectrometer in the neutral loss mode.

When the

spectrometer was scanned in the neutral loss tandem MS/MS mode searching for the mass
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Figure 42. Inactivation of GCase by 2-deoxy-2 -fluoro-J3-D-glucosyl fluoride: (A) Semilogarithmic plot of residual activity versus rime at the indicated inactivator concentrations:
0, 2.07 mM; 13, 5.18 mM,•, 10.4 mM; 0, 15.5 mM; A, 18.6 mM. (B) Re-plot of
first-order rate constants from (A).
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80

loss m/z 165, corresponding to the loss of the 2FG1u label from the labelled active-site
peptide in the singly charged state, a greatly simplified chromatogram was obtained (Figure
4.6B). Two major peptides (peptides 1 and 2 in Fig. 4.6B) are seen, plus a number of
minor, later eluting species.

However, when a sample of non-labelled GCase was

subjected to peptic digestion and subsequent ESMS/MS neutral loss mode analysis, the
chromatogram shown in Figure 4.6C was obtained. Most of the features of Figure 4.6B

are seen here also, with the exception of peptide 1, indicating that peptide 1 is the species of
interest and that the other signals arise from non-labelled peptides which undergo an
equivalent fragmentation. This most likely involves elimination of a phenylalanine residue
(165 Da) from several different peptides. Therefore peptide 1, which was only detected in
the digest of the inhibited enzyme, is presumably the covalently modified active-site
peptide. This singly-charged peptide was measured at mlz 688 ± 1 (Fig. 4.6D), thus since
the 2FG1u moiety has a mass of 165, the molecular weight of the unlabelled active-site
peptide must be 523 ± 1.

Candidate peptides were then identified by inspection of the amino acid sequence of
the enzyme (Sorge et al., 1985) and searching for all possible peptides with this mass.
Only four peptides with a mass 523 ± 1 could be identified, namely LGTFS (residues 3438), GIGYN (113-117), DDFQ (140-143) and FASEA (337-341), of which only the latter
two peptides contain the acidic amino acid residues which would be expected for the
catalytic nucleophile of a glycosidase (Sinnott, 1990).
Glu-340 was identified as the 2FG1u binding site, thus the catalytic nucleophile, by
independent methods. Firstly, the amino acid sequence of the labelled peptide (mlz 688)
was determined, without a need for further purification, by collision induced fragmentation
of the peptide of interest and analysis of the daughter ions. The parent ion of mlz 688 was
selected in the first quadrupole, subjected to collision induced fragmentation at a higher
energy than used in the neutral loss mode, then the masses of the daughter ions produced
were detected in the third quadrupole. The family of daughter ions produced is shown in
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Figure 4.7. Peaks at m/z 688 and 523 confirm that the m/z 523 peptide was derived by
collision-induced fragmentation of the m/z 688 peptide. The peak at m/z 435 is consistent
with loss of a C-terminal alanine (88 Da) from the unlabelled peptide, while those at m/z
306 and mlz 219 correspond to subsequent losses of glutamyl and seiyl species,
respectively, leaving a fragment (m/z 219) consistent with a phenylalanylalanyl species.
The sequence FASEA is therefore predicted. The C-terminal fragments are not observed in
this mode since the loss of the charged N-terminal amino acid produces neutral peptides

which are not detected.
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Figure 4.7. Tandem MS/MS daughter ion spectrum of the 2FG1u-labelled peptide (mlz
688, FASEA +2FG1u).

Secondly, chemical pulsed-liquid-phase sequence analysis of the purified species
with mlz 688 yielded the sequence FASXA, where X is an unidentified residue. The
fourth residue could not be identified since the putative phenylthiohydantoin-Glu-2FGIu
species is resistant to extraction from the sequencer under the conditions used (Gebler,
1992; Withers, 1990).
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Table 4.1. Edinan degradation of active site peptide in (iCase
Cycle

PTH Derivative

Yield (pmol)

eDNA Sequencea

1

F

34

F

2

A

30

A

3

S

6

4

X

S
E

5

A

-

13

A

a Sequence of peptide derived from the cDNA starting at residue 337
X, unidentified residue

Thirdly, site-directed mutagenesis of Glu-340 to glycine and expression in Sf9 cells
carried out by Dr. Marie Grace at the Mt. Sinai Medical Centre produced a stable protein,
but one with greatly reduced activity. The correct folding of this mutant was demonstrated
by the finding that the mutant protein bound to a deoxynojirimycin-based affmity column
with a similar affinity to the wild type. The specific activity of the E340G mutant was l0fold reduced compared to the expressed normal acid 3-glucosidase. This large reduction in
specific activity in the mutant enzyme is consistent with the key role of this residue in
catalysis. Further, even the small amount of residual activity observed is likely due to the
contamination with wild type arising from translational misreading. Equivalent levels of
misincorporation have been observed previously (Schimmel, 1990).

Indeed the activity

observed is completely inactivatable by 2FfGluF at rates comparable to those of wild type
enzyme, a result which is consistent with a mutant in which the attachment site has been
removed.

d) Conclusions. These findings establish Glu-340 as the catalytic nucleophile in
the active site of human acid f-glucosidase. The previous assignment of Asp-443 as the
catalytic nucleophile was based upon labelling of the enzyme with CBE and derivatives.
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However, such conduritol derivatives lack the hydroxymethylene group present at the C-5
position of glucose, and thus have reduced specificity. As a consequence, CBE binding
and enzyme inactivation probably occurred via an alternate binding mode, as has been
observed in other enzymes (Gebler et a!., 1992). The critical importance of the catalytic
nucleophile and the surrounding structure for enzyme activity is reflected in the fact that
Glu-340 is located in the sequence within the longest stretch of 100% amino acid identity
(3 15-375) between the human and murine enzymes (O’Neill et a!., 1989).

Furthermore,

several of the mutations responsible for the variants of Gaucher disease have been located
to this region (Takasaki, 1984).
4.3.2 The catalytic nucleophile of human lysosomal acid 3-galactosidase
precursor
a) Background and significance. Lysosomal acid f3-galactosidase (EC 3.2.1.23) is
an essential catabolic enzyme which catalyzes the hydrolysis of terminal non-reducing
galactosyl residues from

a variety of substrates,

3-

including ganglioside GM 1

lactosylceramide, lactose, and some galactose-containing oligosaccharides. The inherited
deficiency of the enzyme in humans results in GM1 gangliosidosis, a severe neurological
disease, or Morquio Syndrome B, primarily a skeletal disorder. The enzyme is synthesized
as an 88 kDa glycoprotein precursor (677 amino acids), then processed to the 64 kDa
mature enzyme, a process thought to involve proteolytic cleavage of the C-terminal portion
of the protein (lYAgrosa et a!., 1992; Zhang, S. et al., 1994). The precursor is kinetically
and functionally identical to the mature form of the enzyme, with pH optimum and kinetic
parameters identical to the mature enzyme, and is taken up and localized to the lysosomes
of GM1 gangliosidosis fibroblasts, correcting the enzymic deficiency (Zhang, S. et a!.,
1994).
Though a number of mutations in the enzyme resulting in loss of in vitro activity
have been associated with different disease phenotypes, no residues have been established
as essential to the catalytic mechanism by either labelling or mutagenesis. The inactivation
119

of the human f-galactosidase precursor with an analogous mechanism-based inactivator of
configuration,

galacto

2,4-dinitrophenyl

2-deoxy-2-fluoro--D-galactopyranoside

(2FGalDNP), and identification of the catalytic nucleophile through the application and
extension of the mass spectrometric techniques pioneered with GCase (Miao et al., 1994)
was therefore attempted.

b)

Determination of the stereochemical course of hydrolysis of acid

13-

galactosidase. NMR spectroscopy was used to determine whether the glycosidic bond of a
substrate was cleaved by the enzyme with retention or inversion of configuration as shown
in Figure 4.8. Spectrum A (Figure 4.8) shows the anomeric proton region of the ‘H NMR
spectrum of 2,4-dinitrophenyl f-D-galactopyranoside in 2
D
0
. The doublet at 5.38 ppm
2
,
1
(J

7.8 Hz) is due to the axial anomeric proton of the -galactoside substrate, and the

large resonance at 4.75 ppm is due to HOD. Spectra B and C were recorded at intervals
after the addition of enzyme and clearly reveal first the appearance of a resonance at 4.59
ppm (J,
2

=

7.9 Hz) due to the axial anomeric proton of -galactose, followed by a new

resonance at 5.27 ppm (J,
2

=

3.2 Hz) from CL-galactose formed by mutarotation of the

-

anomer. After 5 h (Spectrum D), the substrate has been consumed and establishment of the
equilibrium pyranose anomeric ratio

(--

2:1 p/ct) indicates that the enzyme catalyzes

hydrolysis with net retention of the substrate anomeric configuration.
c)

Inactivation of acid f3-galactosidase.

Inactivation of -galactosithse by

2FGalDNP occurred in a rapid, time-dependent manner.

Kinetic parameters for

inactivation were determined by measuring inactivation rates at several different inhibitor
concentrations (Figure 4.9), and value of k
1
thus determined.

=

2.2 ± 0.2 min’ and K
1

=

0.17 ± 0.03 mM

Protection against inactivation was afforded by isopropyl f-D

thiogalactoside (5 mM), reducing the k
bS at 0.079 mM 2F3GalDNP from 0.67 to 0.38
0
.
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Figure 4.8. 1
H NMR spectra showing the stereochemical course of hydrolysis of 2,4dinitrophenyl galactopyranoside by human acid /3-galactosidase. The anomeric proton
region of the substrate and products before addition of enzyme (A), and at 25, 55 and 300
mm cjter addition (B, C, and D, respectively). For details, see text and Experimental
chapter.
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d)

Identification of the catalytic nucleophile of acid f3-galactosidase by mass

spectrometry.

Peptic digestion of the 2FGa1-labelled enzyme (after treatment with

irichioroacetic acid to facilitate proteolytic digestion) resulted in a mixture of peptides which
was separated by HPLC using the mass spectrometer as detector.

When scanned in

LC/MS mode, the TIC displays a complex mixture of peaks arising from every peptide in
the digest (Figure 4. bA). The labelled peptides were identified in a second run using
tandem mass specirometry in neutral loss mode, by selective fragmentation of the inhibitor
peptide ester bond. As before, the two quadrupoles are scanned in a linked mode so that
only those ions differing by the mass of the label could be detected. For a singly-charged
peptide, this m/z difference is the mass of the label (165 Da); for a doubly-charged peptide,
the mlz difference is one-half of the mass of the label, and so on.
Scanning in neutral loss mode for the mass loss m/z 165 from a singly-charged
peptide revealed no significant peaks. However, scanning for mass loss m/z 82.5 revealed
a peak at 18 mm (Figure 4.1OB) that was absent in an unlabelled, control digest (Figure
4.1OC). This peak, due to three doubly-charged peptides measured at 950.5, 1058.5, and
1114.5 ± 1 (Figure 4.1OD) corresponded to unlabelled peptides of masses 1735, 1951 and
2063 ± 2 (e.g. [950.5 x 2]

-

2 -165

+

1).

Therefore, the singly-charged peptides had

masses of 1736, 1952 and 2064 ± 2. These peptides, presumably containing overlapping
sequences which include the catalytic nucleophile, are selectively detected because each has
undergone loss of the inhibitor mass. The significant background observed in the control
is again likely due to losses of phenylalanine residues from several different peptides.
Inspection of the protein sequence revealed 26, 35 and 31 candidate peptides of masses
1736, 1952 and 2064 ± 2, respectively.

However, only seven different glutamic or

aspartic acids, residues which are known to act as catalytic nucleophiles in glycosidases,
were present in candidate peptides of all three masses. Increasing the collision gas energy
and scanning in daughter ion mode in an attempt to cause further amide bond fragmentation
and identify the labelled peptides was unsuccessful. This resulted only in loss of the
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Figure 4.10. ESMS Experiments on acid J3-galactosidase peptic digest. A, labelled with
2FGa1, TIC in normal MS mode; B, labelled with 2FGa1, TIC in neutral loss mode; C,
unlabelled, TIC in neutral loss mode; D, mass spectrwn of labelled peptide at 18 mm in B.
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inhibitor with no significant peptide backbone fragmentation, presumably because the
relatively large size of these peptides precludes their fragmentation in the collision cell.
The mixture of peptic peptides was therefore treated with a second protease, in an
attempt to cleave these large peptides into smaller species which would undergo
fragmentation by tandem mass spectrometry. Solid ammonium bicarbonate was added to a
peptic digest of the labelled enzyme prepared as above to increase the pH to

—

8 and the

mixture was treated with irypsin for fifteen minutes. The mixture was then re-acidified
with trifluoroacetic acid to pH

—

2 since the inhibitor-peptide ester bond is much more

susceptible to hydrolysis above pH 7 than at acidic pH (Bause & Legler, 1974).

A

complex mixture of peptides was once again observed upon scanning in the LCIMS mode
(Figure 4.11 A). In neutral loss mode, a search for a mass loss of m/z 165 revealed a single
peak at 19.5 mm (Figure 4.1 1B) which was absent in a control, identically-treated, but
unlabelled digest (Figure 4.11 C).

This singly-charged labelled peptide had a mass of

1040.5 ± 1 (Figure 4.1 1D), corresponding to a singly-charged peptide of mass 876.5 ± 1
(1040.5

-

165

+

1). Thirteen candidate peptides had a mass of 876 ± 1, but only one

glutamic or aspartic acid was present in candidate peptides of mass 876 ± 1, and of masses
1736, 1952 and 2064 ± 2. This residue is Glu-268, located within a GPLINSEF (262269) sequence of mass 876 ± 1, a EPKGPLINSEFYTGW (259-273) sequence of mass
1736 ± 2, a CEPKGPLINSEFYTGWL (258-274) sequence of mass 1952 ± 2, and a
KGPLINSEFYTGWLDHW (261-277), or a PLINSEFYTGWLDHWGQ (263-279), or a
LINSEFYTGWLDHWGQP (264-280) sequence of mass 2064±2. Since the GPLINSEF
peptide is the sole peptide detected in the neutral loss scan of the peptic/tryptic digest, the
latter two candidate peptides of mass 2064 ± 2 may be excluded because they do not
contain the N-terminal glycyl and prolyl residues present in the GPLINSEF peptide, which
must be derived from tryptic digestion of the larger peptic peptides.
Daughter ion scans of peak 1040.5 at increased collision gas energy resulted in loss
of the label, giving rise to the peak at 876.5 (Figure 4.12).
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Figure 4.11. ESMS Experiments on acid J3-galactosidase peptic/tryptic digest. A, labelled
with 2FGa1, TIC in normal MS mode; B, labelled with 2FGa1, TIC in neutral loss mode;
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fragmentation was also observed, with peaks at 711, 581, 496, 381, and 268,
corresponding to C-terminal losses of phenylalanine, and of EF, SEF, NSEF, and INSEF
species from the parent peptide, confirming that the labelled peptide does indeed have the
sequence GPLINSEF.

A number of ions in the corresponding a series were also

observed.
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Figure 4.12. Tandem MS/MS daughter ion spectrum of the 2FGa1-labelled peptide, m/z
1040, GPLINSEF + 2FGa1.
Further confirmation of the identity of the labelled peptide was obtained by high
resolution liquid secondary ionization mass spectrometry (LS1MS), in which the accurate
masses of the 1040.5 and 876.5 peaks were measured at 1040.49500 and 876.44696,
respectively. No possible peptides, regardless of protease specificity, may be generated
from the native protein that have masses within 5 ppm of the accurate 1040.49500 mass,
indicating that this peak can only be due to a derivatized peptide. Indeed, a 2-deoxy-2fluoro galactosyl-labelled GPLINSEF species (calculated mass 1040.495 19, 1m

=

0.18

ppm) is consistent with this mass. Only two possible peptides have masses differing by
less than 5 ppm from the accurate 876.44696 mass: GPLINSEF, with a calculated mass of
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876.44672 (z\m
876.44740 (m

=
=

0.28 ppm), and RNATQRM (25-31), with a calculated mass of

0.50 ppm). However, the latter candidate peptide contains no glutamic

or aspartic acids, is inconsistent with the neutral loss and MS/MS results above, and may
therefore be excluded.
The attachment site of the 2-fluoro galactosyl moiety, thus the nucleophile, was
confirmed by aniinolysis of the labelled peptide.

