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Abstract Yeast α-glucosidase I (Cwh41p) encoded by
CWH41 is an endoplasmic reticulum (ER) membrane-bound
glycoprotein (833 residues), which plays an important role in
the early steps of the N-glycosylation pathway. In this study
functional expression of three truncated fragments of
Cwh41p, all containing the catalytic region, was investigated.
Cwht1p (E35-F833), with deletion of the N-terminus and
transmembrane domain, was expressed as a catalytically
active fragment while R320-F833(Cwht2p) and M526-F833
(Cwht3p) were not detected. Significantly higher glucosidase
I activity was found in a soluble extract from yeast over-
expressing CWHT1 (1,400 U/g biomass) than yeast over-
expressing CWH41 (300 U/g biomass). Cwht1p was purified
as a soluble 94 kDa non-glycosylated protein with a specific
activity (3,600 U/mg protein) comparable to that of the
soluble α-glucosidase I (3000 U/mg protein). These findings
indicate that the active conformation of the enzyme is not
dependent on protein glycosylation and suggest that the M1-
I28 region of Cwh41p carries an ER-targeting signal
sequence. In addition, two highly conserved carboxylic acid
residues, E580 and D584 of Cwht1p (corresponding to E613
and D617 of Cwh41p), located within the catalytic domain
of yeast enzyme were subjected to mutation. Substitution of
each residue with Ala resulted in low expression and

undetectable glucosidase I activity. These findings indicate
that E613 and D617 play a crucial role in maintaining α-
glucosidase I activity.
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Abbreviations
CWHT truncated form of CWH41
DEAE diethylaminoethyl
DTT dithiothreitol
EDTA ethylenediaminetetraacetic acid
ER endoplasmic reticulum
FPLC fast protein liquid chromatography
IMAC immobilized metal affinity chromatography
OD optical density
PMSF phenylmethanesulfonyl fluoride
PCR polymerase chain reaction
PVDF polyvinylidene difluoride
SDS-
PAGE

sodium dodecyl sulfate-polyacrylamide gel
electrophoresis

Introduction

Mannosyl-oligosaccharide glucosidase or processing α-
glucosidase I (EC. 3.2.1.106) is the exclusive member of
family 63 glycoside hydrolases [1]. Despite the key role of
α-glucosidase I in the N-glycosylation pathway it has
remained one of the least characterized glycoside hydro-
lases in the ER due to the unique substrate specificity, and
difficulties with purification, and over-expression in higher
eukaryotes [2, 3]. Furthermore, family 63 does not show
any significant structural similarity with other known
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families of glycosyl hydrolases. Therefore, limited
mechanistic-structural information about family 63 can be
inferred from other known families of glycosyl hydrolases.

Yeast α-glucosidase I (Cwh41p), is a type II integral
membrane N-glycoprotein (833 residues) encoded by
CWH41 [4, 5]. Cwh41p (Swiss-Prot: P53008) is predicted
to have a short cytosolic N-terminus domain (M1-K10), a
hydrophobic transmembrane domain (T11-I28), and a large
C-terminus domain (S29-F833) extended toward the lumen
of the ER. Previously, we demonstrated that endogenous
cleavage at the predicted signal sequence of the transmem-
brane region of Cwh41p liberated the soluble form of α-
glucosidase I activity [6]. Furthermore, catalytically active
fragments, 59 and 37 kDa, were isolated from the soluble
α-glucosidase I during endogenous hydrolysis or trypsin
proteolysis of the enzyme [7, 8]. The 37 kDa polypeptide
(F525-F833) appeared to be the smallest non-glycosylated
catalytically active fragment [8]. Therefore, in this study
functional expression of truncated forms of the CWH41
gene—CWHT1, CWHT2, and CWHT3—encoding, respec-
tively, polypeptides E35-F833, R320-F833, and M526-
F833 fused with C-6xHis tag, were investigated. These
correspond to the soluble enzyme, and the 59 and 37 kDa
active fragments.

