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a-Glucosidase I is a key enzyme in the biosynthesis of asparagine-linked oligosaccharides catalyzing the first processing
event after the en bloc transfer of Glc 3Man9GlcNAc 2 to proteins. This enzyme is an inhibitor target for anti-viral agents that
interfere with the formation of essential glycoproteins required in viral assembly, secretion and infectivity. Of fundamental
mechanistic interest for all oligosaccharide hydrolyzing enzymes is the stereochemical course of the reaction which can
occur with either retention or inversion of anomeric configuration. The stereochemistry is used to categorize enzymes and
is important in designing mechanism-based inhibitors. To determine the stereochemical course of the a-glucosidase I
reaction, the release of glucose from a synthetic trisaccharide substrate, Glc( a1-2)Glc(a1-3)GlcaO(CH2)8COOCH3 was
directly monitored by 1H NMR spectroscopy. Both the yeast and bovine mammary gland enzymes released b-glucose
concomitant with the formation of the Glc( a1-3)GlcaO(CH2)8COOCH3 disaccharide product demonstrating that both en-
zymes operate with inversion of anomeric configuration.
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Introduction

A key enzyme in the biosynthesis of asparagine-linked oli-
gosaccharides is a-glucosidase I [1–3]. This enzyme cata-
lyzes the hydrolysis of the terminal a1,2-linked glucose unit
in Glc3Man9GlcNAc2-structures after they are transferred
en bloc to asparagine residues in an Asn-X-Ser/Thr motif
[4]. Subsequent hydrolytic processing by a-glucosidase II
and a-mannosidases and elaboration by glycosyltrans-
ferases results in the wide variety of glycosylation patterns
found on glycoproteins. In the normal biosynthetic path-
way of N-linked glycoproteins, glucosidase I is at a critical
point in the regulation of glycoprotein biosynthesis since
no further modification of N-linked oligosaccharides can
occur until the terminal a1,2-glucose unit is removed. How-
ever, an alternate mechanism has been identified by which
complex carbohydrates can be generated in the absence of
glucosidase I [5]. Glucosidase I and II reactions play signifi-
cant roles in protein folding by allowing the binding of
glycoproteins to the endoplasmic reticulum chaperones

calnexin and calreticulin [6]. There is considerable interest
in developing inhibitors of N-linked oligosaccharide proc-
essing enzymes, including glucosidase I, as antiviral and
antitumor agents [7,8]. However, no mechanistic or struc-
tural studies have been carried out on this enzyme in part
due to difficulties in obtaining large quantities of the natu-
ral substrate and enzyme.

Glycoside hydrolyzing enzymes can be placed into two
distinct categories, those that catalyze hydrolysis with net
retention of anomeric configuration and those that hydro-
lyze with inversion of configuration [9–11]. Inverting gly-
cosidase reactions are thought to occur by a direct
displacement -mechanism while retaining glycosidases are
believed to operate via a double-displacement mechanism
with formation of a glycosyl-enzyme intermediate. The ac-
tive site geometry of catalytic residues in the two classes is
different and can be a factor in the design of enzyme inhibi-
tors.

We have recently synthesized a truncated version of the
Glc3Man9GlcNAc2 structure as a specific substrate for glu-
cosidase I (Scheme 1) [12,13] since simple p-nitrophenyl-
glucosides are not hydrolyzed by this enzyme. This
trisaccharide, Glc(a1-2)Glc(a1-3)GlcaO(CH2)8COOCH3,
can  be used to determine the stereochemical course of
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hydrolysis by directly monitoring the anomeric configura-
tion of the released glucose by 1H NMR spectroscopy. In
this study we establish that bovine mammary gland and
yeast a-glucosidase I are both inverting hydrolases.

Materials and methods
Enzymes

Soluble yeast glucosidase I was isolated as previously de-
scribed [12] except that a source Q column (0.5 3 5 cm)
was utilized in place of a mono-Q HRS 5/5 column. Frac-
tions containing glucosidase I that eluted from the column
were pooled and exchanged into 50 mM deuterated sodium
phosphate buffer, pD 7.1 (where pD is the uncorrected pH
meter reading) using Centricon 10 units. Bovine enzyme
was purified from lactating mammary glands essentially as
described by Shailubhai et al., [14]. Microsomes prepared
from 2 kg of fresh tissue were extracted four times with 10
mM sodium phosphate buffer, pH 6.8, containing  0.5%
Triton X-100 to remove glucosidase II. The residual mi-
crosomal pellet was solubilized in 200 mM sodium phos-
phate buffer, pH 6.9, containing 0.8% Lubrol PX (buffer
A). The Lubrol PX extract was bound to a N-carboxypen-
tyl-1-deoxynojirimycin column (2 lmoles/g of swollen gel)
[15] and eluted with buffer A containing 5 lM 1-deoxyno-
jirimycin (DNJ). DNJ was removed from the enzyme by
extensive dialysis against HPLC-grade water at 4 8C and
enzyme was concentrated to near dryness on a lyophilizer.
One ml of deuterated sodium phosphate buffer, pH 6.8, was
added to the concentrated enzyme, which was exchanged
into D2O buffer by dialysis three times against 25 ml of 25
mM sodium phosphate buffer, pD 6.8.