A labelled digest treated with 30%

ammonium hydroxide for fifteen minutes at 50°C was examined by mass spectrometry and
compared to an untreated, labelled control digest. In the aminolyzed sample, the peak of

m/z 1040.5 and retention time 19.5 mm present in the untreated digest (Figure 4.13A) was
absent (Figure 4.13B) and was replaced by a new peak, absent in the untreated digest
(Figure 4.13C), of mass 875.5 and retention time 19.5 mm

(Figure 4.13D), consistent

with aminolysis of a glycosyl ester to glutamine, giving a GPLINSQF peptide one mass
unit less than the parent, unlabelled peptide (Figure 4.1 3E). A peak of mass 876.5 and
retention time 15 mm present in both untreated and treated samples (Figures 4.13C and
4. 13D) was also considerably increased in the aminolyzed digest, and is presumably the
unlabelled peptide resulting from concomitant hydrolysis of the 2-fluoro glycosyl ester
under the aminolysis conditions.

e) Conclusions. GIu-268 and much of the surrounding sequence is conserved
between the human and mouse lysosomal f3-galactosidases, both of which belong to
Family 35 of glycosyl hydrolases (Figure 4.14).

Several other f-galactosidases from

Macropus, asparagus, apple, carnation, and Aspergillus niger show significant homology.
In each case, the corresponding glutamic acid is absolutely conserved, as would be
expected of the essential catalytic nucleophile. Four other carboxylic acids, Glu- 186, Glu
188, Asp-332, and Glu-339 (human enzyme numbering), are also absolutely conserved in
this family of proteins and may be important to catalysis. Presumably, at least one of these
residues is involved in acid/base catalysis. Site-directed mutagenesis of these residues,
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Figure 4.14.
Conserved residues among 13-galactosidases of Family 35 glycosyl
hydrolases and related proteins. The putative catalytic nucleophile region is boxed, and the
conserved glutamate labelled by 2FJ3Ga1DNP is indicated by a
Residues in bold are
absolutely conserved in all aligned proteins. Underlined residues are conserved in the
majority of aligned proteins. The sequences shown are: sp P162 78 human acid j3galactosidase precursor, gp M75122 mouse acid /3-galactosidase, gp L15561 Macropus
eugenii f3-galactosidase, gp X77319 Asparagus officianalis J3-galactosidase, gp L29451
Malus domestica (Granny Smith) J3-galactosidase-related protein, sp Q00662 Dianthus
caryophyllus 5R12 protein, and gp A00968 Aspergillus niger /3-galactosidase. Accession
umbers correspond to those in the SWISS-PROT or GenPept databases.
I Partial cDNA sequence
‘•‘.

including that of the putative catalytic nucleophile Glu-268, is being performed currently by
Dr. John Callahan at Sick Children’s Hospital in Toronto in an ongoing collaboration.
Deficiencies in this enzyme resulting in GM1 gangliosidosis or Morquio Syndrome
B are characterized by a number of known genotypes, including the following point
mutations located predominantly in the C-terminal portion of the enzyme: R49C, 15 iT,
G123R, R2O1C, W273L, Y316C, R457Q, R482H, and W509C (Mosna et al., 1992;
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Nishinioto et al., 1991; Oshima et at., 1991; Yoshida et al., 1991). It has been assumed
that these mutations are responsible for defects in protein folding or trafficking leading to
rapid degradation of the mature protein. However, some enzymic deficits may be due to
more direct effects of certain mutations on binding interactions of the catalytic residues or
other residues in the active site. The deleterious effect of the W273L mutation (8% of
normal activity (Oshima et a!., 1991)), in particular, is possibly due to altered secondaiy
structure within the enzyme’s active site in close proximity to the catalytic nucleophile.
Other mutant residues, though perhaps distant in primary sequence, may be in close spatial
proximity to the active site and may have similar effects. The identification of Glu-268 as
the catalytic nucleophile should facilitate a greater understanding of the molecular basis of
GM1 gangliosidosis and Morquio B disease.
4.4

Specific In Vivo Inhibition of f3-Glucosidase and f-Mannosidase, but
Not 3-GaIactosidase Activity in Rats by 2-Deoxy-2-Fluoro-3Glucosyl and .Mannosyl Fluorides and Recovery of Activity In
Vivo and In Vitro

Background and significance. Glucocerebrosidase (GCase), the lysosomal enzyme
whose nucleophile is identified above, is not the only mammalian 3-glucosidase. Another
13-glucosidase (E.C.3.2.1.21) with more neutral pH optimum, different sub-cellular
localization and broader substrate specificity

(exhibiting

3-D-galactosidase,

(x-L

arabinosidase, 3-D-xy1osidase and f3-D-fucosidase activities) has been identified and
characterized (Glew et a!., 1993; Glew et al., 1976; Peters et at., 1976). Furthermore,
virtually every conceivable type of glycosidic linkage is present in mammalian tissues. The
hydrolysis of these linkages in the catabolism of glycoproteins and glycolipids in the
lysosomal compartment is catalyzed by specific glycosidases. For example, 3-mannosidic
bonds occur most commonly within the ubiquitous Man-(131,4)-GluNAc-([31,4)-G1uNAc
moiety that comprises the core oligosaccharide structure of N-linked glycoproteins.
Deficiency of the f3-mannosidase (E.C.3.2. 1.25) that cleaves the terminal mannose residue
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of this lrisaccharide, which like -glucocerebrosidase is localized in the acidic environment
of the lysosome, leads to the accumulation of mannose-terminated di- or trisaccharides and
is the basis of -mannosidosis in goats (Jones & Dawson, 1981), cattle (Abbit et al., 1991)
and humans (Wenger et al., 1986).

As with -glucocerebrosithse, this acid

-

mannosidase activity is complemented by that of a neutral, non-lysosomal enzyme
(Dawson, 1982). While the lysosomal acid glycosidases play an essential catabolic role,
the functions of the neutral cytosolic enzymes are unclear.
The inhibition of GCase by the appropriate 2-deoxy-2-fluoro-3-D-glycosyl fluoride
has been demonstrated in vitro and the catalytic nucleophile of this enzyme was identified
by derivatization of the labelled residue (vide supra). Similar inhibition of 3-glucosidase
and -mannosidase activity in vivo by 2-deoxy-2-fluoro-[3-glucosyl and -mannosyl
fluorides in rats was therefore attempted. Specific and mechanism-based inhibition would
facilitate the production of animal models of the appropriate lysosomal storage diseases and
suggests the application of such inhibitors, labelled with F,
18 to the diagnostic imaging of
glycosidase activity in vivo using PET. A key feature of such inhibitors is reactivation of
the labelled enzyme by hydrolysis or transglycosylation either in vivo or in vitro, which
would be expected to occur independently of protein synthesis and on a time-scale similar
to that of the purifed enzymes.

a) Inhibition of J3-Glucosidase Activity by 2FJ3G1uF and In Vivo Recovery.
Figure 4.15 shows the inhibition and in vivo recovery of -glucosidase activity in brain,
kidney, liver and spleen after administration of a single dose of 2FGluF (10 mg/kg).
Inhibition of f3-glucosidase activity after one hour was most pronounced in the spleen (20%
of control activity), while that in the kidney was the least (40% of control activity).

f

Glucosidase activity steadily increased and fully recovered in brain, liver and spleen after
48 hours in vivo while that in the kidney, after a slight further decrease in activity at 20
hours, had regained 60% of its control level after 48 hours.
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b) Inhibition of J3-Mannosid.ase Activity by 2F/3ManF and In Vivo Recovery.
Figure 4.16 shows the inhibition and in vivo recovery of -mannosidase activity in brain,
kidney, liver and spleen after administration of a single dose of 2FManF (10 mg/kg). 3Mannosidase activity was not as effectively inhibited by 2F3ManF as -g1ucosidase
activity by 2F3GluF, f3-mannosidase levels at one hour after injection ranging from 35 to
45% of control levels in all tissues. In vivo recovery of [3-mannosidase activity was slower
than 3-glucosidase, but 60 to 75% of control activity in all tissues was regained by 48
hours. Like the l3-glucosidase activity in the 2Ff3GIuF-treated animals, the slowest rate of
recovery of 3-mannosidase activity was observed in the kidney, which also suffered a
further slight decrease in activity at 20 hours, before recovering to 60% of its control level
after 48 hours.

c) Specificity of Glycosidase inhibition by 2-Deoxy-2-Fluoro Glycosyl
Fluorides. Figure 4.17 shows the effect of 2FI3G1uF and 2F3ManF (both 10 mg/kg) on
[3-galactosidase, 3-g1ucosidase and 3-mannosidase activities in the kidney (4.17a) and the
brain (4. 17b) one hour after administration. Neither 2Ff3G1uF nor 2F3ManF significantly
affected 3-galactosidase activity in either brain or kidney at this dosage, nor did 2Ff3G1uF
affect 13-mannosidase activity in either tissue. However, 293ManF inhibited -glucosidase
activity in both brain and kidney, but less effectively than 2Ff3G1uF one hour after
administration (65% versus 35% of control levels for 2FI3GIuF in the brain; 60% versus
40% of control levels for 2F3CuluF in the kidney).

d) Inhibition of J3-Glucosidase Activity by 2FJ3ManF and In Vivo Recovery. The
inhibition of 3-glucosidase activity by 2F3ManF (see above) was further investigated.
Figure 4.18 shows the effect of 2F3ManF and 2FI3G1uF (both 10 mg/lcg) on f3-glucosidase
activity in brain, kidney, liver and spleen one hour after administration.
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Figure 4.15. In vivo inhibition of 13-glucosidase activity by 2FI3G1uF and recovery of
activity in vivo. f3-Glucosidase activities in tissue homogenates from male Wistar rats
following a single injection of2FJ3GluF (10 mg/kg) at zero time. J3-Glucosidase activity in
the indicated tissues was assayed as described in text: brain, 0; spleen, D,• liver, N;
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Figure 4.16. In vivo inhibition of ,l3-mannosidase activity by 2FI3ManF and recovery of
activity in vivo. f3-Mannosi&zse activities in tissue homogenates from male Wistar rats
following a single injection of2Ff3ManF (10 mg/kg) at zero time. 13-Mannosidase activity
in the indicated tissues was assayed as described in text: : brain, 0; spleen, L liver, N
kidney,.
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Figure 4.18. Inhibition of /3-glucosidose activity by 2FISG1uF and 2Ff3ManF. Tissue /3glucosidase activities in rat brain, spleen, liver and kidney one hour after injection of
2F/3G1uF or 2F/3ManF (10 mg/kg in 0.9% saline), or saline alone. Note change in scale of
kidney /3-glucosidase levels.
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2F3ManF was less effective than by 2FGluF in all tissues examined; indeed, no
significant inhibition was observed in spleen or liver with 2Ff3ManF, the organs in which
inhibition of 3-glucosidase activity by 2FGluF was greatest. In vivo recovery of (3glucosidase activity inhibited by 2F[3ManF in kidney (not shown) was slightly faster than
that inhibited by 2Ff3G1uF, with higher levels of (3-glucosidase activity recovered (80% of
control activity for 2F(3ManF at 48 hours versus 60% for 2F(3G1uF at 48 hours).

e)

In Vitro Reactivation of 2FI3G1uF- and 2Ff3ManF-Inhibited J3-Glucosidase

Activity In Brain and Kidney Homogenates. Figure 4.19 shows an investigation of the in
vitro reactivation at 37°C of 2F[3G1uF-inhibited (3-glucosidase in brain homogenates from
animals sacrificed after one hour. The rates of in vitro and in vivo reactivation (see Figure
4.15) were similar, essentially full activity being regained in 48 hours. The in vitro rate
was enhanced in the presence of the transglycosylation ligands ceramide (2 mM) or
j3IPTGIu (20 mM). Figure 4.20 shows an investigation of the in vitro reactivation at 37°C
of 2F(3G1uF- and 2Ff3ManF-inhibited f3-glucosidase activity in kidney homogenates from
animals sacrificed after one hour.

As observed in vivo, the 2FJ3ManF-inhibited

(3-

glucosidase regained higher levels of activity than the 2Ff3GluF-inhibited enzyme over 48
hours.

The 2Ff3ManF-inhibited f3-glucosidase recovered essentially to control levels

(versus 80% of control levels in vivo) and showed an enhanced rate of reactivation with
ceramide (2 mM). However, in contrast to the situation in vivo, no further decreases in
activity in the kidney were observed at 20 hours. No significant recovery in activity was
observed for the 2F(3G1uF-inhibited (3-glucosidase activity from kidney after 48 hours in
vitro, either in the presence or absence of ceramide, activity remaining at

50% of control

levels. In vivo recovery in this tissue was also slow, however, with only 60% of control
activity regained by 48 hours.
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Figure 4.19. In vitro reactivation of /3-glucosidase activity in rai brain homogenates ci
3 7°C. J3-Glucosidase activity was originally inhibited by 2FJ3G1uF (10 mg/kg) in vivo.
Homogenates were incubated in buffer (0), in presence of 20 mM f3IPTG1u (X), or in
presence of 2 mM ceramides (A). Aliquots were removed periodically and assayed as
described in text.
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Figure 4.20. In viiro reactivation of /3-glucosidase activity in rat kidney homogenates ci
3 7°C. f3-Glucosidase activity originally inhibited by 2Ff3GluF (10 mg/kg) in vivo and
homogenates incubated in buffer (0), or in presence of 2 mM ceramides (A); /3glucosidase activity originally inhibited by 2Ff3ManF (10 mg/kg) in vivo and homogenates
incubated in buffer (•), or in presence of 2 mM ceramides (LI).
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f) In Vitro Reactivation of 2FI3ManF-Inhibited J3-Mannosidase Activity In Kidney
Homogenates. The in vitro reactivation at 37°C of 2F3ManF-inhibited -mannosidase in
kidney homogenates was also examined (not shown). Rates of recovery of 2F3ManFinhibited 13-mannosidase activity in vivo (Figure 4.16) and in vitro at 37°C in kidney over
48 hours were similar, in each case recovering to

—

60% of control levels.

Like the

2F3GluF-inhibited (3-glucosidase activity, no further decrease in activity was observed at
20 hours as was seen in vivo.

Neither ceramide (2 mM) nor G1uNAc (20 mM)

significantly affected the rate of reactivation in vitro.

g) Interpretation of Results of 2-Deoxy-2-Fluoro Glycosyl Fluoride Inhibition in
Rats. 2-Deoxy-2-fluoro-3-glucosyl- and 3-mannosyl fluorides were shown to be potent
inhibitors of 3-glucosidase and f3-mannosidase activities in rats (Figures 4.15 and 4.16).
At a single dose of 10 mglkg, levels of 3-glucosidase inhibition achieved with the gluco
compound in some tissues were comparable to those obtained in mice using the cyclitol
inhibitors CBE (Hara & Radin, 1979; Kanfer et a!., 1975) or cyclophellitol (Atsumi et a!.,
1992) at similar or higher dosages. The significant inhibition of glycosidase activity in the
brain indicates that these glycosides cross the blood-brain barrier intact and are sufficiently
resistant to spontaneous hydrolysis in the brain and other tissues to result in the observed
levels of inhibition. All tissues except the kidney showed maximal inhibition by one hour
and subsequent gradual recovery. The further drop in both glucosidase and mannosidase
activities in the kidney by 20 hours (when glycosidase activities in all other tissues assayed
had generally recovered significantly) is consistent with higher inhibitor concentrations in
this organ than in other tissues during this period, resulting in greater inhibition. The lack
of such a drop in the in vitro experiments provides further support for this notion. Further,
the fact that most of the 2-deoxy-2-fluoro glycosyl fluoride is recovered intact in the urine
(see Section 4.6c) suggests such a renal clearance.
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Greater than 50% of the f3-glycosidase

Specificity of glycosidase inhibition.

activity in all tissues was inhibited by the appropriate mechanism-based inhibitor, indicating
that the majority of the total tissue f-glycosidase activity as assayed is accounted for by
retaining glycosidases since these inhibitors would not be expected to be effective against
inverting enzymes. Interpretation of the results is complicated by the number of enzyme
species in the various tissues.