It was reported that α-glucosidase I is an inverting
glycosyl hydrolase [9]. This process is catalyzed by a pair
of carboxylic acid residues [10], where one carboxylic acid
serves as a general acid and the other as a general base [11].
Sequence homology between orthologs of α-glucosidase I
revealed that six highly conserved carboxylic acid residues
(D601, D602, E613, D617, D670, and E804 of Cwh41p)
are situated within the catalytic region of the yeast enzyme.
Furthermore, E613 and D617 are located within the pro-
posed substrate binding motif of rat α-glucosidase I (E592
RHLDLRCW600) [12], which corresponds to E613-W621
of Cwh41p. Therefore, the importance of these residues in
yeast α-glucosidase I were investigated by substitution with
Ala. This study provides better insight into the functional
relationship of the different domains of yeast α-glucosidase
I. As well, it shows the significance of two highly conserved
carboxylic acid residues (E613 and D617) for maintaining
catalytic and/or structural integrity of the enzyme.

Materials and methods

Materials

All restriction enzymes, rapid DNA ligation kit, bacterial
transformation kit (TransformAid), and DNA ladder (Mass
Ruler) were obtained from Fermentas. Polymerase chain
reaction (PCR) purification, DNA gel extraction, and plasmid
purification kits, His-linker oligonucleotides, PCR, and

mutagenic primers were purchased fromQiagen. Lowmelting
point agarose (Ultrapure) and salmon sperm DNA were
products of Gibco-BRL. Oligonucleotides for DNA sequenc-
ing were synthesized at the Nucleic Acids and Protein Service,
University of British Columbia. dNTPs were purchased from
GE Healthcare. MilliQ ultra pure water was used for all of the
steps involved in DNA preparation and manipulation. Mouse
anti 6xHis-tag monoclonal antibody was from Novagen,
peroxidase-conjugated goat anti-mouse polyclonal antibody
was obtained from BD Biosciences, peroxidase-conjugated
goat anti-rabbit polyclonal antibody and 4-chloro-1-naphthol
were products of Sigma.

Microbial strains and media

E. coli DH5-α (λ− endA1, hsdR17, supE44, thi-1 1−,
recA1, gyrA96, relA1, •lacU169 [880d lac ZDM15]) and
Saccharomyces cerevisiae AH22 (MAT a, Leu2-3,leu2-112,
his4-519, canI, [cir+]) were used. Transformed and non-
transformed E. coli strains were grown in Luria-Bertani
(LB) broth with or without ampicillin (100 μg/ml),
respectively. S. cerevisiae AH22 was grown in YPD (1%
yeast extract (Difco)+ 2% Bacto-peptone (Difco)+ 2%
glucose). Transformed yeast strains were grown in minimal
medium plus 50 mg/l L-histidine [6] until a turbidity
(OD600) of 4 was reached with the average yield of 6.9±
0.6 g of wet biomass per litre of culture.

Bacterial and yeast transformation

Preparation of competent cells and transformation of plas-
mids into E. coli were carried out using TransformAid kit
(Fermentas). Yeast transformation was performed using
lithium acetate based method [13].

Plasmids

pRAN1, a pHVX2 vector carrying CWH41 [6] was used as
the template for construction of truncated fragments by PCR.
pHVX2 is a shuttle vector containing phosphoglycerate
kinase gene (PGK1), a constitutive promoter [14].

Construction of pHVX2-His

Two complementary 5′-phosphorylated strands of oligonu-
cleotide in the cut form with BglII (5′end) and XhoI (3′end),
encoding six His residues (His-linker), were designed
(Table 1). For annealing, approximately 32.5 pmol of
oligonucleotides in 10 mM Tris, pH 7.5 were transferred
into a sterile PCR tube, the volume was adjusted to 15 μl
with water, and 1.5 μl of annealing buffer (100 μM Tris,
pH 7.5, 100 mM MgCl2, 10 mM DTT) was added. The
mixture was heated to 95°C for 5 min in a thermal cycler
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(Perkin-Elmer, DNAThermal cycler 480) and cooled slowly
until it reached room temperature. Water (6.5 μl) and 2.5 μl
of annealing buffer were transferred to a microfuge tube and
1 μl of annealing reaction was added and mixed. pHVX2
was double digested with Bgl II and XhoI, purified with the
gel extraction kit, and 50 ng (∼16–18 μl) mixed with 1 μl of
diluted annealing mixture. Ligation buffer and T4 DNA
ligase was added to the mixture according to the manufac-
turer’s protocol and incubated overnight at 16°C. The newly
formed shuttle vector, pHVX2-His with EcoRI and BglII
cloning sites, was used for expression. pHVX2-His was
transformed into E. coli DH5-α and transferred onto an LB
plate with 100 μg/ml ampicillin. pHVX2-His was purified
from transformed E. coli using a plasmid purification kit
and the presence of the His-linker region was verified by
DNA sequencing. Purified pHVX2-His without an insert
was transformed into S. cerevisiae AH22 as the control.