After exchange into deuterated buffer, the enzymes were

assayed spectrophotometrically by monitoring glucose
release from 2 mM Glc(a1-2)Glc(a1-3)GlcaO(CH2)8
COOCH3 at 37 8C [12]. The activity of the yeast enzyme was
6.9 milliunits/ml and the bovine mammary gland enzyme 8.9
milliunits/ml where a milliunit is the amount of enzyme that
converts 1 nmol of substrate to product per min. For NMR
experiments, substrate and buffers were exchanged by lyo-
philization four times from D2O.

NMR
1H-NMR spectra were acquired at 27.0 8C on a Varian
Inova 600 spectrometer using VNMR 5.3B software.
Chemical shifts are reported relative to 0.1% external ace-
tone at 2.225 ppm. After initial acquisition of the reference
enzyme spectra (700 ll in 5 mm NMR tubes), 60 ll of
concentrated trisaccharide substrate were added to give a
final concentration of 2.7 mM for the bovine enzyme and
9.3 mM for the yeast enzyme. A spectrum was recorded
after 3 min, then every five min for 2.5 h and finally every
30 min until hydrolysis was complete. In this way the reac-
tion’s progress was monitored up to 15 h. Spectra were
processed with a Gaussian window function of width at/4
and shifted by at/6 where at is the acquisition time. A first
order baseline correction was applied prior to data analysis,
integration and plotting. For integrations, the H1 signal that
remains unchanged over the course of the reaction was
used as a reference.

Results and discussion

The stereochemical course of a-glucosidase reactions can
be determined using 1H NMR spectroscopy to directly

Scheme 1. A synthetic trisaccharide substrate for glucosidase I
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monitor the release of glucose from the synthetic trisaccha-
ride substrate Glc(a1-2)Glc(a1-3)GlcaO(CH2)8COOCH3.
The time course of hydrolysis catalyzed by the yeast en-
zyme is shown in Figure 1 where partial spectra of the
anomeric region are shown. The signals corresponding to
the anomeric protons of each of the glucose residues in the
trisaccharide substrate (Scheme 1), H10 at 5.54 ppm, H19 at
5.18 ppm and H1 at 4.89 ppm and disaccharide product H19
at 5.34 ppm are well resolved from each other, residual
HDO at 4.75 ppm and from free glucose. Three min after
the addition of enzyme, the anomeric proton of b-glucose
is present at d 5 4.65 ppm, as well as disaccharide product
H19 signal at 5.34 ppm. In the case of the yeast enzyme, the
b-glucose-H1 signal reaches the 5% level after 13 min (Fig.
2). This level is reached by the a-anomer-H1 after 53 min,
indicating a lag time of ca. 40 min. The yeast a-glucosidase
I reaction therefore occurs with inversion of anomeric con-
figuration. After 5.5 hr the trisaccharide-H10 signal as well
as the trisaccharide-H1’ signal disappear into the noise of
the spectrum while the buildup of disaccharide-H19 is com-

plete. At this point the equilibrium of b:a glucose-H1 is
67:33 or 2:1 and does not change within experimental error.
Of interest is the evolution of the trisaccharide/disaccha-
ride H1 signal with time in Figure 1. The lines of the doublet
at 4.91 ppm appear to get broader as the reaction pro-
gresses but as the experiment continues they become as
sharp as before. This is due to a slight chemical shift change
of the H1 resonance in going from the trisaccharide to the
disaccharide. When both are present in an approximately
equal ratio, the slightly different chemical shift and similar
intensities lead to a broad signal. The change in chemical
shift over the entire reaction is only 10.004 ppm (2.4 Hz)
while the 3JH1H2 coupling constant remains unchanged at
3.8 Hz.