“-Galactosidase”, “f-glucosidase” or “13-mannosidase’

activities in this study refer to the total hydrolytic activity in the tissue homogenates towards
the appropriate PNP 3-D-glycopyranoside under the assay conditions described (see
Experimental chapter). Though the assay condiditons (low pH, presence of detergents) are
expected to favour the lysosomal acid glycosidases, activity of neutral enzymes may be
reflected in the measured activities as well. Both 3-glucocerebrosidase and the neutral

-

glucosidase are reported to be retaining enzymes (Grabowski, 1990; Legler & Bieberich,
1988) and Cavanagh et a!. have suggested that the non-lysosomal -mannosidase from
goat liver is a retaining enzyme, while the lysosomal -mannosidase is inverting (Cavanagh
et al., 1985). If this is true, 2FManF would thus be expected to selectively inhibit the
non-lysosomal retaining 3-mannosidase.

The residual activity observed when

-

glucosidase or -mannosidase activities are maximally inhibited may be due to inverting
enzyme activity, or simply to incomplete inactivation at the dosage of inhibitors used.
The 2-deoxy-2-fluoro glycosyl fluorides tested were specific inhibitors of the
appropriate 3-glycosidase activity (Figure 4.17). Thus, neither 2FfGluF nor 2FManF
inhibited -galactosidase activity in brain or kidney; nor did 2F3GluF inhibit 3mannosidase activity in either of these tissues.

However, 2F3ManF inhibited

glucosidase activity in brain and kidney, but not as effectively as 2F3GluF. Levels of

J313-

glucosidase activity in spleen and liver, organs in which inhibition of glucosidase activity
by 2Ff3G1uF was greatest, were not significantly affected by 2F13ManF (Figure 4.18).
This (weaker) inhibition of 13-glucosidase activity by 2F13ManF likely reflects the relative
lack of specificity of the neutral 13-glucosidase for the glycone portion of its substrate
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(Glew et a!., 1976), while f-glucocerebrosidase is reportedly highly specific for

f3-

glucosides, with possibly some 13-xylosidase activity (Grabowski, 1990). Indeed, it has
been demonstrated with a purified preparation of f-glucocerebrosidase that although
2Ff ManF inactivates this enzyme, it is 12-fold less effective in terms of 1
k
/
K than
2F3GluF (Figure 4.4). The lack of significant -glucosithse inhibition by 2F[3ManF in
spleen and liver, organs for which in rats and mice most of the 3-glucosidase activity is
attributed to 3-glucocerebrosidase (Glew et a!., 1993) is consistent with this less efficient
inhibition of f3-glucocerebrosidase by 2FfManF. Consistent with the apparent inhibition
of the neutral 3-glucosidase by 2FfManF, the organ with the most significant inhibition of
f3-glucosidase activity by 2FJ3ManF (60% of control levels) is the kidney, which in rats has
a large proportion of the less specific neutral enzyme (Glew, 1993; Legler & Bieberich,
1988). Indeed, in experiments with purified neutral f-glucosidase (in collaboration with
Dr. Robert Glew at the University of New Mexico Health Sciences Centre), incubation
with identical concentrations (0.25 mM) of 2F[3G1uF or 2FfManF resulted in similar levels
of inactivation, 54% and 35%, respectively, after 20 minutes (McCarter et al., 1994).
Recovery of glycosidase activitily.

Significantly faster in vivo recovery of

glycosidase activity was observed with glycosidases inactivated by 2-deoxy-2-fluoro
glycosyl fluorides compared to those inactivated by the active site-directed irreversible
inhibitors CBE (Hara & Radin, 1979) or cyclophellitol (Atsumi et al., 1992) in mice, or by
glycosylmethyl p-nitrophenykriazenes in cultured human skin fibroblasts (Van Diggelen &
Galjaard, 1980). Recovery of f-glucocerebrosidase activity in mouse tissues following a
single dose of cyclophellitol (50 mg/kg) occurred in seven and fourteen days, in liver and
brain, respectively (Atsumi et a!., 1992).

Similarly, turnover times of human skin

fibroblast 3-glycosidase activities inactivated by glycosylmethyl p-nitrophenyliriazenes
varied from five to thirteen days, depending on the enzyme (Van Diggelen and Galjaard,
1980). Recovery of enzyme activity in these instances is presumed to be due to protein
synthesis, as would be expected if the inactivation of glycosidase activity were truly
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irreversible. Such rates of reactivation alone cannot account for the relatively rapid in vivo
recovery of glycosidase activity (within 24 to 48 hours in some tissues) observed after
inactivation by 2-deoxy-2-fluoro glycosyl fluorides (Figures 4.15 and 4.16).

Since

reactivation of 2-deoxy-2-fluoro-glycosyl-enzyme intermediates can occur by hydrolysis or
transglycosylation to an appropriate ligand in vitro, such processes could possibly account
for the relatively rapid recovery of glycosidase activity observed in vivo. Indeed, purified
(-glucocerebrosidase from calf spleen has previously been shown to undergo an equivalent
reaction with 4
[‘
C
]-ceramide as the transglycosylation ligand when PNP f3-glucoside or 4methyl umbelliferyl 3-glucoside are used as glucosyl donors (Kanfer et al., 1975). In vitro
rates of glycosidase reactivation in tissue homogenates (where recovery via protein
synthesis cannot occur) were therefore explored.
-Glycosidase activity in brain and kidney tissue homogenates that had been
inhibited in vivo underwent spontaneous reactivation upon incubation at 370C in buffer,
recovering partially or fully to control levels after —50 hours in vitro. No further decreases
in activity at 20 hours in the kidney as seen in vivo were observed, presumably since
further concentration and hence greater inhibition in the kidney cannot occur.

In vitro

reactivation rate enhancements of 2FfGluF-inhibited f-glucosidase activity by both the
hydrolytically stable glucoside 3lPTGlu (20 mM) and ceramides (2 mM) were observed in
brain homogenates (Figure 4.19).

The heterogenous nature of the tissue homogenates

again complicated interpretation of the results. However, enhanced reactivation of a 2deoxy-2-fluoro-glucosy1--glucocerebrosidase adduct in the presence of ceramide as a
transglycosylation ligand is fully expected since glucosyl ceramide is the natural substrate
of this enzyme. The natural substrate(s) of the neutral 3-glucosidase is not known, but the
well-known ability of neutral enzyme to catalyze transglycosylation to sugars or aliphatic
alcohols via a hydrophobic aglycone site (Glew et a!., 1993; Legler & Bieberich, 1988)
suggests that enhanced reactivation of a 2-deoxy-2-fluoro-glucosyl-enzyme adduct by
3IPTGlu (Figure 4.19) or ceramides (Figure 4.20) is quite reasonable.
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Further,

2F3ManF-inhibited -glucosidase activity in kidney recovered faster in vitro than that
inhibited by 2FG1uF (Figure 4.20). Since with purifed glucocerebrosidase, the 2-deoxy2-fluoro mannosyl adduct exhibits slower reactivation than the glucosyl-enzyme
intermediate (Figures 4.3 and 4.5), this again indicates that the kidney 3-glucosidase
activity assayed is due largely to the neutral enzyme.

Faster turnover of glucosidase

activity inhibited by a 2-deoxy-2-fluoro glycoside of the manno configuration has been
seen previously in vitro with Agrobacterium f3-glucosidase where the 2-deoxy-2-fluoromannosyl enzyme reactivates two orders of magnitude faster than the 2-deoxy-2-fluoroglucosyl adduct (Street et a!., 1992).
Similarly, 2F3ManF-inhibited f3-mannosidase activity in kidney homogenates
recovered to

—

60% of control activity upon incubation in buffer at 37°C (not shown). A 2-

deoxy-2-fluoro-mannosyl-f-mannosidase adduct might be expected to exhibit an increased
reactivation rate in the presence of G1uNAc moieties since the natural substrates of
mammalian -mannosidases are the di- or irisaccharides Man-([31,4)-G1uNAc or Man
(f31,4)-G1uNAc-(1,4)-GluNAc. Faster reactivation was not observed at the concentration
of G1uNAc used (20 mM) but it is possible either that a disaccharide is required for
adequate binding and full realization of any rate enhancement, or that reactivation of the 2deoxy-2-fluoro mannosyl-mannosidase(s) is inherently very slow (indeed, in vivo recovery
of j3-mannosidase activity was significantly slower than recovery of -gIucosidase activity
in most tissues examined; cf Figures 4.15 and 4.16).

Moreover, in contrast to

-

glucosidase activity, reactivation of 2F3ManF-inhibited (3-mannosidase activity was not
enhanced by ceramide (2 mM), as expected. Transglycosylation to ceramide by a 2-deoxy2-fluoro-mannosyl-3-mannosidase, an enzyme which normally binds the sugars G1uNAc
or chitobiose in its aglycone site, would not be expected to be an effective process.
The rates of in vivo glycosidase recovery (Figures 4.15 and 4.16). and the rates of in
vitro reactivation (Figures 4.19 and 4.20) were similar. This similarity in rates, coupled
with the relatively rapid recovery of enzyme activity, suggests that hydrolysis or
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transglycosylation of 2-deoxy-2-fluoro glycosyl-enzyme adducts are the primary
mechanisms involved in recovery of both 3-mannosidase and 3-g1ucosidase activities
inhibited by these 2-deoxy-2-fluoro glycosides in vivo.

While it is possible that the

increased reactivation rates observed with ceramides or I3IPTG1u in vitro are due to
processes other than transglycosylation, possibly stabilization of the enzyme(s) involved, it
is nonetheless clear that the relatively rapid recovery of glycosidase activity in vivo can be
mimicked in vitro either in the presence or absence of ligands.
h)

Conclusions.

2-Deoxy-2-fluoro-f-glucosyl

or

f-mannosyl

fluorides

administered to rats in a single dose (10 mg/kg) inhibited 3-glucosidase or [3-mannosidase
activity after one hour in brain, spleen, liver and kidney tissues.

This inhibition,

presumably due to accumulation of 2-deoxy-2-fluoro-glycosyl-enzyme intermediates,
indicates that intact 2-deoxy-2-fluoro glycosyl fluorides are distributed to these organs and
in the case of brain, that they cross the blood/brain barrier.

3-Glucosidase activity

recovered completely or partially in brain, spleen, liver and kidney by 20 to 48 hours. 3Mannosidase activity partially recovered in all tissues by 48 hours. 3-Galactosidase activity
in brain and kidney was not significantly affected by administration of either the gluco or
manno compounds at this dosage, indicating that these inhibitors are directed towards
specific glycosidases.

Observation of similar, relatively rapid rates of 3-glycosidase

reactivation in vivo and in tissue homogenates in vitro at 37°C suggests that hydrolysis or
iransglycosylation of 2-deoxy-2-fluoro-glycosyl-enzymes, not protein synthesis, are the
primary mechanisms involved in the recovery of glycosidase activity inhibited by this class
of compounds in vivo (McCarter et al., 1994).
4.5

Radiosynthesis of 8
2-de
F
]fIuoro-3-Doxymannopyrano
2-[’
syl
18 and 18
[
F]fluoride
F-Labelling of Agro bacterium faecalis 3Glucosidase In Vitro: a Model Study
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The labelling of one of the glycosadase mhibitors described above with

18

F was

undertaken for use as a potential diagnostic agent to image glycosidase activity with
positron emission tomography (PET). 2FfManF was chosen for two reasons: firstly, the
radiosynthesis of this compound may be readily carried out by the addition of 2
F]-F
1
[
8 to
D-glucal; secondly, 2F3ManF is an effective mactivator of the retaining f-glucosidase from
Agrobacteriwn faecalis (Withers et at., 1988). The inactivation and derivatization of this
well-characterized enzyme with an 18
F-labelled inhibitor, and reactivation of the enzyme
may serve as an in vitro model for the labelling of mammalian enzymes.

a) Radiosynthesis. The synthesis of a mixture of 2-deoxy-2-fluoro-a-glucosyland 3-mannosyl fluorides was achieved by modification of previously reported syntheses
of 2-deoxy-2-fluoro-D-glucose and 2-deoxy-2-fluoro-D-mannose (Satyamurthy et a!.,
1985), except that the glycosyl fluorides initially produced were separated without
subsequent hydrolysis. [‘
2
F
8
J-F with neon as carrier was bubbled through a solution of
D-glucal in acetonitrile. The resulting

2:1 mixture of 2-deoxy-2-fluoro-cc-glucosyl- and

(-mannosyl fluorides was evaporated to dryness in vacuo and the residue chromatographed
on silica gel with diethyl ether as the eluant. Each compound was chromatographically
homogenous and ‘H and 19
F nmr spectra were fully consistent with literature values
(Diksic & Jolly, 1985; Satyamurthy et at., 1985). The radiochemical yield of the 2-deoxy2-fluoro--mannosyl fluoride was 12% and the overall time from end of bombardment
(EOB) for synthesis and purification was

—

40 mm.

The specific activity was

500

mCiJmmol.

b) LoJ,elling of Agrobacterium faecalis f3-glucosidase with 8
‘
F
.

The fraction

containing the -mannosyl fluoride was evaporated, dissolved in 50 mM sodium phosphate
buffer, pH 6.8 and an aliquot incubated with a solution of Agrobacterium f3-glucosidase
(2.7 mg/mL) for 15 minutes at 37°C, sufficient to ensure
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>

99.9% inactivation of the

enzyme at the inhibitor concentration used

(—

1 mM). This rate is consistent with the

inactivation parameters determined previously for the unlabelled 2-deoxy-2-fluoro-f3mannosyl fluoride (K
1

=

1.29 mM, k
1

=

5.6 min’ (Withers et a!., 1988)).