Construction and subcloning of truncated forms of CWH41

Truncated forms of CWH41(2,502 bp), CWHT1 (2,400 bp),
CWHT2 (1,542 bp), and CWHT3 (924 bp), were amplified

by PCR. Upstream primers were synthesized with an
EcoRI restriction site at the 5′ end and down stream primers
with a BglII site at the 5′ end (Table 1). PCR reaction
mixture was comprised of 10 ng of pRAN1 as a template,
200 μM of each dNTPs, 600 nM of each primer, and 25 μl
of 10xPCR buffer (supplied by manufacturer). The volume
was adjusted to 50 μl with water and 2.5 U of high fidelity
Pwo DNA polymerase was added (Roche Diagnostics
Gmbh). The thermal cycles used for amplification of
truncated forms of CWH41 were designed according to
the manufacturer’s protocol. The size of PCR products
were verified by agarose gel electrophoresis stained with
ethidium bromide. Amplified DNAs were purified using
the PCR purification kit, cut with EcoRI and BglII, and
purified by a gel extraction kit. Ligation of CWHT(1–3)
with the cut and purified pHVX2-His was carried out
overnight at 16°C using a DNA ligation kit. Newly formed
plasmids, namely pCWHT1, pCWHT2, and pCWHT3,
were transformed into E. coli DH5-α. Presence of inserts
was verified by restriction site analysis and DNA sequenc-
ing. Purified pCWHT(1–3) were transformed into S.
cerevisiae AH22.

Table 1 List of oligonucleotides and primers used in this study

Oligonucleotides/
primers

Sequence (5′-3′) Notes

His-linker
Sense GATCTCATCATCACCATCACCATtgaTCTAGAC 5′-phosphorylated, cut form ends with

BglII (bold) & XhoI (underlined),
stop codon (lower case)

Antisense TCGAGTCTAGAtcaATGGTGATGGTGATGATGA 5′-phosphorylated, cut form ends with
BglII (bold) & XhoI (underlined),
stop codon (lower case)

Amplification
CWHT1
(forward)

GAGCCCGAATTCATGGAAGAATATCAAAAGTTCACGAATGAATCTTTAC EcoRI (bold), start codon (underlined)

CWHT2
(forward)

GAGCCCGAATTCATGAGGGAACAAGTTACGGAGTTGATTAC EcoRI (bold), start codon (underlined)

CWHT3
(forward)

AATCCAGAATTCATGACGAACAATCTAGAAGCCAATCC EcoRI (bold), start codon (underlined)

Reverse for all ATACCGAGATCTGAAGCGTCCAAGGATGTTGAC BglII (bold)
Mutagenic
E580A-sense CCACCAGATGTAGCAgcaTTGAACGTAGACGCA Mutation codon in bold lower case
E580A-
antisense

TGCGTCTACGTTCAAtgcTGCTACATCTGGTGG Mutation codon in bold lower case

D584A-sense TAGCAGAATTGAACGTAgccGCATTAGCATGGGTG Mutation codon in bold lower case
D584A-
antisense

CACCCATGCTAATGCggcTACGTTCAATTCTGCTA Mutation codon in bold lower case

Sequencing
CTCACACACTCTTTTCT Forward sequencing primer
TGTAAAGAGCAAGAACGGGG Forward sequencing primer
CCAGGGAACAAGTTACGGAG Forward sequencing primer
TACTCCTTGCCTCATTACCC Reverse sequencing primer
GTAAAGGATGGGGAAAGAG Reverse sequencing primer
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Extraction, isolation, and purification of Cwht(1–3)p