The progress of the reaction for the bovine mammary
gland enzyme is shown in Figure 3. Although good spectral
resolution, comparable to the yeast enzyme, was obtained
at the  beginning  of  the  experiment  (bottom trace), the
resolution of all peaks and not just H1, deteriorated consid-
erably with time. Therefore, after 2.5 h reaction time, the
magnet was re-shimmed without interrupting the timing of
the experiment, resulting in much sharper lines in the last
six traces of Figure 3. While this greatly affects the appear-
ance of the peaks, it has no effect on integrals that were
used to analyze the progress of the reaction. The reaction is
slower for the bovine enzyme since the substrate was pre-
sent at a low sub-saturating concentration. The 5% level
was reached after 33 min by the b-glucose-H1 signal and
after 93 min by the a-glucose-H1 signal. Thus the lag time
is of the order of one h. Due to the lower concentration of
substrate and more baseline distortion by the protein, inte-
grations are not as precise as in the yeast case. As with the
yeast enzyme, the equilibrium concentration of b:a glucose-
H1 is 67:33 or 2:1 after 14.5 h. Equilibrium is reached in
both cases at completion of the reaction since the produc-
tion of new b-glucose is very small and the time interval
between measurements large (half hour and one hour, re-
spectively) such that within experimental error the a:b ra-
tio does not change. However, for both enzymes the
measurement immediately before completion shows a ra-
tio with slightly more b than a anomer (b:a 68:32) than at
equilibrium. For both yeast and mammary gland enzyme it
is clearly evident that the formation of a-glucose is delayed
with respect to b-glucose, demonstrating that the hydrolytic
reaction is an inverting process.

Recently, the processing a1,2-mannosidase in Sac-
charomyces cerevisiae was also shown to be an inverting
enzyme [16]. Taken together with the results of this study
on glucosidase I, it is tempting to speculate that more gly-
cosidases for glycoprotein processing may be found to cata-
lyze the hydrolysis of their substrates in the secretory path
with inversion mechanisms.

A number of classification schemes have been proposed
to categorize glycoside hydrolyzing enzymes on the basis of
substrate specificity, mechanism of action and amino acid

Figure 1. Proton spectra of the anomeric region of the trisaccharide
Glc(a1-2)Glc(a1-3)GlcaOR at different times of incubation, indicated to
the right of the spectra, with yeast a-glucosidase I. Anomeric peaks are
labeled and the abbreviation dis. and tris. refer to the disaccharide and
trisaccharide, respectively.
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sequence similarities [17]. To date the human hippocampus
and yeast a-glucosidase I enzyme have been sequenced
[18,19], and there is no structural information for any glu-
cosidase I enzyme. A sequence-based classification has
identified 66 different families of glycoside hydrolases
[17,20], although reclassification may occur once further
structural and mechanistic information becomes available.
The human hippocampus and yeast enzymes presently
comprise a distinct family 63 with no homology to other
families.

Glycoside hydrolases generally contain two catalytic
groups, usually aspartate or glutamate residues in their ac-
tive sites. Inverting reactions are thought to occur with the
base-catalyzed attack of water on the anomeric center
along with the acid-catalyzed cleavage of the glycosidic
bond, resulting in the direct displacement of the substrate
leaving group by water. In this mechanism, one residue acts
as a general base by abstracting a proton from the incoming
water molecule, while the second acts as a general acid and
protonates the leaving group [10,11]. In mechanisms for
retaining enzymes, one of the two acidic amino acid resi-
dues is believed to act as a nucleophile, attacking the
anomeric carbon and generating a glycosyl-enzyme inter-
mediate or oxocarbenium-ion like intermediate after de-
parture of the leaving group. The second residue functions
as a general acid/base catalyst. X-ray crystallographic stud-
ies of over twenty glycosidases reveal the distance between
these two catalytic groups is generally 4.8–5.5 Å in retain-
ing enzymes and 9–10 Å in inverting enzymes [21,22]. The
longer distance  between these residues in inverting en-

Figure 2. A plot of released a-Glc (dashed bars), b-Glc (white bars) and the total disaccharide formed (solid bars) as a function of time for the yeast
a-glucosidase reaction. Total disaccharide percentage values are based on the integrated value of the H19 anomeric proton. The reaction is complete
after 5.5 hr. After 13 min the b-glucose-H1 signal is at the 5% level demonstrating that hydrolysis occurs with inversion of configuration. There is a
lag of 40 min before the a-glucose-H1 signal reaches the 5% level as a result of the anomerization of the b-glucose released by the enzyme.

Figure 3. Proton spectra of the anomeric region of the trisaccharide
Glc(a1-2)Glc(a1-3)GlcaOR at different incubation times, indicated to the
right of the spectra, with bovine mammary gland a-glucosidase I. The
reaction is complete after 14.5 hr. For further details see the legend to
Figure 1 and the text.
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zymes is presumably required to accommodate the cata-
lytic water molecule. Therefore, establishing that the stere-
ochemical course of the reaction of glucosidase I occurs
with inversion of configuration, coupled with other mecha-
nistic and structural data, such as the identity of the cata-
lytic residues, should prove useful in the rational design of
inhibitors of this enzyme as has been done for retaining
glycosidases using 2-deoxy-2-fluoro glycosides as mecha-
nism based inhibitors [23].
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