The

enzyme/inhibitor mixture was then chromatographed on an HPLC gel permeation column
(300

A pore-size)

using phosphate buffer as the eluant. The radiochromatogram of the

enzyme/inhibitor mixture showed two peaks (Figure 4.21). The first, smaller peak eluted
at the same time as uninhibited enzyme (detected by UV absorbance at 214 nm) and
therefore comprised the radiolabelled inhibited enzyme, while the second, larger peak
corresponded to excess unbound inhibitor. This is the first demonstration of the labelling
of a glycosidase with a PET isotope. The labelled enzyme peak was collected to monitor
turnover of the isolated 2-deoxy-2-[
F]-fluoro mannosyl-enzyme.
18
c)

18

Reactivation of the 2-deoxy-2-[ F]fluoro-a-D-mannosyl-enzyme. The

collected glycosyl-enzyme complex was incubated in buffer at 37°C. in the absence and
presence of 197 mM l-deoxy--D-glucosyl benzene, which promotes reactivation via a
facile transglycosylation reaction yielding a disaccharide product (Withers, 1990). Aliquots
were removed at intervals and re-injected onto the HPLC column. After correction for
F (t
8
decay of ‘
1

=

110 mm), the decrease in radioactivity of the glycosyl-enzyme peak

and the concomitant increase in radioactivity of the labelled sugar peak (which co-eluted
with a 2-deoxy-2-fluoro-D-mannose standard) were determined by collecting the
appropriate fractions and measurement of radioactivity by scintillation counting. The 2deoxy-2-[’
F
8
lfluoro mannosyl moiety was released from the enzyme considerably faster
via transglycosylation with glucosyl benzene (k
3
hydrolysis (k
3

=

=

4.7 x 10 ± 0.4 x 10 min
) than via
1

6.8 x 10 ± 0.3 x 10’ min’), as expected (Figure 4.22). In both cases,

the labelled hydrolysis or transglycosylation products eluted significantly later than the
glycosyl-enzyme complex, as would be anticipated for small molecules such as mono- or
disaccharides on a gel permeation column. These data are in good agreement with turnover
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Figure 421. Radiochromatogramfrom gel permeation HPLC column of incubated mixture
F]fluoride and Agrobacterium f38
osyl [‘
-mannopyran
y-2-[
2-deox
F]fluoro-J3-D
of excess 18
glucosidase.
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Figure 4.22. Plots of enzyme-bound label remaining (%) versus time for the isolated 2F]fluoro mannosyl-enzyme in buffer (A), and in• the presence of glucosyl
18
deoxy-2-(
benzene (197 mM) () at 37°C.
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rates previously obtained by assaying activity of the iactivated enzyme with p-nitrophenyl
3-D-glucopyranoside (k
3
glucosyl benzene and k
3

=

=

3 min
5.7 x10
1 for iransglycosylation at this concentration of
10 x 10 min’ for hydrolysis (Street et al., 1992)), confirming

that the radiolabelling and subsequent release of radiolabel has occurred by the formation
and turnover of a glycosyl-enzyme intermediate (McCarter et a!., 1992).
4.6

Biodistribution and preliminary imaging results of 2-deoxy-21
[
F]fiuoro--Dmannopyrano
8
syl F]fluoride
18 in rats.
[

a) Background and significance. Positron emission tomography (PET) has the

potential for imaging glycosidase activity in lysosomal storage diseases and possibly, in
tumour imaging. The proposed imaging strategy hinges on the covalent inhibition of
specific glycosidases, resulting in labelled enzymes. Unbound inhibitor might be expected
to rapidly clear from tissues, and the remaining radioactivity would then reflect the level
and regional distribution of glycosidase activity. Further, the amount of labelled inhibitor
administered in a typical tracer study would likely be too low to elicit a pharmacological
response and turnover of the labelled enzyme would ultimately occur by hydrolysis of the
glycosyl-enzyme. Irreversible covalent inhibitors of monoamine oxidase (deprenyl and
clorgyline) (MacGregor et a!., 1985) and of L-amino acid decarboxylase (a-fluoromethyl
6-fluoro-L-dopa) (Chirakal eta!., 1989) have been labelled with “C or 18
F for the imaging
of these enzyme activities in vivo using PET.

The biodistribution, metabolic fate and

preliminary in vivo imaging results of F
8
2-deox
jfluoro-[3-D-mannopyrano
y-2-[’
syl
I’
F
8
]fluoride in rats are herein reported.

b) Biodistribution of F]fluoro-J3-D
2-deoxy1
-mannopyran
8
2-1
osyl F]fluoride
18 in
[
rats. The biodistribution of F
8
2-deox
]fluoro-J3-D-mannopyran
y-2-[’
osyl 8
[‘
F
]fluoride in
Wistar rats at 2, 15, 30, 60 and 120 mm is shown in Table 4.2. Aliquots of the labelled
compound prepared as above were administered by intravenous injection to a group of rats,
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Table

4.2.

Tissue

distribution

of

2-deoxy-2 -f’
F]fluoro-f3-D-mannopyranosyl
8

[‘
F
8
]fluoride in male Wistar rats.
Uptake (% JDIg)
2 mm

15 mm

30 mm

Blood

1.72 ± 0.25

0.48 ± 0.10

0.35 ± 0.08

0.51 ± 0.07

0.55 ± 0.06

Heart

0.94 ± 0.10

0.41 ± 0.11

0.48 ± 0.08

0.53 ± 0.06

0.66 ± 0.06

Lung

0.91 ± 0.12

0.33 ± 0.06

0.31 ± 0.02

0.39 ± 0.02

0.48 ± 0.07

Brain

0.25 ± 0.01

0.20 ± 0.05

0.23 ± 0.03

0.30 ± 0.04

0.36 ± 0.04

Spleen

0.89 ± 0.12

0.34 ± 0.06

0.31 ± 0.03

0.37 ± 0.05

0.45 ± 0.16

Liver

1.72 ± 0.11

0.47 ± 0.12

0.43 ± 0.06

0.53 ± 0.03

0.54 ± 0.05

Kidney

3.18 ± 0.43

0.77 ± 0.07

0.68 ± 0.08

0.67 ± 0.04

0.93 ± 0.06

0.18 ± 0.05

0.18 ± 0.02

0.31 ± 0.05

0.26 ± 0.08

Bone

---

60 mm

120 mm

Expressed as % ID (injected dose)/g tissue ± standard deviation for 5-6 animals.

and 5-6 animals were sacrificed at each of the indicated times. The organs were removed,
blotted, weighed, and tissue concentrations of injected radiolabel were determined by
scintillation counting. The highest concentrations were found in the kidneys, reflecting a
renal clearance of this compound consistent with the further drop in kidney glycosidase
activity after 20 h (Figures 4.15 and 4.16). Clearance of an intravenous bolus of many
drugs is often a bi-exponential process, comprising an initial rapid distribution phase and a
slower elimination phase (see, e.g. (Rowland & Tozer, 1989)).

After an initial rapid

distribution phase, the label in this study shows a very slow clearance from all tissues, the
tissue concentrations remaining essentially constant, within error, over the course of the
study. In this, the pharmacokinetics resemble those of the glycosidase inhibitor conduritol
B epoxide (CBE) labelled with thtium, which has a half-life of
1982).

-

7 h in mice (Kanfer,

The slow clearance of these compounds may be due to binding to proteins in
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plasma and tissues, or to reabsorption from the glomerular filtrate of the kidneys back into
the blood by the glucose transport system (Goodman et a!., 1981; Rowland & Tozer,
1989). Such a slow clearance cannot unfortunately be followed accurately with the shortF.
lived isotope 18
Unlike CBE, which only slowly penetrates the brain, reaching a maximum level of
uptake and resulting in the greatest degree of inhibition of glycosidase activity after 12 h,
2F3ManF appears to rapidly penetrate the blood-brain barrier, resulting in maximum
inhibition of activity by 1 h.

Indeed, significant recovery of activity occurs by 20 h

(Figures 4.15 and 4.16). The slow uptake of CBE to the brain is likely a consequence of
this compound being a poor substrate for brain glucose transport proteins, due to the lack
of a C-5 hydroxymethylene group and the presence of the epoxide ring. The importance of
the C-5 substituent for efficient transport of glucose analogues has been shown in
erythrocyte (GLUT1) (Barnett et a!., 1973) and liver-type (GLUT2) (Rees & Holamn,
1981) glucose transporters, xylose binding

10-fold more weakly than glucose.

By

1 values
contrast, 2-deoxy-2-fluoro glucose, mannose, and f3-glucosyl fluoride bind with K
comparable to that of glucose (Barnett et a!., 1973), and thus the efficient transport of
2FManF is expected.
F]fluoro-cx-D-glucosyl
8
A structurally related glycosyl fluoride 2-deoxy-2-[’
F]fluoride has been synthesized and its biodistribution determined in mice (Shiue et a!.,
8
[‘
8 and
F]fluoride
1
F]fluoro-c-D-glucosyl [
8
1984). The tissue distributions of 2-deoxy-2-[’
8 are significantly different,
FJfluoride
1
F]fluoro-3-D-mannopyranosyl [
8
2-deoxy-2-[’
F]fluoro-f38
reflecting the different metabolism of these compounds. Unlike 2-deoxy-2-[’
8 the cL-gluco compound was
F]fluoride,
1
D-mannopyranosyl [

apparently rapidly

hydrolyzed in vivo, likely by the action of cz-glycosidases. Recall that 2-deoxy-2-fluoroa-glucosyl fluoride is a substrate for yeast a-glucosidase in vitro. After 120 mm, much of
8 and considerable uptake in
F]fluoride,
1
the label was present in bone, presumably as [
heart and brain were detected, as expected, since the 2-deoxy-2-fluoro-D-glucose released
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would be phosphorylated by hexokinase and be retained in tissues of high glucose
•

18

metabolism. Most of the label from 2-deoxy-2-[ F]fluoro-a-D-glucosyl

18
[ F] fluoride

was recovered in the urine as fluoride, in contrast to the results observed in the present
study with 2-deoxy-2-fluoro-3-D-mannopyranosyl fluoride (see Section 4.6c).
One of the aims of this study was to determine if the biodistribution of 2-deoxy-218
[
F]fluoro-f-D-mannopyranosyl

Fj fluoride
8
[‘

was

specifically

associated

with

glycosidase activity in vivo or if non-specific uptake would mask specific binding.
Binding and inhibition of various glycosidases is clearly demonstrated by the significant
inhibition of glycosidase activity in tissue homogenates (Section 4.5), but the labelled
inhibitor may also be distributed non-specifically to tissues due to non-specific interactions
with other proteins or some other reason which results in slow clearance.

After pre

treatment with 2FI3ManF (20 mg/kg), the uptake of 2-deoxy-2-[’
F]fluoro-3-D8
18 in all tissues after 60 mm was the same as in control animals
[
mannopyranosyl F]fluoride
(Table 4.3).

Since the pre-treatment dose is twice that required to produce 55 to 65%

inhibition of 3-mannosidase activity in kidney, liver, spleen and brain homogenates (and

significant inhibition of f-glucosidase activity in these tissues) after 60 mm

(see Figure

4.16 and Figure 4.18), this pre-treatment dose would be expected to be sufficient to block
the majority of relevant enzyme active sites. Since this blocking is not observed, non
specific uptake of the label, at least at this time after injection, appears to be masking uptake
due to specific enzyme inactivation.

The uptaken label may be in the form of intact

2FI3ManF or a number of metabolites.

Interestingly, pre-treatment with unlabelled

11 competitive mannosidase
compound similarly failed to block uptake of the C-labelled
inhibitor N-[C]methyl-1-deoxymannonojirimycin, though uptake of the gluco analogue
N-[’C]methyl-1-deoxynojirimycin in some tissues was significantly reduced by pre
treatment with N-methyl-1-deoxynojirimycin (Ishiwata et al., 1993).
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Table 4.3.
Tissue distribution of 2-deoxy-2-[’
F]fluoro-3-D-mannopyranosyl
8
F]fluoride in female Sprague-Dawley rats at 60 mm post-injection, control and pre
8
[‘
treated with 2Ff3ManF.
Uptake (% ID/g)
Control

Pre-treated (+20 mg/kg 2F[ManF)
t

Blood

0.23 ± 0.02

0.28 ± 0.03

Heart

0.42 ± 0.01

0.43 ± 0.19

Lung

0.24 ± 0.01

0.29 ± 0.04

Brain

0.24 ± 0.01

0.22 ± 0.06

Spleen

0.32 ± 0.03

0.32 ± 0.05

Liver

0.24 ± 0.02

0.32 ± 0.05

Kidney

0.58 ± 0.09

0.60 ± 0.03

Bone

0.13 ± 0.01

0.10 ± 0.03

Expressed as % ID (injected dose)/g tissue ± standard deviation for 3 animals.
Pre-treated animals received 20 mg/kg wilabelled 2F(3ManF 60 mm prior to injection of
the 18
F-labelled compound.

F NMR spectroscopy of 2-deoxy-2-fluoro-f3-D-mannopyranosyl fluoride in
c) 19
rat tissues. The metabolic fate of the administered 2FI3ManF was assessed by ‘
F NMR.
9
An initial concern was that the glycosyl fluoride would undergo rapid spontaneous or
enzymatic hydrolysis (possibly by the action of inverting enzymes) prior to the desired
inactivation of retaining glycosidases. The 2-deoxy-2-fluoro mannose produced would
then be phosphorylated by hexokinase (Bessell et al., 1972) and accumulate as glycosyl
phosphates in tissues of high metabolic glucose demand (heart and brain), in much the
same way as FDG, masking specific glycosidase labeffing.

In the absence of such

hydrolysis, it is unlikely that an intact glycosyl fluoride would be phosphorylated by
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hexokinase since it has been shown that both a- and [3-glucopyranosyl fluorides are
exceedingly poor substrates for yeast hexokinase (Bessell et at., 1972).
Unlabelled 293ManF was administered to a rat (at a dosage of 70 mgllcg), and the
animal was sacrificed after 60 mm, a time suitable for imaging with ‘
F and within the
8
range of times examined in the biodistribution study above. The organs were removed and
homogenized as described previously, and the brain, liver, and kidney homogenates were
centrifuged to remove cell debris, filtered, and the supernatant freeze-dried. Urine in the
bladder was also removed and freeze-dried. The residues were dissolved in D
0 and 19
2
F
NMR spectra were acquired.
The amounts of fluorinated compounds in the tissue samples (brain, liver, and
kidney) were, as expected, very small (cf Table 4.2).

Indeed, no fluorine signal was

detected in the brain sample. However, measurable signals were detected after overnight
data acquisition of both the liver and kidney samples. Most of the administered compound
was detected in the urine, as judged by the much weaker 19
F NMR signal intensities of the
brain, liver and kidney samples compared to the urine sample, necessitating many more
scans for the tissue samples.

These relative amounts compare favourably with the

biodistribution values above (Table 4.2). More importantly, spectra in all tissues indicated
that little hydrolysis or other metabolic transformation of the 2F3ManF resulting in the
generation of new fluorinated species had occurred at this time. No major peaks other than
the two signals due to the C-i and C-2 fluorines of 2F[3ManF were detected (Figure 4.23)
in this water-soluble fraction of the tissue homogenates. In particular, major signals due to
inorganic fluoride or to the a or
123.7, and

-

anomers of 2-deoxy-2-fluoro-D-mannose at

-

44.9,

142.8 ppm, respectively (trifluoroacetic acid reference) were not observed.

The chemical shifts and fluorine-fluorine coupling constants of the peaks at -71.9 and
146.7 ppm

-

(F1,F2

=

-

12 Hz) were identical to those of 2F3ManF (Diksic & Jolly, 1985;

Satyamurthy et a!., 1985).
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Figure 423. H-decoupled 19F-NMR spectra of A) liver and B) kidney homogenates,
and C) urine of rat athninistered 2FJ3ManF (70 mg/kg). lnsets. Expansion of signals at
71.9 and -146.7 ppm. Data was acquired over 150,000 scans for the liver and kidney
samples, and over 256 scans for the urine sample. Spectra are referenced to TFA.
-
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The high dose of 2I3FManF used in the NMR study is unavoidably much greater
than the tracer amounts employed in the biodistribution study.

It is possible that

metabolism of the compound is different in the NMR study due to saturation of various
enzyme systems.

Comparison of tracer and NMR biodistribution studies of FDG are,

however, in good agreement (Kanazawa et a!., 1986; Reivich er a!., 1979). In addition,
the possibility that protein-bound metabolites that were present in the tissues were removed
during centrifugation cannot be excluded. However, it appears that significant hydrolysis
of 2FfManF has not occurred and that the majority of the radiolabel in tissues at this time is
present as intact inhibitor.
d) Imaging experiment in a rat.
8
F]fluoride
1
[

F]fluoro-f3-D-mannopyranosyl
8
2-Deoxy-2-[’

(— 1 mCi), prepared as in Section 4.5a, was administered intravenously in a

bolus injection to a single anaesthetized rat immobilized in a prone position. PET scans
were recorded continuously from the time of radioisotope injection with a Siemens/CTI
ECAT 953B. Figure 4.24 shows images reconstructed from data acquired -40 mm after
injection of the compound. The image likely reflects the blood distribution since the
biodistribution shows low tissue-to-blood ratios and the blocking experiment indicates that
uptake at this time is non-specific (Section 4.6b).