The soluble fraction of protein was extracted from the
transformed yeast cells as described in a previous report
[6]. α-Glucosidase I activity was measured in the
microsomal free supernatant. Soluble proteins were pre-
cipitated with 70% saturated ammonium sulfate and
protein precipitant was solubilized in 20 mM sodium
phosphate, pH 6.8. Protein solutions were dialyzed for 4 h
in 20 mM sodium phosphate buffer, pH 7.4, containing
10 mM imidazole and 0.5 M NaCl (binding buffer) and
applied to 1 ml His-Trap HP column (GE Healthcare)
equilibrated with binding buffer, at a flow rate of 0.5 ml/
min. Protein fractions were eluted from the column by a
step gradient concentration of imidazole (20, 40, 60, 100,
300, and 500 mM) in 20 mM sodium phosphate buffer,
pH 7.4, containing 0.5 M NaCl, and fractions of 1 ml were
collected. Protein peaks were pooled separately and
dialyzed for 4–6 h in 20 mM sodium phosphate buffer,
pH 6.8, before measuring α-glucosidase I activity. Higher
level of purity was obtained using a combination of anion-
exchange chromatographies [7] and IMAC.

Anti-yeast α-glucosidase I polyclonal antibody

Purified soluble α-glucosidase I (100% homogeneity by
Coomassie blue stained SDS-PAGE gel) was dialyzed in
deionized distilled water, freeze-dried, and aliquots of
100 μg were kept at −80°C. A 100 μg sample of purified
enzyme was dissolved in 1 ml of water and mixed with
1 ml of Freund’s complete adjuvant (Sigma). The emulsion
was then injected into multiple sites intradermally on the
back of a female New Zealand rabbit (Animal Care Centre,
University of British Columbia). One booster injection of
100 μg of enzyme in Freund’s incomplete adjuvant (Sigma)
was made after 2 weeks. Blood was collected 1 week after
the booster injection and serum was separated and kept at
−80°C. Specificity of the antibody was tested by Western
blotting of partially purified yeast α-glucosidase I (results
not shown).

Immunoblot analysis

Proteins from different transformed yeasts were transferred
onto PVDF membrane using the Mini Trans-Blot system
(Bio-Rad). Electro-blotting was conducted at 100 V for 1 h
in transfer buffer (25 mM Tris base, 192 mM glycine, 20%
methanol and 0.025% SDS). Immunoblotting was then
carried out using rabbit anti-yeast α-glucosidase I poly-
clonal antibody and/or mouse anti 6xHis-tag monoclonal
antibody according to the manufacturer’s procedure (Nova-
gen) with detection using peroxidase conjugated goat anti-
mouse polyclonal antibody or peroxidase conjugated goat

anti-rabbit polyclonal antibody, and 4-chloro-1-naphthol as
the substrate.

Detection of glycoproteins

Aliquots of proteins were deglycosylated with N-glycosi-
dase F as described previously [7]. Thereafter, samples
were dialyzed in 20 mM sodium phosphate buffer, pH 6.8
with a centrifugal filter device (Ultrafree-0.5, Millipore).
Ice cold protein solutions (∼0.5 mg/ml) were then mixed
with sodium periodate (NaIO4) at a final concentration of
10 mM. After reacting for 30 min at 4°C, the solution was
dialyzed as noted above, mixed with biotin hydrazide at a
final concentration of 2 mg/ml, and incubated for 2 h at
room temperature. Samples were run on SDS-PAGE,
electroblotted onto PVDF membrane and reacted with
peroxidase conjugated anti-biotin goat IgG (Rockland
Immunochemicals, Inc.), according to the manufacturer’s
procedure.

Site-directed mutagenesis of carboxylic acid residues

The PCR reaction was comprised of 50 ng of pure ∼9.9 kb
pCWHT1 (parental plasmid), 125 ng of mutagenic primers
(Table 1), 0.25 mM (final concentration) dNTPs, and 5 μl
of 10xPCR buffer; the final volume was adjusted to 50 μl
with water before adding 2.5 U of pfuUltra high-fidelity
DNA polymerase (Stratagene). PCR thermal cycling was
initiated with a denaturing cycle (1 min at 95°C), followed
by 17 cycles (50 sec at 95°C, 55 sec at 56°C, and 10 min at
68°C). The PCR products were treated with 15 U of DpnI
and incubated for 3–6 h at 37°C. Mutated plasmids were
purified and transformed into E. coli DH5-α. pE580A and
pD584A were purified from transformed E. coli, mutations
were verified by DNA sequencing, and transformed into S.
cerevisiae AH22.

