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We describe isolation and characterization of the gene encoding the glucosidase II alpha subunit (GII�) of
the industrially important fungus Trichoderma reesei. This subunit is the catalytic part of the glucosidase II
heterodimeric enzyme involved in the structural modification within the endoplasmic reticulum (ER) of
N-linked oligosaccharides present on glycoproteins. The gene encoding GII� (gls2�) in the hypercellulolytic
strain Rut-C30 contains a frameshift mutation resulting in a truncated gene product. Based on the peculiar
monoglucosylated N-glycan pattern on proteins produced by the strain, we concluded that the truncated
protein can still hydrolyze the first �-1,3-linked glucose residue but not the innermost �-1,3-linked glucose
residue from the Glc2Man9GlcNAc2 N-glycan ER structure. Transformation of the Rut-C30 strain with a
repaired T. reesei gls2� gene changed the glycosylation profile significantly, decreasing the amount of mono-
glucosylated structures and increasing the amount of high-mannose N-glycans. Full conversion to high-
mannose carbohydrates was not obtained, and this was probably due to competition between the endogenous
mutant subunit and the introduced wild-type GII� protein. Since glucosidase II is also involved in the ER
quality control of nascent polypeptide chains, its transcriptional regulation was studied in a strain producing
recombinant tissue plasminogen activator (tPA) and in cultures treated with the stress agents dithiothreitol
(DTT) and brefeldin A (BFA), which are known to block protein transport and to induce the unfolded protein
response. While the mRNA levels were clearly upregulated upon tPA production or BFA treatment, no such
enhancement was observed after DTT addition.

N glycosylation of proteins is a cotranslational process that
starts in the lumen of the endoplasmic reticulum (ER) by the
en bloc transfer of the precursor glycan Glc3Man9GlcNAc2 to
suitable Asn-X-Ser/Thr sequons of nascent polypeptide chains
(40). Shortly after transfer, the first �-1,2-linked glucose resi-
due is removed by glucosidase I, a type II ER membrane
protein with a luminal catalytic domain (36). This rapid re-
moval probably plays an important role in the detachment of
the newly formed glycoprotein from the oligosaccharyl trans-
ferase (68). The two remaining �-1,3-glucoses are hydrolyzed
by glucosidase II (40). Subcellular fractionation (8, 39) and
immunolocalization (42) studies determined that glucosidase
II is mostly confined to the ER.

The existence of an enzyme capable of removing the two
remaining �-1,3-linked glucose residues was first proposed by
Ugalde and coworkers after partial purification of microsomal
glucosidase activities from rat liver cells (90). Since then, glu-
cosidase II has been partially or completely purified from a
wide variety of both lower and higher eukaryotic organisms (2,
6, 7, 11, 20, 38, 78, 80, 88). Following some initial controversy,

it is now generally accepted that the protein is a rather asym-
metric nonglobular heterodimer consisting of a catalytic alpha
subunit with a molecular mass of about 110 kDa (GII�) and a
beta subunit with a molecular mass of 60 kDa (GII�) (6, 15, 65,
85, 86, 88).

The sequence coding for the alpha subunit, originally cloned
from rat liver cells, showed significant homology with members
of glycosyl hydrolase families 9 and 31 (88). A BLAST search
identified a human cDNA sequence with an unknown function
(GenBank accession no. D42041), as well as a Saccharomyces
cerevisiae open reading frame (ORF) from chromosome II
(GenBank accession no. Z36098). Disruption of the latter
ORF yielded a yeast strain devoid of glucosidase II activity
(88). Shortly after this, GII�-encoding sequences were cloned
from mouse T lymphocytes (6), pig liver (20), the slime mold
Dictyostelium discoideum (22), and Schizosaccharomyces pombe
(15). All derived protein sequences carry a conserved WX
DLNE motif, which is the typical consensus sequence for the
active site of glycosidase family 31 (29).