The distribution is not homogenous,

however, and some features are apparent, although their meaning is unclear.

e) Conclusions. Though apparently only a fraction of labelled 2F(ManF in the
tissues at up to 120 mm post-injection is bound to inactivated glycosidases, the results
suggest that PET imaging of tissue glycosidase activity may be feasible. No interference
from glucose metabolism would be expected since spontaneous hydrolysis of this inhibitor
in the time course of the experiment appears to be insignificant. However, analogues of
2F[3ManF which clear more rapidly and which result in more rapid inactivation of specific
glycosidases are desirable, in order to develop a useful imaging agent which reflects tissue
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glycosidase activity. 2-.Deoxy-2-fluoro glycosyl fluorides labelled with 18
F thus may be
used for imaging abnormal levels of glycosidase activity associated with lysosomal storage
diseases (e.g. Gaucher’s disease).

y: 431

zc: 2

Figure 4.24 Transaxial, sagittal, and coronal views of a rat. PET image after injection of
—1 mCi of 2 -deoxy-2 -f’
F]fluoro-f3-D-mannopyranosyl F]fluoride.
8
18
[
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CHAPTER 5
MATERIALS AND METHODS
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5.1

Synthesis

5.1.1

General
Melting points were determined with a Mel Temp II melting point apparatus and are

uncorrected.

Thin layer chromatography (TLC) was performed on aluminum-backed

sheets of silica gel 60F
4 (Merck) of thickness 0.2 mm. Compounds were visualized
under UV light and/or by charring with 10% H
4
S
2
0 in methanol or 10% ammonium
molybdate in 2 M sulfuric acid. Solvents and reagents used were either reagent, certified or
spectral grade. Methanol was distilled prior to use from Mg(OCH
2 under nitrogen.
)
3
Pyridine was distilled from calcium hydride. Distilled thionyl chloride was obtained from
Dr. Brian Cliff.
Nuclear magnetic resonance (NMR) spectroscopy was performed on the following
instruments: H
1- and ‘
F-NMR spectra on a 200 MHz BrUker AC-200 at 200 MFIz and
9
188 MHz, respectively; 1
H-NMR spectra at 300 MHz or 400 MHz on a Varian XL-300 or
a Brüker WH-400, respectively; 13
C-NMR at 75 MHz on a Varian XL-300. For samples
dissolved in CDC13, ‘H-NMR chemical shifts are referenced to internal teiramethylsilane (6
=

0.00 ppm). For samples dissolved in 2
D
0
, the reference was external 2,2-dimethyl-2-

silapentane-5-sulphonate (6= 0.015 ppm). 13
C spectra are proton-decoupled with CDC1
3
as reference. 9
‘
F
-NMR chemical shifts are reported using the 6 scale referenced to CFC1
3
(6

=

0.00 pppm), although the samples were referenced to external irifluoroacetic acid

(TFA) (6

=

-

76.53 ppm). Note that, where relevant, Fe represents an equatorial fluorine

and Fa an axial fluorine. Routine low- and high-resolution desorption chemical ionization
mass spectrometry (DCI-LRMS and DCI-HRMS) were performed on a Delsi-Nermag
R10-1OC mass spectrometer using ammonia as the reagent gas.
Micro-analyses were performed by Mr. Peter Borda, Micro-analytical Laboratory,
University of British Columbia. Some protein and peplide electrospray mass (ES MS)
spectra were recorded by Dr. David Burgoyne or Dr. Shichang Miao in Dr. Ruedi
Aebersold’s laboratory, Biomedical Research Centre, University of British Columbia. The
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2,2-dihalo glycosyl chlorides were synthesized by an undergraduate student, Mr. Wai
Yeung, under my supervision. 3,4,6-Tri-O-acetyl-2-deoxy-2-fluoro-a-D-glucopyranosyl
fluoride was generously provided by Dr. David Dolphin.

Column chromatography was performed using Silica Gel 60 (230-400 mesh) from
BDH Inc. The following solvent systems were employed: (A) 1:1 petroleum ether/diethyl
ether, (B) 2:1 petroleum ether/diethyl ether, (C) 3:1 petroleum ether/diethyl ether, (D) 27:2:1
ethyl acetate/methanol/water;

(B) 2:1 petroleum ether/ethyl acetate; (F) 3:1 petroleum

ether/ethyl acetate; (G) 4:1 petroleum ether/ethyl acetate; (H) 5:1 petroleum ether/ethyl
acetate; (I) 8:1 petroleum ether/ethyl acetate; (J) 147:2:1 ethyl acetate/methanol/water, and
(K) 199:2:1 ethyl acetate/methanol/water.

5.1.2 General Procedures

a) General work-up procedure.
Unless otherwise stated, the following work-up procedure was employed. To the
reaction mixture was added dichloromethane, and the organic layer was washed with
saturated aqueous sodium bicarbonate until the washings remained basic, then washed with
doubly deionized water until neutrality. The organic layer was dried over magnesium
sulphate for

—

20 minutes, suction-filtered, and the solvents evaporated in vacuo using a

rotary evaporator. The residual oil was purified by flash chromatography using the solvent
systems indicated for the individual compounds.

b) Photobromination with N-bromosuccinamide.
The method is taken from (Praly et al., 1989). The per-O-acetylated glycosyl halide
(2 -2.5 mmol) was dissolved in 4
Cd (30

-

40 mL) in a 100 niL round bottom flask

equipped with a condenser. NBS (4 equivalents) and 2-3 boiling chips were added. The
resulting mixture was irradiated with a 500 W tungsten bulb situated directly beneath the
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flask, and the mixture was refluxed for the times indicated for the individual compounds.
A shroud of aluminum foil loosely enclosed the upper portion of the apparatus, but did not
touch the bulb surface. After the reaction was complete as indicated by TLC, the reaction
mixture was allowed to cool, worked up according to the general procedure, and the
resulting oil purified by chromatography.

c) Deacetylation with ammonia in methanol.
The acetylated glycosyl halide was dissolved in freshly distilled methanol, and the
solution was cooled to 0°C in an ice bath. Anhydrous ammonia was bubbled through the
solution until the solution was saturated (—5 mm), and the mixture was allowed to warm to
room temperature until the reaction was complete as judged by TLC.

Solvent was

evaporated in vacuo, and the resulting syrup was purified by chromatography on silica gel.

5.1.3 Syntheses of 5-Fluoro Glycosyl Fluorides
2,3,4,6-Tetra-O-acetyl-5-fluoro-/3-D-glucopyranosylfluoride (2.7)

F
The 5-bromo 3-g1ucosyl fluoride 2.6 (0.64 g, 1.49 nimol) (Praly et a!., 1989),
prepared by the general photobromination procedure, was dissolved in toluene (10 niL)
under a N
2 atmosphere. The solution was cooled to 0°C, and AgBF
4 (0.48 g, 2.47 mmol)
was added. After stirring for one hour, the reaction was worked up according to the
general procedure and chromatographed (solvent F) to afford 2.7 as a colourless oil (0.060
g, 0.163 minol, 11%). ‘H-NMR and 9
‘
F
-NMR data: see Table 2.1. DCI-HRMS
Calcd. for 9
0
C
1
H
2
F
4
8

+

: 386.12627. Found: 386.12674.
4
N}{
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2,3,4,6-Tetra-O-aceryl-5-fluoro-a-D-glucopyranosylfluoride (2.12)

AcO.
F

The protected 5-fluoro idosyl fluoride 2.13 (0.20 g, 0.54 mmol) was dissolved in
HF/pyridine (3 mL, Aldrich) in a dry plastic vial to which a catalytic amount of AgF was
added, and cooled to -78°C. The mixture was alowed to warm to room temperature, and

stirred for 15 h.

The reaction mixture was diluted with dichioromethane, and added

carefully to an ice-filled separatory funnel. The organic layer was washed with saturated
sodium bicarbonate, water and dried 4
(MgSO
)
. Evaporation of the solvent, followed by
chromatography (solvent F) afforded 2.12 (0.050 g, 0.14 mmol, 25%) along with
recovered 2.13 (0.013 g, 0.035 mmol, 7%). 1
H-NMR and 19
F-NMR data: see Table
2.1. AnaL Calcd for 0
C
1
H
:
2
F
9
4 C, 45.66; H, 4.93. Found: C, 45.82; H, 4.86.
8
2,3,4,6-Tetra-O-acetyl-5-fluoro- a-L-idopyranosylfluoride (2.8)

OAc
The 5-bromo 3-glucosyl fluoride 2.6 (0.226 g, 0.526 mmol) (Praly et a!., 1989),
prepared by the general photobromination procedure, was dissolved in acetonitrile (5 mL)
and AgF (0.405 g, 3.2 mmol) was added. The mixture was stirred under a N
2 atmosphere
at room temperature over

4A molecular

sieves with the exclusion of light for 6 h.

The

mixture was dissolved in chloroform, and washed with saturated sodium chloride solution,
saturated sodium bicarbonate, water and dried 4
(MgSO
)
.

Evaporation of solvent and

chromatography (solvent E) afforded 2.8 (0.078 g, 0.212 mmol, 40%). ‘H-NMR and
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‘
F
9
-NMR data: see Table 2.3. AnaL Calcd. for 9
0
C
1
H
:
2
F
4 45.66; 4.93. Found: C,
8
45.36; H, 4.95.
2 ,3,4,6-Tetra-O -acetyl-5 -fluoro-f3-L-idopyranosyl fluoride (2.13)
,,OAc

The 5-bromo a-glucosyl fluoride 2.11 (0.52 g, 1.21 mmol) (Praly et a!., 1989),
prepared by the general photobromination procedure, was dissolved in acetonitrile (7.5
mL) and AgF (0.2 15 g, 1.69 mmol) was added. The mixture was stirred under a N
2
atmosphere over 4A molecular sieves in the dark for 48 h. The reaction mixture was taken
up in chloroform, and washed with saturated sodium chloride solution, saturated sodium
bicarbonate, water and dried 4
(MgSO
)
.

Evaporation of solvent and chromatography

(solvent A) afforded 2.13 (0.202 g, 0.549 mmol, 45%).

‘H-NMR and 9
‘
F
-NMR

data: see Table 2.3. Anal. Calcd. for 9
C
1
H
0
:
2
F
4 45.66; 4.93. Found: C, 45.40; H,
8
4.95.
5-Fluoro-J3-D -glucopyranosyl fluoride (2.3)

HO

The acetylated 5-fluoro glucopyranosyl fluoride 2.7 (0.102 g, 0.277 mmol) was
dissolved in methanol (5 mL) and deacetylated according to the general procedure for 3 h.
Column chromatography (solvent D) gave 2.3 as a colourless oil (0.032 g, 0.160 mmol,
59%). ‘H-NMR and ‘
F-NMR data: see Table 2.2. Anal. Calcd. for 0
9
10
H
6
C
•
2
F
5
0.5H
0
2
: C, 34.46; H, 5.30. Found: C, 34.57; H, 5.72.
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5-Fluoro- a-D-glucopyranosylfluoride (2.4)
OH
HO
0
HO
FOH
F
The acetylated 5-fluoro glucopyranosyl fluoride 2.12 (0.050 g, 0.136 mmol) was
dissolved in methanol (5 mL) and deacetylated according to the general procedure for 4.5
h.

Column chromatography (solvent D) gave 2.4 as a colourless oil (0.022 g, 0.110

mmol, 81%).

H-NMR and 19
F-NMR data: see Table 2.2.

Anal. Calcd. for

O
1
H
6
C
:
2
F
5
0 C, 36.01; H, 5.04. Found: C, 35.56; H, 5.20.
5-Fluoro-a-L-idopyranosyl fluoride (2.9)

HO>(><
The acetylated 5-fluoro idopyranosyl fluoride 2.8 (0.078 g, 0.212 mmol) was
dissolved in methanol (15 mL) and deacetylated according to the general procedure for 4 h.
Column chromatography (solvent D) gave 2.9 as a colourless oil (0.020 g, 0.10 mmol,
47%). ‘H-NMR and ‘
F-NMR data: see Table 2.4. Anal. Calcd. for 0
9
10
H
6
C
:
2
F
5
C, 36.01; H, 5.04. Found: C, 35.92; H, 5.23
5-Fluoro-f3-L-idopyranosylfluoride (2.14)
HO_,k_/
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The acetylated 5-fluoro idopyranosyl fluoride 2.13 (0.125 g, 0.339 mmol) was
dissolved in methanol (15 mL) and deacetylated according to the general procedure for 2.5
h. Column chromatography (solvent D) gave 2.14 as a colourless oil (0.067 g, 0.335
mmol, 98%).

‘H-NMR and ‘
F-NMR data: see Table 2.4.
9

Anal. Calcd. for

0
1
H
6
C
:
2
F
5
0 C, 36.01; H, 5.04. Found: C, 35.99; H, 5.16.

5.1.4 Syntheses of 2,2-Dihalo Glycosyl Chlorides
3,4,6-Tri-O-aceryl-2 -fluoro-D-glucal (3.5)

AcO

3,4,6-Tri-O-acetyl-2-deoxy-2-fluoro-x-D-glucopyranosyl fluoride 3.4 (2.63 g,
8.47 mmol) (Shelling et a!., 1984), obtained from Dr. D. Dolphin, was dissolved in 45%
HBr/glacial acetic acid (10 mL) and acetic anhydride (2 mL) and stined for six hours,
followed by the general workup procedure.

The crude bromide was dissolved in

acetonitrile (75 mL) and triethylamine (15 mL), and heated in a water bath at reflux for 24
hours. After evaporation of the solvent in vacuo, thethylammonium bromide was removed
by column chromatography (solvent E) to give the glucal 3.5 as a yellow oil (2.31 g, 7.96
mmol, 98%). ‘H-NMR data (CDCI
, 200 MHz) : 8 6.78 (d, 1 H, lF 4.2 Hz, H-i),
3
5.63 (dt, 1 H, J
34 4.0, 3
3 4.0, J
,
4
5 5.5 Hz, H-4),
,
4
,F 4.0 Hz, H-3), 5.21 (dd, 1 H, J
4.30 (m, 1 H, H-5), 4.29 (AB multiplet, 2 H, ’
56 7.0, ’
66 12.0, J
J
56 3.8 Hz, H-6, HJ
6’), 2.12 (s, 3 H, OAc), 2.11 (s, 3 H, OAc), 2.10 (s, 3 H, OAc). 19
F-NMR data
, 188 MHz) : 8
3
(CDC1

-

167.1 (t, Jp
1

J 3.9 Hz, F2).
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3,4,6-Tri-O-acetyl-2-chloro-2 -deoxy-2-fluoro- a-D-glucopyranosyl chloride (3.6)
OAc

Dry 3.5 (O.80g, 1.38 mmol) was dissolved in carbon tetrachioride (150 mL) over

4A molecular sieves

and cooled in a CCI
/dry ice bath (-23°C). Chlorine was bubbled
4

through the solution until it turned a yellowish green (5 minutes). The flask was wrapped
in aluminum foil to exclude light, and stined for 18 hours.

Upon completion of the

reaction, excess chlorine was purged with a stream of chy nitrogen for several minutes until
the solution was colourless, and the solvent was evaporated in vacuo.