Extraction, isolation, and detection of E580A and D584A

Three colonies from yeasts transformed with pE580A and
pD584A were selected randomly. Cultures grown for 25 h
at 28°C with shaking at 300 rpm reached an average
turbidity (OD600) of 3.3±0.5 and 3.5±0.6 for pE580A and
pD584A yeast strains, respectively. Extraction of proteins
was carried out using the method described previously [6]
and isolated by IMAC as described for Cwht1p. Expression
of mutated proteins was detected by immunoblotting using
an anti 6xHis monoclonal antibody. Colonies with poten-
tially higher expression level, according to the SDS-PAGE
profile were grown in 1 l of media and protein was extracted
from approximately 7 g of wet biomass. The protein after
IMAC was further purified by chromatography on the FPLC
MonoQ HR 5/5.
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Enzyme assay

α-Glucosidase I activity and aryl α-glucosidase activity were
measured using the synthetic trisaccharide α-D-Glc-(1-2)-α-
D-Glc-(1-3)-α-D-Glc-O-(CH2)8COOCH3, and α-nitrophenyl
α-D-glucopyranoside, respectively, as described elsewhere [7].

Results

Cwht(1–3)p isolation and detection

Transformed yeast strains with pHVX2-His (a plasmid
without insert) and pCWHT(1–3), (pHVX2-His carrying
truncated forms of CWH41) had a lower growth rate than
the yeast transformed with pRAN1 (pHVX2 carrying
CWH41) [6].

The soluble α-glucosidase I activity was determined in
microsome-free cell extracts of yeast strains transformed
with pCWHT1-3. Total activity of the transformed yeast
strain expressing CWHT1 was 1,400 U per g of wet bio-
mass, which is approximately 4-fold higher than the yeast
expressing CWH41 (300 U/g wet biomass). Other trans-
formed yeast strains possessed negligible α-glucosidase I
activity—16 and 8 U/g wet biomass for CWHT2 and
CWHT3, respectively—indicating that only Cwht1p was
catalytically active. Therefore, Cwht2p and Cwht3p either
were not expressed or were not functional.

Fractions eluted from the His-Trap column from yeast
transformed with either the plasmid carrying CWHT2 or
CWHT3 were identical to those from the control plasmid,
pHVX2-His, indicating that these truncated glucosidase I
forms were not expressed (Fig. 1). Only the 100 mM
imidazole fraction of yeast expressing Cwht1p had a protein
band corresponding to the expected molecular weight of
the gene product, and this was the only fraction with
α-glucosidase I activity. Western blot analyses of cell
homogenates with anti-yeast α-glucosidase I antibody and
anti-His antibody only detected Cwht1p in the soluble
fraction and not in microsomal proteins (Fig. 2).

Purification of Cwht1p

Immobilized metal affinity chromatography (IMAC) alone
was not able to purify Cwht1p (Fig. 1 (II), lane 4).
Purification of Cwht1p to approximately 90% homogeneity,
based on SDS-PAGE analysis, was achieved by a combi-
nation of ammonium sulfate precipitation (70%), anion-
exchange chromatography (Toyopearl DEAE and FPLC
MonoQ HR 5/5), and an IMAC. Table 2 shows the puri-
fication results. Purification yield was 12%, or approxi-
mately 45 μg of Cwht1p per g of wet biomass. The
molecular mass of the purified Cwht1p subunit appeared to

Fig. 1 Single-step isolation of proteins from transformed yeasts by
IMAC. Soluble extracts from yeast transformed with pHVX2-His (I),
and pCWHT1 (II) were applied to His-Trap column and eluted by step
gradient concentration of imidazole, solid lines a; values above peaks
indicate the imidazole concentration (mM); dotted line indicates
percentage of buffer B (20 mM phosphate buffer plus 500 mM
imidazole and 0.5 M NaCl). b SDS-PAGE (10%) of IMAC fractions.
Lane 1, 20; lane 2, 40; lane 3, 60; lane 4, 100; lane 5; 300 mM
imidazole fractions. Lane 6 is molecular weight standards. Gels were
stained by Coomassie blue. Panel I was similar to the profiles for
Cwht(2 and 3)p
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be 94 kDa on SDS-PAGE (Fig. 3) which matches with the
theoretical mass of the Cwht1p sequence fused with 6xHis
residues of 93,978 Da.

Cwht1p is not glycosylated

It was observed that the molecular mass of the soluble α-
glucosidase I treated with N-glycosidase F was reduced
while no change was detected for Cwht1p (Fig. 4a).
Confirmation that Cwht1p was not glycosylated was
obtained by specific chemical biotinylation of carbohydrate
followed by immunodetection (Fig. 4b).