Retrieval of the sequences encoding the beta subunit was
based on the amino acid composition of the purified protein or
on homology searches of available databases (6, 88). GII� is a
hydrophilic protein with a molecular mass of about 60 kDa and
an elongated conformation (86). It carries a C-terminal HDEL
tag, which is known to be an ER retrieval signal (64). Since the
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glucosidase II alpha subunit does not carry a known ER re-
tention signal, it is generally believed that one of the major
tasks of the beta subunit is to constrain the enzymatic subunit
to the ER (15). Recent data also indicate the involvement of
GII� in the maturation of the glucosidase II heterodimer.
While coexpression of the alpha and beta subunits increases
total glucosidase II activity, expression of GII� alone results in
an insoluble and inactive aggregate (65, 85). However, once
GII� is fully folded, the beta subunit is no longer necessary for
activity (86).

Glucosidase II has a neutral pH optimum (7, 11, 30, 38, 78),
and its function does not depend on metal ions (30, 77). Its
optimal substrate is Glc1-2Man9GlcNAc2, and its hydrolytic
capacity diminishes as the number of mannose residues de-
creases (27). Incubation with compounds such as deoxynojiri-
mycin (77) or castanospermine (38) blocks the removal of both
�-1,3-linked glucoses. Bromoconduritol, on the other hand,
inhibits the hydrolysis only of the innermost glucose residue
(16). This was explained by the kinetic model proposed by
Alonso and coworkers, who identified a low-affinity substrate
binding site and a high-affinity substrate binding site (2, 3). In
this model, the first �-1,3-glucose is rapidly removed by bind-
ing of the high-affinity site, while the second glucose residue is
hydrolyzed after binding of the low-affinity site.

After deglucosylation by glucosidase II, the ER resident
UDP-glucose:glycoprotein glucosyltransferase (GT) can add a
new �-1,3-linked glucose residue to the glucose-free oligosac-
charide (19, 57, 89). However, a prerequisite for this transfer is
that the underlying peptide chain has not yet folded into a
mature glycoprotein (87). GT seems to be a very sensitive
sensor for the tertiary structure of the protein (83) and as such
lies at the core of the glycoprotein quality control mechanism.
Monoglucosylated carbohydrates, formed either after partial
hydrolysis of the �-1,3-linked glucose residues by glucosidase
II or through the action of GT on glucose-free N-glycans, can
interact with the ER-resident lectins calnexin and calreticulin
(28). This greatly reduces aggregation of unfolded proteins and
thereby increases the possibility of their interaction with other
ER chaperones, such as the binding protein BiP (60).

Filamentous fungi, such as Trichoderma reesei, have a great
capacity to secrete proteins and are therefore exploited for
industrial production of autologous proteins (10, 23, 24) and
heterologous proteins (41, 66). However, although the yield of
secreted autologous proteins can reach tens of grams per liter,
the yield of proteins of mammalian origin remains within the
range of a few milligrams per liter (66). The synthesis of het-
erologous proteins and supplementation of the medium with
factors that result in ER secretion stress (such as dithiothreitol
[DTT] or brefeldin A [BFA]) are known to induce the un-
folded protein response (UPR). In yeast, this response is me-
diated by the kinase/endoribonuclease Ire1p, which when ac-
tivated splices the HAC1 mRNA in an unconventional way.
The resulting mRNA is translated into a functional Hac1p that
acts as a positive transcription factor for genes under control of
the UPR (reviewed in references 43 and 61). Recent results
indicate that a similar mechanism in filamentous fungi (74)
induces elevated synthesis of chaperones (18, 32, 35, 52, 70, 73,
92) and other proteins involved in different processes in the
secretion pathway (75). However, with the exception of one
report on the Aspergillus niger calnexin gene (91), little is

known about the sensitivity of several other partners of the
calnexin-related quality control system (such as glucosidase II
and GT) to the accumulation of unfolded proteins and to
secretion stress in general.