The resulting

material was chromatographed twice (with solvent B, then solvent C) giving the
glucopyranosyl chloride 3.6 as a yellow oil (0.17 g, 0.47 mmol, 34%). ‘H-NMR data
, 400 MHz): 6 6.06 (d, 1 H, l,F 6.0 Hz, H-i), 5.71 (dd, 1 H,
3
(CDC1
22.8, J
34 9.7
F
3

Hz, H-3), 5.28 (dt, 1 H, 4
J
3 9.7

=

45

JJ 1.5 Hz, H-4), 4.4

-

4.05 (m, 3 H, H-5,

H-6, H-6’), 2.14 (s, 3 H, OAc), 2.07 (s, 3 H, OAc), 2.03 (s, 3 H, OAc). 9
‘
F
-NMR
data (CDC1
, 188 M1-Iz) : 6 -120.4 (dd,
3

Fl

6.0,

3
F,

22.8 Hz, F-2). Anal. Calcd. for

2
C
1
H
F
7
O
:
C1
2 C, 39.91; H, 4.19; Found: C, 39.73; H, 4.08.
5
2-Chloro-2 -deoxy-.2-fluoro-a-D-glucopyranosyl chloride (3.1)

The acetylated glucopyranosyl chloride 3.6 (0.12 g, 0.33 mmol) was dissolved in
methanol (10 mL) and deacetylated according to the general procedure for 4.5 h. Column
chromatography (solvent D) gave a yellow solid which was further purified using ethyl
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acetate/methanol (24:1) affording a yellow oil (0.039 g, 0.12 mmol, 50%). ‘H-NMR
data 2
(D
0
, 200 MHz): 6 6.36 (d, 1 H,
Hz, H-3), 4.10

-

l,F

6.6 Hz, H-i), 4.21 (dd, 1 H,

3.69 (m, 4 H, H-4, H-5, H-6, H-6’).

MHz): 6 -123.25 (dd,

3
F

24,

F,l

3
,
F

24, 3
J
49

‘
F
9
-NMR data 2
(D
0
, 188

6.6 Hz, F-2). Anal. Calcd. for :
2
F
4
0
9
H
6
C
C1 C,

30.66; H, 3.86; Found: C, 30.91; H, 3.93.

Attempted syntheses of
pyranosyl chloride (3.7)
•OAc

3,4,6-tri-O-acetyl-2-chloro-2-deoxy-2-fluoro-a-D-manno-

i) Dry 3.5 (0.057g, 0.20 mmol) was dissolved in carbon tetrachloride (23 mL)
over

4A molecular sieves and cooled in an ice bath

(0°C). Chlorine was bubbled through

the solution until it turned a yellowish green (5 minutes). The solution was re-saturated
after stirring for 4.5 hours in the dark at room temperature and left to stir at room
temperature for a total of 23 hours. The mixture was then purged with nitrogen and the
solvent was removed by evaporation in vacuo to yield a green oil. TLC and NMR analysis
showed that all the starting material 3.5 had been consumed, but none of the expected
product 3.7 was detected.
ii)
containing

Dry 3.5 (0.0799g, 0.275 mmol) was dissolved in nitromethane (25 mL)

4A

molecular sieves and the mixture was cooled to 0°C. The solution was

saturated with chlorine as before, allowed to warm to room temperature, and stirred in the
dark for 18 hours. The solution was purged with nitrogen and the solvent was evaporated.
The general work-up procedure afforded a light yellow oil which by TLC contained three
compounds, none of which was the starting material. After chromatography (solvent B),
only the glucopyranosyl chloride 3.6 (7 mg, 0.02 1 mmol, 7%) was obtained.
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1 ,3,4,6-Tetra-O-aceiyl-2 -deoxy-2 ,2 -difluoro-a-D-arabinohexopyranose (3.8)
OAc

OAc
Sodium acetate (280 g), glacial acetic acid (3.5 mL) and CFC1
3 (35 mL) were
mixed in a 3-necked round bottom flask and cooled in a dry ice/acetone bath (-78 °C). A
gas target (— 1 L) was filled with 20% fluorine in neon (10 psi) which was diluted 4-fold
with helium to 40 psi. This mixture was then bubbled through the slurry. The flask was
thus charged twice before the glucal 3.5 (0.800 g, 0.9 mmol) dissolved in CFC1
3 (10 mL)
was added to the mechanically-stirred mixture. The loosely-stoppered flask was allowed to
wam to room temperature. After general work-up, column chromatography (solvent G)
afforded the 2,2-difluoro per-O-acetate 3.8 (0.77 g, 2.1 mmol, 76%).
3
,
(CDC1 200 MHZ): 6 6.19
,3
Fe

=

(t,

J
3
4 10 Hz, H-3), 5.20

1 H,

(t,

‘H-NMR data

3.0 Hz, Wi), 5.50 (dt, 1 H,

l,Fe

=

l,Fa

1 H, 4
J
3

=

5 10 Hz, H-4), 4.3
,
4
J

-

,3
Fa

20,

4.0 (m, 3 H, H-5, H-

6, H-6’), 3.88 (s, 3 H, OAc), 3.85 (s, 3 H, OAc), 3.81 (s, 3 H, OAc), 3.74 (s, 3 H,
OAc). 9
‘
F
-NMR data (CDC1
, 188 MHz) : 6 -121.0 (F-2e, F-2a coincident).
3
3,4,6-Tri-O-aceiyl-1 ,5-anhydro-5-chloro-2-deoxy-2 ,2 -duoro-D-glucitol (3.10)
(Attempted synthesis of 3.9 from 3.8 using DCME)
•OAc

Cl
The 2,2-difluoro per-O-acetate 3.8 (0.28 g, 0.76 mmol) was refluxed in 1,1dichloromethyl methyl ether (2 mL) over 4A molecular sieves with a few crystals of freshly
fused zinc chloride for 5 hours at 68°C under nitrogen. After general work-up, column
chromatography (solvent G) afforded an amorphous white solid, 3.10 (0.039 g, 0.11
mmol, 15%). ‘H-NMR data (CDCI
, 400 MHz): 6 5.65 (ddd, 1 H,
3
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la,Fa

17.8,

la,le

10.3,

la,Fe

4.8 Hz, H-ia), 5.48 (dd, 1 H,

lale

10.3,

le,Fe

1.2 Hz, H-le), 4.45 (d, 1 H,

12.2 Hz, H-6), 4.30 (ci, 1 H, J
’ 12.2 Hz, H6’), 4.23 (dd, 1 H,
6
12.7 Hz, H-3), 4.13

1 H,

(t,

,4
Fa

3
F
a

29.3, 3
J
4

12.8, 4
J
3 12.8 Hz, H-4), 2.14 (s, 3 H, OAc), 2.11 (s,

3 H, OAc), 2.10 (s, 3 H, OAc). 9
‘
F
-NMR data (CDC1
, 188 MHz): 6 -117.2 (dd,
3
254,

Fela

4.8 Hz, F-2e), -119.6 (dddd,

254,

Fa,Fe

3
Fa,

29.3,

Fa,la

17.8,

4
Fa,

Fa,Fe

12.8 Hz,

F-2a). 3
‘
C
-NMR data 3
(CDC1 75 MHz): 6 169.809 (s, C=O), 169.313 (s, C=O),
,
168.965 (s, C=O), 115.504

(t, ,2
Fa

68.673 (dd,

18.7 Hz, C-3), 67.893 (d,

36.0,

l,Fa

21.2,

,3
Fe
l,Fe

,3
Fa

249.9,

J
F
2
e

249.9 Hz, C-2), 101.838 (s, C-5),
7.3 Hz, C-4), 65.038 (dd,

25.0 Hz, C-i), 64.944 (s, C-6), 20.552 (s, CH
), 20.431 (s, 3
3
CH
)
,

20.358 (s, 3
CH
)
. DCI-LRMS: 364 0
C1
1
H
12
(C
3
2
F
7
5
7
+

,4
Fe

+

4 ); 309 0
NH
15
H
12
(C
2
F
7

+

+

NH
)
4
; 362 0
C1
1
H
12
(C
3
2
F
7
5

).

3,4,6-Tri-O -acetyl-2-deoxy-2 ,2-dWuoro- a-D-arabinohexopyranose (3.11)
OAc
AcO
F

—o

AcO

F
OH
Hydrazine acetate (100 mg) in DMF (2 mL) was added to a solution of the per-O
acetate 3.8 (0.39 g, 1.1 mmol) dissolved in DMF (10 mL) and stirred at 52°C for 4 days.
This mixture was then dissolved in ethyl acetate (40 mL), washed twice with doubly
deionized water, dried (MgSO4), and filtered.

DMF was removed by successive co

evaporations with toluene. Column chromatography (solvent E) yielded the hemiacetal
3.11 (0.079 g, 0.24 mmol, 23%). ‘H-NMR data (CDC1
, 200 MHz): 6 5.56 (ddd, 1
3
H,

,3
Fa

l,OH

19, J
4 10,
.
3

,3
Fe

6.0 Hz, H-3), 5.24

-

5.10 (m, 2 H, H-i, H-4), 4.87 (br ci, 1 H,

3 Hz, 1-OH), 4.32 4.00 (m, 3 H, H-5, H-6, H-6’), 2.09 (s, 3 H, OAc), 2.06 (s, 3
-

H, OAc), 2.00 (s, 3 H, OAc). 9
‘
F
-NMR data (CDC1
, 188 MHz): 8 120.7 (dd,
3
251,

3
Fe

6.0 Hz, F-2e), -122.7 (ddd,

Fa,FC

251,
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3
Fa,

19, Fa,l 5.0 Hz, F-2a).

Fe,Fa

3,4,6-Tri-O-acetyl-2 -deoxy-2 ,2 -dWuoro- a-D-arabinohexopyranosyl chloride (3.9)
(from 3.11 using SOd
)
2
OAc

The hemiacetal 3.11

(0.079 g, 0.23 mmol) was dissolved in freshly distilled

thionyl chloride (1 mL, 11 mmol) and stirred at reflux

(— 65°C) for 80 hours. Column

chromatography (solvent H) yielded the acetylated glycosyl chloride 3.9 (0.049 g, 0.14
mmol, 62%). 1
H-NMR data 3
(CDC1 200 MHz): 6 5.92 (dd, 1 H,
,

lFa

Hz, H4), 5.68 (dt, 1 H,

1 H, J
45

Hz, H-4), 4.2

-

3
F
a

15,

=

,3
Fe

10 Hz, H-3), 5.19

(t,

15,

Fa,l

l,Fe
=

2.0

43 10
J

4.0 (m, 3 H, H-5, H-6, H-6’), 2.40 (s, 3 H, OAc), 2.36 (s, 3 H, OAc),

2.32 (s, 3 H, OAc). ‘
F-NMR data (CDC1
9
, 188 MHz): 6 115.5 (ddd,
3
3
Fa,

4.8,

4.8 Hz, F-2a), -116.9 (ddd,

Fa,Fe

249.8,

3
Fe,

Fa,Fe

249.8,

10 Hz, F-2e). Anal. Calcd.

for 7
C
1
H
0
C
2
F
2 C, 41.81; H, 4.39; Found: C, 41.76; H, 4.50.
5
1:
2 -Deoxy-2 ,2 -dfluoro- a-D -arabinohexopyranosyl chloride (3.3)

The acetylated glycosyl chloride 3.9 (0.049 g, 0.14 mmol) was dissolved in
methanol (3 mL) and deacetylated according to the general procedure for 5.5 h.

The

resulting light orange oil was purified by column chromatography (solvent J) to afford 3.3
as a colourless oil (0.016 g, 0.085 mmol, 83%).
6.21 (d, 1 H,

lFa

6.0 Hz, H-i), 4.25 (ddd, 1 H,

H-NMR data 2
1
(D
0
, 200 MHz): 8
,3
Fa

21.0, .13,4 9.5,

,3
Fe

5.0 Hz, H-3),

3.92-3.62 (m, 4 H, H-4, H-5, H-6, H-6’). ‘
F-NMR data 2
9
(D
0
, 188 MHz): 6 -116.1
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(dd,

Fe,Fa

248.7,

3
Fe,

5.0 Hz, F-2e), -119.45 (ddd,

Fa,Fe

248.7,

3
Fa,

21.0,

Fa,l

6.0,

Hz, F-2a). Anal. Calcd. for 6
C
C
2
F
4
O
9
H
1: C, 32.97; H, 4.15; Found: C, 33.15; H, 4.16.

5.2

Enzyme Kinetics

5.2.1 General Methods and Materials

Buffer chemicals and reagents for kinetic measurements were obtained from the
BDH, Aldrich or Sigma chemical companies. 2-Deoxy-2-fluoro-3-g1ucopyranosy1 fluoride
(2Ff3G1uF) and 2-deoxy-2-fluoro--mannosy1 fluoride (2FfManF) were synthesized as
reported previously (Hall et al., 1971; Shelling et al., 1984; Withers et al., 1988) and had
satisfactory 1
F NMR spectra and elemental analysis. All kinetic studies were
9
H and ‘
carried out on a Pye Unicam PU8800 UV/VIS spectrophotometer equipped with a
NESLAB RTE-210 circulating water bath. Quartz or plastic cuvettes with a pathlength of 1
cm path length were used.

Measurements were taken at 400 nm, the wavelength of

maximal absorbance of 4-nitrophenol or 2,4-dinitrophenol. Because the intact nitrophenyl
glycopyranosides do not absorb at 400 nm, the rate of change of absorbance 4
(iA
/
min)
is proportional to the rate of release of nitrophenol. Enzyme concentrations and reaction
times were chosen so that less than 10% of the total substrate was hydrolyzed to ensure
linear kinetics.
Yeast ct-glucosidase (EC 3.2.1.20 Type III from yeast) and Jack Bean (X
mannosidase (EC 3.2.1.24) were obtained from the Sigma Chemical Co.

Cloned

Agrobacterium faecalis 3-glucosidase was prepared as described (Kempton & Withers,
1992). A commercial preparation of human GCase (Genzyme, Framingham, MD, USA)
obtained through Dr. Marie Grace, Mt. Sinai Medical Centre, New York, was used for
these studies.

Samples of GCase employed in kinetic studies contained human serum

albumin, whereas those used in peptide sequencing did not. Cloned human lysosomal 3galactosidase in 10 mM phosphate buffered saline, pH 7.4, was obtained from Dr. John
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Callahan, Hospital for Sick Children, Toronto. Kinetic studies with the above enzymes
were performed in the following buffers at the temperatures indicated: yeast a-glucosidase

(50 mM phosphate buffer, pH 6.8, containing 0.1% BSA at 37 0 C); Jack bean a
mannosidase (14.5 mM citrate! 71 mM phosphate buffer, pH 6.5, containing 1 mM ZnSO
4
at 25°C); Agrobacterium faecalis f3-glucosidase (50 mM phosphate buffer, pH 6.8,
containing 0.1% BSA at 37°C or 5°C); human GCase (20 mM citrate/60 mM phosphate
buffer, pH 5.5, containing 4 mM [-mercaptoethanol, 1 mM EDTA, 0.25% (v/v) Triton X
100, and 0.25% taurocholate at 37°C); human lysosomal 3-galactosidase (50 mM citrate,
100 mM phosphate, pH 4.3 at 37°C). The appropriate 4-nitrophenyl or 2,4-dinitrophenyl
glycosides were used to assay the various glycosidases in the buffers and at the
temperatures indicated.