Releasing catalytically active polypeptides by hydrolysis
of Cwht1p

Overnight hydrolysis of pure Cwht1p with trypsin released
a mixture of catalytically active polypeptides (Fig. 5). Total
activity of this Cwht1p hydrolysate was determined to be
1.4-fold higher than Cwht1p. A similar increase of activity
was also reported for endogenous and trypsin hydrolysis of
the soluble α-glucosidase I [7, 8]. The polypeptide bands
appeared to have molecular masses of 54, 38, 29, and
24 kDa, with the 38 kDa band having the highest intensity.

Isolation, detection, and purification of Cwht1p mutants
(E580A and D584A)

Enzyme mutants were isolated using IMAC with an
imidazole step-gradient elution as described for Cwht1p.
The 100 mM imidazole fraction had multiple protein bands,
including the protein of interest. Immunoblot analysis of
100 mM imidazole fractions with a monoclonal anti 6xHis
antibody confirmed that E580A and D584Awere expressed
(Fig. 6). The band intensity on SDS-PAGE and immunoblot
analysis (Fig. 6, lanes 3 and 4) indicated that mutated
proteins were expressed at significantly lower concentra-
tions than the parental Cwht1p. Also, D584Awas expressed
at a lower concentration than E580A. Further purification
of E580A was achieved using the FPLC MonoQ HR5/5.
SDS-PAGE analysis of fractions obtained from the MonoQ
showed that a peak eluted at approximately 0.3 M NaCl
containing a single band of E580A. This was similar to the
elution conditions of Cwht1p from the MonoQ. However,
no peak could be detected for D584A at 0.3 M NaCl. The
concentration of E580A and D584A were estimated at
1.2 μg and 0.2 μg/g wet biomass, respectively, based on the
SDS-PAGE analysis and the MonoQ profile.

Cwht1p mutants (E580A and D584A) are inactive

The 100 mM imidazole IMAC fractions of E580A and
D584A were dialyzed for 8 h in 20 mM phosphate buffer,

Fig. 2 Immunoblot analysis of protein isolates from transformed
yeasts. a SDS-PAGE (10%) of cell homogenates from yeast strains
expressing CWHT1 (lane 3), CWHT2 (lane 4), CWHT3 (lane 5), and
control yeast with pHVX2-His (lane 6). Lanes 1 and 7 were molecular
weight standards and lane 2 was protein extracted from microsome of
yeast expressing CWHT1; gel was stained by Coomassie blue. b
Western blot analysis was carried out using rabbit anti-yeast α-
glucosidase I polyclonal antibody; lane 1, purified Cwht1p; lane 2–7
as described in a. c Western blot analysis of proteins were performed
using mouse anti-His monoclonal antibody; lane 1, purified Cwht1p;
lane 2–7 as described in a. Arrow shows the position of Cwht1p

434 Glycoconj J (2007) 24:429–437



pH 6.8, and concentrated to approximately 0.13 mg protein/
ml. Aliquots of 4 μl of the E580A fraction (containing
∼117 ng of E580A) and D584A fraction (containing ∼10 ng
of D584A) were incubated with 2.5 mM and 10 mM
synthetic trisaccharide for 30 min and 1 h at 37°C. No
activity was detected for mutants at either substrate
concentration. No aryl α-glucosidase activity was detected
in the 100 mM imidazole fractions for either mutant.

Discussion

Yeast α-glucosidase I (Cwh41p) is a type II ER protein
with a proposed domain orientation similar to mammalian
α-glucosidase I [4, 5]. However, the function of the
predicted domains (i.e. N-terminal and transmembrane)
are not well understood. Previously we showed that the
soluble form of α-glucosidase I (98 kDa) is released from
the membrane-bound enzyme (Cwh41p) during the isola-
tion process by endogenous cleavage between A24-T25, a
predicted signal cleavage site [6]. Moreover, 59 kDa and

37 kDa catalytically active polypeptides were isolated from
trypsin proteolysis and endogenous hydrolysis of soluble α-
glucosidase I using deoxynojirimycin-based resins [8].
Plasmids carrying truncated forms of CWH41 (CWHT1-3)
for encoding polypeptides (Cwht(1–3)p) equivalent to these
hydrolytic fragments, fused with C-6xHis, were constructed
and transformed into S. cerevisiae. Cwht1p (E35-F833) was
expressed as a functional polypeptide. However, Cwht2p
(R320-F833) and Cwht3p (M526-F833) were not detect-
able by immunoblot analyses. These results suggest that the
region of the CWH41 gene encoding E35-M526 of Cwh41p
is essential for functional expression. It is possible that
deletion of this region has an effect on gene expression and/
or stability of mRNA.