In this study, we cloned the gene encoding the glucosidase II
alpha subunit of T. reesei Rut-C30. The glycan pattern of the
extracellular hydrolases of this hypercellulolytic strain is very
peculiar, in that the carbohydrates carry a terminal �-1,3-glu-
cose residue (17, 45, 79). This could result from insufficient
glucosidase II activity under cellulose-inducing conditions, or
for some reason the enzyme activity could be partially inhibited
in the Rut-C30 strain. As the Rut-C30 strain was generated
after several rounds of mutagenesis, the aberrant glycosylation
pattern could also be the result of a defective glucosidase II
promoter or protein. Here we present data indicating that a
frameshift mutation in the glucosidase II ORF is responsible
for the observed glycan pattern and discuss the effect on the
strain’s phenotype when a functional version of this gene is
introduced.

MATERIALS AND METHODS

Strains and growth conditions. For preparation of genomic DNA or RNA for
5� rapid amplification of cDNA ends (5�-RACE) cloning, T. reesei strains Rut-
C30 (� ATCC 56765), Rut-NG14 (� ATCC 56765), and QM9414 (� ATCC
26921) were grown in minimal medium. This medium contained (per liter) 20 g
dextrose monohydrate, 5 g (NH4)2SO4, 15 g KH2PO4, 0.3 g CaCl2, and 0.3 g
MgSO4 and was supplemented with essential minerals (5 mg FeSO4 · 7H2O, 1.4
mg ZnSO4 · 7H2O, 3.7 mg CoCl2, and 1.6 mg MnSO4 · 7H2O).

T. reesei Rut-C30 and a transformant of this strain producing tissue plasmin-
ogen activator (tPA) (clone 306/36; Uusitalo, Pakula, and Penttilä, unpublished
data) were cultivated in laboratory-scale bioreactors. Fungal spores were first
inoculated into shake flasks (107 spores per 50 ml) in culture medium containing
(per liter) 20 g lactose, 4 g peptone, 1 g yeast extract, 15 g KH2PO4, 2.8 g
(NH4)2SO4, 0.6 g MgSO4 · 7H2O, and 0.8 g CaCl2 · 2H2O and supplemented with
essential minerals, and the pH was adjusted to 5.2 by addition of KOH. The
precultures were cultivated for 2 days at 28°C on a rotary shaker at 200 rpm,
transferred into fresh medium (1:10, vol/vol), and cultivated for another day.
Before the precultures were transferred to the bioreactors, the mycelium was
centrifuged for 5 min at 1,500 � g and washed with culture medium. The medium
used in the final fermentation was the medium described above, except that a
higher concentration of lactose (40 g/liter) and a lower concentration of KH2PO4

(4 g/liter) were used. The pH of the medium in the bioreactor was adjusted to 6.1
to 6.3 by addition of NH4OH and H3PO4.

For cultivation under ER stress conditions, the Rut-C30 strain was grown on
minimal medium containing (per liter) 20 g lactose, 15 g KH2PO4, 7.6 g
(NH4)2SO4, 0.5 g MgSO4 · 7H2O, 0.2 g CaCl2 · 2H2O, 5 mg FeSO4 · 7H2O, 1.4
mg ZnSO4 · 7H2O, 3.7 mg CoCl2, and 1.6 mg MnSO4 · 7H2O. The pH of the
medium was adjusted to 5.2 with KOH. The culture medium was inoculated with
2 � 107 spores per 200 ml of medium, and the culture was grown in conical shake
flasks at 28°C with shaking at 200 rpm for 4 days. The cultures were then diluted
1:10 in fresh medium, grown for another 24 h, and treated with DTT (final
concentration, 10 mM) or BFA (50 �g/ml). The same volume of solvent used in
the drug stock solution (double-distilled water for cultivation with DTT and 0.5%
dimethyl sulfoxide for cultivation with BFA) was added to the untreated control
cultures.

Growth of T. reesei Rut-C30 in the presence of 1 mg of the �-glucosidase
inhibitor castanospermine (Calbiochem-Merck Eurolab NV/SA, Leuven, Bel-
gium) was done in 15 ml (total volume) of minimal dextrose medium using a
50-ml Falcon tube. The culture was incubated for 2 days at 30°C with shaking at
200 rpm.

Electrocompetent or chemocompetent Escherichia coli MC1061 cells [hsdR2
hsdM� hsdS� araD139 �(ara leu)7697 �lacX74 galE15 galK16 rpsL (Strr) mcrA
mcrB1] (13) were used for DNA manipulations. Growth and transformation of E.
coli were performed as described previously (76).