5.2.2 Time-Dependent Inactivation
The kinetic parameters for the inactivation of the various glycosidases by different
inhibitors were determined as follows. The enzyme was incubated in the appropriate buffer
at the appropriate temperature in the presence of various concentrations of the inhibitor.
Aliquots (5 or 10 iL) of these inactivation mixtures were removed at time intervals and
diluted into assay cells containing a large volume
concentrations, 7 x Km. or at least

(— 1 mL) of substrate (at saturating

- Km). This effectively stops the inactivation both by

dilution of the inactivator and by competition with an excess of substrate. The residual
enzymatic activity was determined from the rate of hydrolysis of the substrate, which is
directly proportional to the amount of active enzyme. The process was monitored until 80

-

90% of the enzymatic activity was inactivated. Pseudo-first order rate constants (kObs) for
each inactivator concentration were calculated from the slopes of the plots of natural
logarithm of the residual enzymatic activity versus time or by fitting plots of the residual

activity versus time to a single exponential equation using GraFit (Leatherbarrow, 1990).
If inactivation did not go to completion and a significant steady-state rate was observed,
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these data were fitted to a single exponential equation plus offset using GraFit. For the
inactivation of 3-glucosidase with 5FaIdoF or 5FGluF, residual activity was assayed at
18°C with j3PNPFuc to minimize reactivation in the assay cell over the course of the
measurement. Values of k and K
1 were determined from these kobs values by fitting to the
equation
kobs

=

icm

(5.1)

1 + [I]
K

If, however, due to very large values of Ki, rapidity of inactivation, paucity or limited
solubility of inactivator, saturation was not observed, ki/Ki may be calculated according to
kOb=

iLil

(5.2)

1
K

K
>
where 1
> [I]. In this case, ki/Ki is given by the slope of the plot of kobs versus [II,
which was determined by linear regression using GraFit, as above.

5.2.3 Protection Against Inactivation
Protection against inactivation was investigated as follows. Samples of enzyme
were incubated in the appropriate buffer containing the inactivator and in the absence or
presence of a competitive inhibitor (at a concentration of

—

Ki or higher). Aliquots were

removed at various time intervals, diluted into assay cells containing saturating
concentrations of substrate and the residual enzyme activity monitored by following the
release of the nitrophenolate at 400 nm as described above.

Pseudo-first order rate

constants for inactivation at the same inactivator concentration, but in the absence or
presence of the competitive inhibitor, were determined.
5.2.4 Reactivation of Inactivated Enzyme
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Reactivations of inactivated enzymes were studied as follows.
dilution of the inactivated enzyme

An appropriate

(— 400 pL) was concentrated at 4°C using 10 kDa

nominal cut-off centrifugal concentrators (Amicon Corp., Danvers, MD) to a volume of
approximately 50 iL, then diluted with 400 pL of buffer. This was repeated twice, and the
retentate was diluted to a fmal volume of buffer containing 1 mg/mL BSA, and appropriate
transglycosylation ligands, if any. The inactivated enzyme was then incubated at 37°C and
reactivation was monitored by removal of aliquots (5 or 10 iL) at appropriate time intervals
and assaying as described above. Measured activities were coffected for decreases in
activity due to denaturation over this time course using data for non-inhibited control
, was determined by fitting the data
3
samples. The spontaneous reactivation rate constant, k
to a first order rate equation, as described above.

5.2.5 Test for Inhibitory Contaminant in 5FIdoF Preparation
Yeast ct-glucosidase (3.75 mg/mL, 50 IlL, 2.75 nmol) was incubated with
5F3IdoF (0.31 mM, 31 nmol) in a total volume of 100 tL for 25 mm at 37°C. The molar
ratio of inhibitor/enzyme is thus

— 11/1.

The inactivated enzyme was removed by

ultracenthfugation with 10 kDa nominal cut-off centrifugal concentrators (Amicon Corp.,
Danvers, MD) for 30 mm, and this enzyme-treated filtrate was re-evaluated as an inhibitor,
by adding an appropriate dilution of fresh enzyme, removing aliquots and assaying with
aPNPGIu.

A kobs value was derived by fitting the residual activity versus time to an

exponential decay, and compared to that determined without pre-treatment with enzyme.

5.2.6 Test for Inhibitory Contaminant in 5FcxIdoF Preparation
f-Glucosidase (8.8 mg/mL, 40 IlL, 7.0 nmol) was incubated with 5FcxIdoF (95
I.LM, 9.5 nmol) in a total volume of 100 pL at 37°C. The molar ratio of inhibitor/enzyme is
thus

— 1.3/1. Aliquots were removed at intervals, diluted 1000-fold and assayed with

I3PNPG1u. The level of inhibition after

15 minutes incubation was compared to that
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previously determined after the same incubation time with the same concentration of
SFcxIdoF, but with a much larger excess of inhibitor.
5.2.7 Determination of Apparent K
’ Values
1
An apparent K
’ value for 5RxG1uF with yeast c-glucosidase under steady-state
1
conditions was detemined by assaying cz-glucosidase with zPNPG1u in the presence of
various concentrations of 5FctGluF.

Initially, a Vm and Km determination for this

particular dilution of enzyme was done. An appropriate dilution of enzyme (5 .iL) was
added to cells (1 mL) each containing aPNPG1u (0.1 mM) and various concentrations of
5FaG1uF (1.98 to 39.6 .iM), and the steady-state enzymic rates were determined by
monitoring release of nitrophenolate. A plot of 1/V versus [5FxGluF] intersects a line
given by 1/Vm at

-

K.

An analogous value for 5F3GluF with Agrobacterium

-

glucosidase was similarly determined by Ms. Karen Rupitz by assaying the steady state
activity of the enzyme with [WNPFuc (0.13 mM) in the presence of various concentrations
of the inhibitor (2.28 to 16.0 j.tM). Lower concentrations of 5FcxGluF or 5Ff3GluF could
not be employed since substrate depletion occurred prior to attainment of a steady-state.
5.2.8 Fluoride Electrode Kinetics
The kcat value for 5FcGluF was determined by monitoring the release of fluoride
using an Orion 96-09 combination fluoride ion electrode. Stock enzyme (10 pL) was
added to glass cells containing various concentrations of 5FctGluF in 50 mM sodium
phosphate buffer, pH 6.8 in a final volume of 250 .tL, incubated at 37°C. As initial rates
of fluoride release at all of the concentrations assayed were identical, this rate was taken as
Vm, and k was calculated according to

=

J
0
V/[E
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(5.3)

Rates at lower 5FccGluF concentrations could not be investigated because of the
insensitivity of the fluoride electrode at the low concentrations required. The calculated
is expressed as substrate hydrolyzed, and is one half that initially measured as fluoride
released since two equivalents of fluoride are produced upon hydrolysis.

The kinetic parameters of 2FaManF with Jack bean cz-mannosidase were similariy
determined, except that the buffer was 14.5 mM citrate! 71 mM phosphate buffer with 1
mM ZnSO
, pH 6.5 and the assays were conducted at 25.0°C.
4

Initial rates of fluoride

release were measured, spontaneous hydrolysis rates subtracted, and the kinetic parameters
k and Km determined using GraFit, as described above.

5.3

Determination of the Stereochemical Course of Glycoside Hydrolysis
by ‘H NMR Spectroscopy
This experiment was carried out with human lysosomal f-galactosidase and with

Jack Bean a-mannosidase.

Solutions of the substrates (lDNPGa1 and ctPNPMan,

respectively) were dissolved in the appropriate buffers and freeze-dried twice from D
0 to
2
minimize ‘H signals from the solvent. The enzymes were transferred to the appropriate
buffers containing D
0 by ultrafiltration using 10 kDa nominal cut-off centrifugal
2
concentrators (Amicon Corp., Danvers, MD).
For the f-galactosidase, ‘H-NMR spectra were recorded by Dr. Lawrence
Mcintosh on a Varian Unity 500 MHz spectrometer at 30°C using a 5 mm sample tube.
The reaction mixture, in a total volume of 0.6 mL, contained 1.8 mlvi [DNPGa1. After
acquisition of the initial spectrum, enzyme (10 jiL) was added in sufficient quantity to
ensure complete hydrolysis in one hour.

Residual H
0 was supressed by weak
2

presaturation during the 2 s recycle delay.

The stereochemical course of the enzyme-

catalyzed hydrolysis was monitored by collecting spectra at intervals to first detect the initial
product, and then observe the formation of the other anomer by mutarotation.
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For the -mannosidase, specira were recorded by Mr. Curtis Braun on a Bruker
WH-400 spectrometer at ambient temperature. The reaction mixture, in a total volume of
0.5 mL, contained 5 mM xPNPMan.

This solution did not contain 1 mM ZnSO
4

(although ZnSO
4 at this concentration was present in the buffer of the enzyme aliquot (10
p.L) added subsequently) since substantial amounts of this metal ion were found to catalyze
the mutarotation of the initially released mannose product, resulting in a rapidly equilibrated
mixture. After addition of enzyme, the stereochemical course of hydrolysis was monitored
as described previously.

5.4

Spontaneous Hydrolysis of Glycosyl Fluorides
Solutions of the parent, 2-deoxy-2-fluoro-, and 5-fluoro glycosyl fluorides

(— 10

mM) were prepared in 50 mM phosphate buffer, pH 6.8, containing 1 M NaClO
.
4
Samples (1 mL) were incubated at 50.0°C in parafilmed 1.5 mL screw-top plastic vials
with 0-ring seals, and aliquots (50 or 100 L) were removed at appropriate time intervals
and diluted 4- or 2-fold into the same buffer, frozen immediately, and the fluoride
concentrations determined at the conclusion of the experiment.

In cases for which

hydrolysis was sufficiently rapid to allow monitoring of the reaction for at least four or five
half-lives, rates of fluoride release were determined by plotting the concentration of fluoride
versus time and fitting the data to a first order equation using GraFit, as described
previously. If the reaction was slow, so that only partial hydrolysis was observed over the
assay period (—7 days), the rate constant was determined by a linear fit of the initial rate of
hydrolysis in which <5% of the glycosyl fluoride had been consumed. Values of k refer
to glycosyl fluoride consumed. Thus for initial rate determinations of the 2-deoxy-2-fluoro
fluorides, k = rate/[F]; for the 5-fluoro fluorides, k = 1/2(rate/[F]).
5.5

Inactivation of Glycosidases for Proteolysis and Electrospray MS
Analysis
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Agrobacteriwn faecalis [-glucosidase (40 iLL, 2.2 mg/mL, in 50 mM phosphate
buffer, pH 6.8) was incubated with 5FGluF (10 ilL, 16.2 mM) or with 5FaIdoF (40 ilL,
15.8 mM) at 37°C for 30 mm.
Dialyzed yeast x-glucosidase (25 IlL, 10 mg/mL, in 50 mM phosphate buffer, pH
6.8), was incubated with 5FI3IdoF (5 IlL, 52 mlvi) at 37°C for one hour.

Complete

inactivation was confirmed by enzyme assay. Labelling with 5FctGluF was accomplished
by incubation of cz-glucosidase (25 IlL, 10 mg/mL, in 50 mlvi phosphate buffer, pH 6.8)
with 5FaGluF (50 ilL, 4.0 mM in 50 mM phosphate buffer) for 10 to 15 s. This mixture
was immediately digested with pepsin as described below.
GCase (1 mL, 0.49 mg/mL, in 40 mlvi phosphate/citrate pH 5.5 buffer, 0.9%
NaCl, 0.3% mannitol, and 0.005% Tween-80), purified as described above, was incubated
in the presence of 3.45 mlvi 2FG1uF at 37°C for 16 hours.

Complete inactivation was

confirmed by enzyme assay.
Lysosomal f-galactosidase (50 p.L, 5 mg/mL, 50 mM citrate, 100 mM phosphate,
pH 4.3) was incubated with 2FDNPGa1 (1.58 mM, 10 p.L) at 37°C for 15 mm.

5.6

Proteolysis
To 13-glucosidase (100 IlL, 2.2 mg/mL, native, or 5FGlu- or 5FIdo-labelled) was

added 50 mM phosphate buffer pH 2 (100 iiL) and pepsin (100 p.L, 0.1 mg/mL in 50 mM
pH 2 phosphate buffer). The mixture was incubated at 37°C for 30 mm, then frozen and
analyzed immediately by ES/MS upon thawing.
a-Glucosidase (30 jiL, 10 mg/mL, native or 5FIdo-labelled) was mixed with 50
mlvi phosphate buffer pH 2 (60 ilL) and pepsin (30 I.LL, 1 mg/mL in 50 mM pH 2
phosphate buffer). To the 5FG1u-labelled enzyme (75 i.IL, prepared as described above)
was immediately added 50 mlvi phosphate buffer, pH 2 (125 IlL) and pepsin (25 pE, I
mg/mL in 50 mlvi pH 2 phosphate buffer.

Both mixtures were incubated at room

temperature for 15 mm, then frozen and analyzed immediately by ES/MS upon thawing.
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GCase (10 i.iL, native or inactivated, 5 mg/mL) was mixed with 50 mM phosphate
buffer pH 2 (20 I.IL) and pepsin (10 p.L, 0.5 mg/mL in 50 mM pH 2 phosphate buffer).
The mixture was incubated at room temperature until digestion was

complete

(approximately 40 hours), as indicated by SDS-PAGE eletrophoresis.
Lysosomal f3-galactosidase (native or inactivated, 60 .tL, 5 mg/mL) was incubated
with trichioroacetic acid (120 iL, 100 mM) in pH 2 buffer for 5 mm at room temperature.
Pepsin (60 iiL, 0.5 mg/mL) was added, and the mixture was incubated at room temperature
for 12 h.

For further tryptic proteolysis of the peptic peptides, solid ammonium

bicarbonate (10 mg) was added to 200 p.L of this digest, and trypsin (Sigma, Type XIII,
TPCK-treated, 5 .tL, 5 mg/mL in 50 mlvi phosphate buffer, pH 6.8) was immediately
added. The digest was incubated at room temperature for 15 mm, then re-acidified with
50% trifluoroacetic acid (TFA) (20 pL).

5.7

Electrospray MS conditions for Peptide Analysis
Mass spectra were recorded on a PE-Sciex API III triple quadrupole mass

spectrometer (Sciex, Thornhill, Ont., Canada) equipped with an ionspray ion source.
Peptides were separated by reverse phase HPLC on an Ultrafast Microprotein Analyzer
(Michrom BioResources Inc., Pleasanton, CA) directly interfaced with the mass
spectrometer. In each of the MS experiments, the proteolytic digest was loaded onto a Cl 8
column (Reliasil, 1 x 150 mm), then eluted with a gradient of 0-60% HPLC solvent B over
20 minutes followed by 100% HPLC solvent B over 2 minutes at a flow rate of 50
mi/minute (HPLC solvent A: 0.05% TFA, 2% acetonitrile in water; HPLC solvent B:
0.045% TFA, 80% acetonitrile in water).

A post-column splitter was present in all

experiments, splitting off 85% of the sample into a fraction collector and sending 15% into
the mass spectrometer. Spectra were obtained in either the single-quadrupole scan mode
(LC/MS), the tandem MS neutral loss mode, or the tandem MS daughter scan mode
(LC/MSIMS).
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In the single quadrupole mode (LCIMS) the quadrupole mass analyzer was scanned
over a m/z range 300-2400 Da with a step size of 0.5 Da and a dwell time of 1 ms per step.
The ion source voltage (ISV) was set at 5 kV and the orifice energy (OR) was 80 V.
In the neutral loss scanning mode, MS/MS spectra were obtained by searching for
the mass loss of mlz 165 or 181, corresponding to the losses of 2-deoxy-2-fluoro-glycosyl
or 5-fluoro-glycosyl moieties from a peptide ion in the singly charged state. To detect
losses of the labels from doubly-charged peptides, the mass loss of one-half the mass of
the label used (m/z 82.5 or 90.5, respectively) was searched for. Thus, scan range: nVz
300-2400; step size: 0.5; dwell time: 1 ms/step; ion source voltage (ISV): 5 kV; orifice
energy (OR): 80; RE1

=

115; DM1

=

0.16; Ri

=

0 V; R2

=

-50 V; RE3

0.16; Coffision gas thickness: 3.2-3.6 x IO’
4 molecules/cm
2 (CGT

=

115; DM3

320-360).