The specific activity of purified Cwht1p was determined
to be 3,600 U/mg protein which is comparable to the specific
activity of the pure soluble α-glucosidase I (3,000 U/mg
protein). Therefore, M1-E33 of Cwh41p, containing the
predicted N-terminal (M1-K10) and the transmembrane
domain (T11-I28), is not required for α-glucosidase I folding
and activity. It has also been shown that protein chimeras
fused with the region containing the predicted N-terminal
and transmembrane domain of human α-glucosidase I folded
correctly [15, 16]. Also fusion of the yeast enzyme with
6xHis residues at the C-terminal does not alter enzyme
conformation as Cwht1p remained fully functional towards
the synthetic trisaccharide.

Our findings suggest that Cwht1p was expressed as a
soluble fragment that is not associated with the ER
membrane, and likely does not translocate into the ER

Table 2 Purification of
Cwht1p from transformed S.
cerevisiae expressing CWHT1a

a Results are per gram wet
weight of yeast cells.
b 1 U of activity=1 nmol of
released glucose per min

Purification step Total activity
(U)b

Total protein
(mg)

Specific activity
(U/mg)

Yield
(%)

Purification
(fold)

70% (NH4)2SO4 1,300 9.1 140 100 –
Toyopearl DEAE 830 1.7 490 64 1
FPLC Mono Q HR5/5 350 0.12 2,900 27 6
FPLC His-Trap 160 0.045 3,600 12 7.4

Fig. 3 Purification of Cwht1p. SDS-PAGE (10%) analysis of Cwht1p
fractions at different stages of purification. Lane 1 and 6, molecular
weight standards; lane 2, 70% ammonium sulfate precipitate; lane 3,
0.2 M NaCl α-glucosidase I active fraction from Toyopearl DEAE;
lane 4, 0.3 M NaCl α-glucosidase I active fraction from MonoQ; lane
5, 100 mM imidazole active fraction from His-Trap; lane 7, pure α-
glucosidase I from yeast expressing CWH41; lane1 and 6, molecular
weight standards. Gel was stained by Coomassie blue

Fig. 4 Cwht1p is not glycosylated. a SDS-PAGE (10%) of the
soluble α-glucosidase I (lane 1); soluble α-glucosidase I treated with
N-glycosidase F (lane 2); Cwht1p (lane 3); Cwht1p treated with N-
glycosidase F (lane 4). b Western blot analysis of the biotinylated
glycoprotein was carried out using anti-biotin polyclonal antibody
conjugated with peroxidase and 4-chloro-1-naphthol as the substrate
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during translation. The soluble α-glucosidase I activity of
yeast expressing CWHT1 increased 4-fold per g of biomass
compared to yeast overexpressing CWH41, and immuno-
blot analysis did not detect any band corresponding to
Cwht1p in the microsomal protein fraction. As well,
although Cwht1p carries all of five N-glycosylation sites
of Cwh41p, it was not glycosylated. Therefore, the N-
terminal and transmembrane domain in yeast α-glucosidase
I likely mediate ER localization of α-glucosidase I through
an ER signal sequence. In human α-glucosidase I, it was
suggested that three N-terminal Arg (R7, R8 and R9)
mediate ER localization [15]. However, such a region has
not been identified within the predicted N-terminus of yeast
α-glucosidase I. In type II membrane proteins the hydro-
phobic region that anchors the protein to the membrane
could also be the ER signal sequence suggesting a dual
function for that region [17]. Thus, it is plausible that the
hydrophobic region of yeast α-glucosidase I (T11-I28)
functions as a signal sequence for translocating the protein
into the ER.