Nucleic acid preparation for cloning purposes. Trichoderma genomic DNA
was extracted from mycelium grown for 5 to 6 days in minimal medium at 30°C.
The mycelium was separated from the growth medium, washed, dried, frozen in
liquid nitrogen, and then ground. The disrupted fungal cells were resuspended in
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5 to 10 ml of extraction buffer (200 mM Tris-HCl [pH 8.5], 250 mM NaCl, 0.5%
sodium dodecyl sulfate [SDS]), and after phenol extraction, the aqueous phase
was treated with 1 mg of RNase A (30 min at 37°C). Following chloroform
extraction, the DNA was precipitated with isopropanol, and the DNA pellet was
washed, dried, and resuspended in a suitable volume of H2O.

Total Trichoderma RNA for 5�-RACE was prepared from mycelium grown in
minimal medium for 5 to 6 days at 30°C. The mycelium was separated from the
growth medium, washed, dried, frozen in liquid nitrogen, and then ground. The
disrupted cells were resuspended in extraction buffer (25 mM sodium citrate, 4
M guanidinium HCl, 100 mM sodium lauryl sarcosine, and 100 mM beta-mer-
captoethanol), and the resulting suspension was extracted twice with phenol and
once with chloroform. The RNA was precipitated from the aqueous phase with
LiCl, and the resulting pellet was resuspended in 0.3 M sodium acetate, pH 5.7.
After centrifugation, the RNA was precipitated from the supernatant with ice-
cold ethanol. The RNA pellet was washed, dried, and resuspended in a suitable
volume of diethyl pyrocarbonate-treated H2O.

cDNA cloning of the T. reesei Rut-C30 glucosidase II gene. Based on an
alignment of several known mammalian and yeast glucosidase II alpha subunit
amino acid sequences, three homologous regions were selected for synthesis of
degenerate primers. The primers were sense primer 5�-GTITATGGIATHCCI
GAGCATGC-3� (primer 1) and antisense primers 5�-GIGCGTGIGCICKGAA
GAAIG-3� (primer 2) and 5�-TGISWICCIGCGAAGAAIGCIC-3� (primer 3)
(H � A, C, or T; K � G or T; S � G or C; W � A or T). A PCR with 200 ng
of total DNA from a T. reesei cDNA library (72) was performed using Taq
polymerase and 50 pmol of primer 1 and primer 3. Amplification was carried out
for 35 cycles of 94°C for 45 s, 55°C for 1 min, and 72°C for 1.5 min. Similar
reaction conditions were used for a PCR with primers 1 and 2, except that the
annealing temperature was decreased to 50°C. The amplified fragments were
cloned in pCR2.1-TOPO (N.V. Invitrogen SA, Merelbeke, Belgium) for se-
quence analysis.

Clones containing the T. reesei glucosidase II alpha subunit were isolated using
a PCR-based method as described previously (82). In brief, the cDNA library was
transformed into E. coli MC1061 competent cells. The transformation mixture
was diluted and transferred into a 96-well plate at about 5,000 cDNA clones per
well. The microtiter plate thus contained about five times the number of cDNA
clones in the cDNA library. After incubation for several hours at 37°C, PCR was
performed with primers 1 and 3 using the pooled cellular suspension from each
of the 12 columns and each of the eight rows of the 96-well plate. Based on the
results, positive wells lying at the intersection of positive columns and positive
rows could be identified by gel analysis of the obtained PCR product. One of

these wells was used to inoculate a new microtiter plate at a concentration of 500
clones per well. After incubation, the PCR was repeated, and the cell suspension
of one of the resulting positive wells was again inoculated into the wells of a new
microtiter plate, this time at a concentration of 50 clones per well. After incu-
bation, the cell suspension from one of the positive wells was plated on solid
Luria-Bertani (LB) medium. About 200 colonies were transferred to Hybond N
filters (Amersham Biosciences Benelux, Roosendaal, The Netherlands) and in-
cubated overnight. Colony hybridization was carried out using the PCR frag-
ment, amplified from the cDNA library with primers 1 and 3, as the probe. 32P
labeling of the probe was done with a High-Prime kit (Roche Diagnostics Bel-
gium sa/nv, Vilvoorde, Belgium), following the instructions of the manufacturer.