=

To

maximize the sensitivity of neutral loss detection, normally the resolution (RE and DM) is
compromised without generating artifact neutral loss peaks.
In the tandem MS daughter scan mode, the spectrum was obtained by selectively
introducing the m/z 688 peptide from the first quadrupole (Qi) into the coffision cell (Q2)
and observing the daughter ions in the third quadrupole (Q3). Thus, Qi was locked on m/z
688; Q3 scan range: 200-800; Step size: 0.5; Dwell time: 1 ms; Ion source voltage (ISV): 5
kV;Orificeenergy(OR):80;RE1=112;DM1=0.i8;R1=OV;R2= -50 V;RE3
DM3

0.18; Collision gas thickness: 4.5 x 1O’
4 molecules/cm
2 (CGT = 450).

5.8

Isolation of the 2FGIu-labelled Peptide of GCase

=

112;

The (3Case proteolytic digest was separated by reverse phase HPLC under the
above conditions and the labelled active-site peptide was collected via the post-column flow
splitter by following the neutral loss signal in the mass spectrometer as described. This
peptide was further purified on the same HPLC C18 column by using a shallower gradient
profile (0-15% HPLC solvent B over 50 mm), using the mass spectrometer as detector.
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5.9

Chemical Sequencing of 2FGIu-labelled Peptide of GCase
The amino acid sequence of the 2FGlu-labelled peptide of GCase was determined

by Dr. Hans Nika using standard pulsed liquid phase protocols and instrumentation on a
Model 477A sequencer, Model 120A PTH analyser (Applied Biosystems, Foster City, CA)
as described elsewhere (Wang et al., 1993).

5.10 Aminolysis
Typically, aminolysis of labelled peptides was carried out with 15 j.iL of the labelled
peptide digest (-4 mg/mL), to which was added 30% ammonium hydroxide (7.5 .tL). The
mixture was incubated at 50°C for 15 mm, re-acidified with 50% TFA (5 p.L), and re
subjected to ES/MS.
5.11 Stoichiometry of Inactivation by Electrospray MS
The stoichiometry of Agrobacterium faecalis 3-g1ucosidase inactivation by
5FGluF or 5FaIdoF was determined by subjecting samples of inactivated enzyme and
untreated enzyme to mass spectrometric analysis. This involved introduction of the protein
sample into the mass spectrometer through a microbore PLRP column (1 x 50 mm) on the
Michmm HPLC system using a gradient of 20-100% HPLC solvent B over 10 minutes
followed by 100% HPLC solvent B over 2 minutes. The mass spectrometer, in the single
quadrupole mode, was scanned over a m/z range of 300-2400 Da. Protein molecular
weights were determined from this data using deconvolution software supplied by Sciex.

5.12 Liquid Secondary Ion Mass Spectrometry (LSIMS)
Samples for analysis were collected as eluted from the post-column flow splitter, by
pooling fractions eluting approximately one minute prior to and one minute following the
detection of the peak. Pooled fractions

(- 100 pL) were concentrated on a Speed-Vac to

5 or 10 p1 prior to LSIMS analysis. Low and high resolution liquid secondary ionization
mass spectrometry (LSIMS) was perfomed on a Kratos Concept II HQ mass spectrometer
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using a thioglycerol matrix, 8 kV ion source, and a 12 kV LSIMS gun using Cs ions. The
mass reference for high resolution spectra was potassium iodide/polyethylene glycol
(KIPEG).

5.13 Preparation of Tissue Homogenates
An appropriate concentration of. the 2-deoxy-2-fluoro glycosyl fluoride (10 mg/kg)
in 0.9% saline was administered by lateral tail vein injection in a single dose to 200-250 g
male Wistar rats after anesthesia with phenobarbital (65 mg/kg, intraperitoneal). With the
assistance of Dr. Neil Hartrnan or Ms. Kelly Hewitt, and following an approved protocol
of the animal care facility at the University of British Columbia, the animals were sacrificed
by carbon dioxide asphyxiation at 1, 20 and 48 hours after injection. The liver, spleen,
kidney and brain were removed and portions weighing
blotted and weighed.

—

1 g were rinsed in distilled water,

To each sample was added 2.5 mL of 25 mM citrate/50 mM

phosphate buffer, pH 5.0 containing EDTA (1 mM), dithiothreitol (4 mM), and Triton X
100 (0.1% v/v), and the tissues were treated for one minute with a mechanical tissue
homogenizer. Control tissues were treated identically, but the animals received only 0.9%
saline.

5.14 Assay of Tissue -GIycosidase Activity
f3-Glucosidase, -mannosidase and 3-galactosidase activities in the various tissue
homogenates were determined essentially as described previously (Van Diggelen et a!.,

1980; Van Hoof & Hers, 1968) with slight modification, using the appropriate PNP f3-Dglycopyranosides. Aliquots (0.0125 or 0.025 mL) of the tissue homogenates prepared
above were added to plastic Eppendorf vials containing 0.1 or 0.2 mL of the appropriate
PNP glycoside (5 mM) in the buffer described above. The vials were capped, mixed and
incubated at 37°C for 30 minutes, 1.0 mL of 200 mM sodium carbonate buffer (pH 10.7)
was added and the vials were centrifuged at 15 000 x g at 4°C for 15 minutes.
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The

supernatant was removed by pipette and its absorbance at 400 nm determined immediately.
Incubation times and substrate concentrations were chosen so that less than 10% of the
substrate was hydrolyzed.

Measured absorbances were corrected for spontaneous

hydrolysis of the PNP glycoside and the background absorbance of the tissue supernatant.
f3-Glycosidase activity is expressed as nmol PNP glycoside hydrolyzed/h/mg tissue

(E

=

1.82 x IO
41
cm for p-nitrophenol at pH 10.7). 3-Glycosidase assays were performed
M
on fresh tissue samples (kept on ice prior to assay). For each tissue, results of duplicate
assays on three rats (for a total of six determinations) were averaged; standard deviations
are denoted by error bars.

5.15 In Vitro Reactivation of Tissue 3-GIycosidase Activity
Tissue homogenates showing maximum -glycosidase inhibition (from animals
sacrificed one hour after injection of inhibitor) were frozen and stored at -20°C. For each
tissue, pooled samples (0.30 or 0.75 mL) were diluted two-fold with buffer and incubated
at 37°C in the presence or absence of appropriate transglycosylation ligands (20 mM
flPTGlu, 20 mM G1uNAc or

—

2 mM ceramides, the maximal concentration of the latter

compound attainable). Aliquots (0.0 125 or 0.025 mL) were removed periodically and
assayed as described above.

f-Glycosidase activities were corrected for decreases in

activity over this time due to denaturation using data for non-inhibited control samples of
the appropriate tissue homogenate.

‘ NMR Spectroscopy of 2-Deoxy-2-Fluoro-f3-D-Mannopyranosyl
F
5.16 9
Fluoride in Rat Tissue Extracts
Unlabelled 2F[ManF at a dosage of 70 mg/kg in 0.9% saline was administered to a
200-250 g male Wistar rat by lateral tail vein injection after anesthesia with phenobarbital
(65 mg/kg, intraperitoneal). The animal was sacrificed after 60 minutes, and the organs

were removed and homogenized as described previously.

Brain, liver and kidney

homogenates were centrifuged (15 000 x g, 15 mm, 4°C) to remove cell debris, and the
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supernatants were filtered by passage through a 0.4 tM filter, and freeze-dried. Urine was
removed by bladder puncture and freeze-dried. The residues were dissolved in D
0 and
2
F NMR spectra were acquired. Data was acquired over 150 000 scans for the brain, liver
19
and kidney samples, and over 256 scans for the urine sample. Acquisition times were
0.328 and 0.655 s, respectively.
5.17 Radiosynthesis of 2-Deoxy-2-[ 18 F]FIuoro-3-D-MannosyI
18
[ F]Fluorjde
Using facilities at TRIUMF, [‘
2
F
8
]-F (0.1% in neon) was bubbled at a flow rate of
150 mL/min through a solution of D-glucal (—20mg) in acetonitrile (10 mL) for

—

20 mm.

The reaction vessel was a large test tube with side-arm (sealed with a septum) attached to a
rotary evaporator. Fluorine was introduced via 1.6 mm Teflon tubing running down the
interior of the cooling jacket. A second section of Teflon tubing (3 mm) also running down
the cooling jacket connected the reaction vessel to the top of a 7.5 x 150 mm glass column
of silica gel. A vent was provided into a tube of soda lime. Upon completion of the
fluorination, the tubing was withdrawn, the vent sealed, and the resulting 2:1 mixture of 2deoxy-2-fluoro-a-glucopyranosyl- and --mannopyranosyl fluorides was evaporated to
dryness under reduced pressure. Thethyl ether (not anhydrous) was used to wash the
reaction vessel and elute the column. 2 x 1.5 mL of this solvent was first introduced via
syringe through the septum, and the contents of the reaction vessel were then transferred to
the top of the silica column. The transfer was accomplished by creating a partial vacuum
with a 50 mL syringe at the column head to draw over the contents of the reaction vessel.
After loading in this way, eluant was gently forced through the column using positive
pressure on the same syringe.

The F
8
2-deox
jfluo
y-2-[’
ro cx-glucosyl 8
[‘
F
]fluoride

typically eluted in the first 30 mL, followed by the 1
FJfluoeox
2-d
ro--D8
manno
y-2-[
syl
F]fluoride,
1
[
8 typically in the subsequent 25 mL. The fraction containing the 3-mannosy1
fluoride, collected in a small wide-mouth vial, was evaporated in a 40°C oil bath with the
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aid of a stream of air, then dissolved in either 50 mM phosphate buffer (for in vitro studies)
or sterile 0.9% saline (for animal studies). The overall time from end of bombardment
(EOB) for synthesis and purification was

— 40 mm and the specific activity was — 500

mCi/mmol. The entire procedure was conducted behind 50 mm blocks of lead, and all
operations were done as remotely as possible, after first determining reaction times, column
size and the fractions in which the products eluted in non-radioactive trials.

5.18 Labelling of Agrobacterium faecalis 3-gIucosidase with
To the chromatographed 8
2-deoxy-2-[’
F
]fluoro-f-D-mannosy1
fraction prepared above

[‘
F
8
]fluoride

(— 2 2.5 mg) was added degassed aqueous 50 mM phosphate

buffer, pH 6.8 (5 mL).

-

An aliquot (100 p.L) was added to an equal volume of

Agrobacteriumfaecalis 3-glucosidase solution (2.7 mg/mL), and the mixture was incubated
for 15 mm at 37°C. A portion (100 .iL) was injected onto an HPLC (Waters) equipped
with a W-Porex GP-300 gel permeation column (4.6mm x 250 mm) (Phenomenex, Inc.).
The eluant was the same buffer described above, at a flow rate of 1.0 mL/min. UV-active
components were detected at 214 nm and radioactivity was detected with an on-line NaI(Tl)
scintillation detector.

5.19 Reactivation of the F]Fluoro-a-D
18
2-Deox
-Mannosyl-E
y-2-[
nzyme
Labelled enzyme, freed of excess inhibitor, prepared as above was collected as
eluted from the column in a total volume of - 1 mL. This was concentrated to a volume of

— 100 p.L using 10 kDa nominal cut-off centrifugal concentrators (Amicon Corp., Danvers,
MD). The sample was divided in half. To one aliquot was added 50 p.L buffer. The other
was diluted with an equal volume of glucosyl benzene in buffer to a fmal glucosyl benzene
concentration of 197 mM. Both samples were incubated at 37°C, and aliquots (15 pL)
were removed at appropriate time intervals and injected onto the HPLC column. Fractions,
corresponding to the previously determined elution times of the labelled enzyme and a 2-
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deoxy-2-fluoro-mannose standard, were collected and counted using a Beckman Gamma
8000 well counter. Reactivation of the radiolabelled enzyme was monitored for

—

4 hours.

The % labelled enzyme remaining was calculated by dividing the labelled enzyme activity
by the total radioactivity eluted. All measurements were corrected for activity in blanks and
18
for decay of F (t
112 = 110 nun).
5.20 Biodistribution of 8
2-D
F
]F1uor
o-3-D-y-2
eox
Manno
sy1
-[’
18
[
F]Fluo
ride in Rats
Male 200

-

250 g Wistar rats (anesthetized with 65 mg/lcg phenobarbital,

intraperitoneal) were administered

—

0.05

-

0.1 mCi F]fluo
2-dro-3-D
1
eox
-mann
8
y-2
osy1
-[

F]fluo
1
[
8
ride by lateral tail vein injection in a single dose. 5

-

6 animals were sacrificed by

carbon dioxide asphyxiation at 2, 15, 30, 60 and 120 mm post-injection. The organs were
removed, blotted free of blood, weighed in pre-weighed counting vials, and tissue
concentrations of injected radiolabel were determined by scintillation counting on a
Beckman Gamma 8000 well counter. The % injected dose! g tissue (%ID/g) is calculated
according to
% ID!g = Tissue cpm/(Standard cpm x Dilution’) x 100
g Tissue

Typically, the standard is diluted 50

-

(5.4)

500-fold prior to counting. All measurements were

corrected for activity in blanks and for decay of ‘
F over the course of the counting of the
8
samples.
5.21 Pre-treatment of Rats with 2-Deoxy-2-Fluoro-3-D-MannosyI Fluoride
(2Fj3ManF)
An appropriate concentration of 2-deoxy-2-fluoro 3-D-mannopyranosy1 fluoride
(20 mgfkg) in 0.9% saline was administered by lateral tail vein injection in a single dose to
three 200

-

250 g female Sprague-Dawley rats after anesthesia with phenobarbital (65
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mg/kg, intraperitoneal). Three animals received only 0.9% saline, and served as controls.
After 60 mm, each of the animals was intravenously injected with

—

0.05 mCi 2-deoxy-2-

F]fluoride in 0.9% saline. After a further 60 mm, all of the
8
F]fluoro--D-mannosyl [‘
8
[‘
animals were sacrificed, and the organs were removed, weighed and counted as described
above.

5.22 PET Imaging
F]fluoro-I-D-mannosyl [
8
2-Deoxy-2-[’
F}fluoride
1
8 (0.95 mCi in 0.9 mL 0.9%
saline), prepared as described previously, was injected intravenously to an anesthetized 400
-

450 g male Wistar rat. PET scans were made continuously from the time of radioisotope

injection. The instrument used for these studies was a Siemens/CT! ECAT 953B (Spinks
et at., 1992), operated by personnel from the PET imaging team at Vancouver Hospital,
UBC site. The interslice separation is 3.375 mm and the slice thickness is approximately
4.5 mm. The radial resolution is 5.0 mm in the centre, 6.0 mm at 4.5 cm, and 7.3 mm at
9.0 cm off-centre.
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APPENDIX I
GRAPHICAL REPRESENTATION
OF SPONTANEOUS HYDROLYSIS DATA

186

0.0012

0.001

0.0008

0.0006

I,.-

0

20 40 60 80 100 120 140 160 180 200
Time (h)

Figure All.

Spontaneous hydrolysis of 2FaGluF (10.7 mM) at 50.0°C, pH 6.8.
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Spontaneous hydrolysis of 2FJ3G1uF (924 mM) at 50.0°C, pH 6.8.
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Figure AI.3.

Spontaneous hydrolysis of SFJ3IdoF (7.65 mM) at 50.0°C, pH 6.8.

0
.
0
_IIii
IIlIIi
1
IIIIII
6
I—

=

0.014

=

0.012
0.01

-

—

=
=
=

0.008
—

0.006
0.004
-

0.002w0

I

I
20

i

I

40

I

I

60

i

I

I

i

80

i

I

i

I

i

I

I

—

100 120 140 160 180

Time (h)
Figure AJ.4.

Spontaneous hydrolysis of 5FcvJdoF (7.90 mM) at 50.0°C, pH 6.8.
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Spontaneous hydrolysis of 5FaG1uF (4.96 mM) at 50.0 C, pH 6.8.
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Spontaneous hydrolysis of 5FJ3G1uF (8.10 mM) at 50.0°C, pH 6.8.
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