Although Cwht1p was not glycosylated, it had the same
specific activity as the glycosylated soluble glucosidase I.
Studies have also shown that inhibiting N-glycosylation of
other enzymes that are natively N-glycosylated [18–20] did

not affect activity and/or conformation during folding. In
addition, treatment of pure Cwht1p with trypsin resulted in
the release of catalytically active polypeptides similar to
those obtained from the glycosylated enzyme [7, 8]. This
implies that glycosylation of yeast α-glucosidase I is not
critical for the protein to acquire its active conformation
through interaction with the ER lectin like chaperones and
does not change resistance of the catalytic domain to
proteolysis. Therefore, functional expression of the soluble
form of yeast α-glucosidase I (Cwht1p) in E. coli should be
investigated. This may facilitate expression, extraction and
purification of the enzyme compared to using S. cerevisiae.

It is well accepted that the mechanism of action of
glycosyl hydrolases involves a pair of carboxylic acid
residues [10]. Yeast α-glucosidase I is an inverting enzyme
[9] with one carboxylate serving as a general base and the
other as a general acid [11]. Six highly conserved carbox-
ylic acid residues, D601, D602, E613, D617, D670, and
E804 of Cwh41p, are situated within the catalytic region
(F525-F833) of yeast α-glucosidase I. Furthermore, E613
and D617 (corresponding to E580 and D584 of Cwht1p)
are located at the proposed binding motif of mammalian
glucosidase I, indicating that they may possess a prominent
function in enzyme activity. Indeed, E580A and D584A
variants of Cwht1p did not exhibit any detectable glu-
cosidase I activity with the synthetic trisaccharide and
α-nitrophenyl α-D-glucopyranoside. These drawbacks
prevented acquisition of important kinetic parameters for
E580A and D584A. However, other functional roles for
these carboxylic acid residues cannot be excluded. For in-
stance, it has been reported that in other inverting
glycosidase such as glucoamylase (EC 3.2.1.3, family 15)
from Aspergillus sp, non-active site carboxylic acid
residues such as Asp55 [21, 22] and Glu180 [23] are
critical for hydrogen bonding with hydroxyl groups of
sugar substrates. It was also reported that site-directed
mutagenesis of the non-catalytic Asp101 of α-amylase
(EC 3.2.1.2, family 14), resulted in undetectable activity
[24]. It was noted that Asp101 interacts with the non-
reducing terminus of the substrate, adjusting the position
of the sugar for catalysis [25]. It was also shown that

Fig. 5 Trypsin hydrolysis of pure Cwht1p at 20°C releases a mixture
of α-glucosidase I active polypeptide(s). Pure Cwht1p was mixed with
the modified trypsin (Promega), with the ratio of 8:1 and kept at 20°C
for 20 h. Enzyme without trypsin was incubated under the same
condition (control). An aliquot of the hydrolyzed enzyme and control
were mixed with SDS-PAGE sample buffer, boiled for 5 min,
subjected to 12.5% SDS-PAGE, and Coomassie stained. Cwht1p only
(control, lane 1), hydrolyzed Cwht1p (lane 2), and molecular weight
standards (lane 3). α-Glucosidase I activity was measured for the
hydrolyzed enzyme and control after trypsin activity was inhibited
with PMSF (100 μg/ml). The values above the figure represent the
ratio of total α-glucosidase I activity of the hydrolyzed Cwht1p
compared to control Cwht1p

Fig. 6 Western blot analysis of
E613A and D617A. 100 mM
imidazole IMAC fractions of
mutated proteins were run on
SDS-PAGE gel (10%) and were
electroblotted onto PVDF. Im-
munoblot was carried out using
anti-His monoclonal antibody.
Lane 1, Cwht1p; lane 2, pre-
stained molecular weight mark-
er; lane 3, E613A; lane 4,
D617A. Arrow shows the posi-
tion of Cwht1p
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expression of E580A and D584A was drastically de-
creased compared to Cwht1p hindering further structural
analysis. However, Ala is a non-ionizable, sterically
conserved replacement for the carboxylic acid residues
that should have a low impact on structure, and has been
used frequently in site-directed mutagenesis [25]. Never-
theless, the possibility of inactivation of enzyme due to
changes in structural conformation associated with site-
directed mutagenesis cannot be completely excluded.
Results of this study indicate that E613 and D617 of yeast
α-glucosidase I are important either for mechanism of
action or for establishing the active structural conforma-
tion. Therefore, the role of these two residues should be
further investigated by substitution with sterically con-
served residues such as Asn and Gln. It will also be
important to determine the role of other highly conserved
carboxylic acid residues, D601, D602, D670, and E804 in
the putative catalytic region of yeast α-glucosidase I.
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