DNA was prepared from several positive clones and digested with EcoRI and
XhoI to release the DNA insert. Southern blotting was performed to confirm the
glucosidase II specificity of the fragments obtained. Furthermore, the fragments
were cloned for sequence analysis, either as EcoRI/XhoI fragments into an
EcoRI/SalI-opened pUC19 vector or as blunted XhoI fragments into an EcoRV-
opened pBluescriptII KS(�/	) vector (Stratagene Europe, Amsterdam, The
Netherlands).

5�-RACE and iPCR cloning. To clone the missing 5� part of the glucosidase II
alpha subunit gene, 5�-RACE and inverse PCR (iPCR) were used. For the iPCR,
an antisense PCR primer (ROT2TR4_AS; 5�-GTTAAACGTTTCGTCCCACC-
3�) and a sense PCR primer (ROT2TR1_S; 5�-GGCTCCATCCCTTTCATGC-
3�) were designed on the basis of the 5� sequence of the cloned but incomplete
gls2� cDNA fragment. The 5� ends of the primers faced each other and hybrid-
ized to positions on the cDNA that were separated by a 229-bp region which
contained an NcoI restriction site. Trichoderma genomic DNA (10 �g) was
digested with BamHI, a restriction enzyme that cuts the glucosidase II alpha
subunit sequence at a position 3� to both iPCR primers. After heat inactivation
of BamHI, the genomic DNA fragments were self-ligated into circular molecules
with T4 DNA ligase, purified, and digested with NcoI. The iPCR primers, now
with their 3� ends facing each other, flanked the missing 5� sequence of the
glucosidase II alpha subunit. After the NcoI digestion, the DNA was purified by
phenol extraction and isopropanol precipitation and dissolved in 50 �l of H2O.
One microliter of the DNA suspension was used as a template in a PCR with 50
pmol of each iPCR primer. The PCR was performed with Pfu polymerase for 20
cycles of 94°C for 45 s, 55°C for 30 s, and 72°C for 1.5 min. A schematic view of
the iPCR strategy is shown in Fig. 1A.

For the 5�-RACE procedure, a First Choice RLM-RACE kit was used [Am-
bion (Europe) Ltd., Huntingdon, United Kingdom]. For primer design and the
experimental procedure we followed the instructions of the manufacturer. The

FIG. 1. Cloning and characterization of the glucosidase II alpha subunit gene. (A) Inverse PCR strategy. Genomic DNA was digested with
BamHI, and the fragments were self-ligated. After NcoI digestion, a PCR was performed using primers ROT2TR4_AS and ROT2TR1_S. (B) Gel
analysis of the DNA fragment obtained by iPCR. (C) Gel analysis of the DNA fragment obtained by 5�-RACE. (D) Alignment of part of the cloned
iPCR and 5�-RACE sequences, indicating the presence of a 60-bp intron sequence. (E) Southern analysis of Rut-C30 genomic DNA (treated with
EcoRI [lane1], HindII [lane 2], HindIII [lane 3], and BglII [lane 4]) using a gls2�-specific 32P-labeld probe. Lane M contained a 
 PstI-digested
DNA reference marker.

2912 GEYSENS ET AL. APPL. ENVIRON. MICROBIOL.



gene-specific primers used for the outer and inner PCRs were ROT2TR-RLM
RACE (5�-GATATACTCGAAGACGTCGG-3�) and ROT2TR4_AS (5�-GTT
AAACGTTTCGTCCCACC-3�), respectively. Annealing during the outer and
inner PCRs was done at 57°C and 55°C, respectively.

For sequence analysis, the 5�-RACE and inverse PCR fragments were cloned
in the pCR-blunt II-TOPO vector (N.V. Invitrogen SA, Merelbeke, Belgium).

PCR-based intron and frameshift analyses. The intron-exon composition of
the glucosidase II gene was analyzed by amplifying the whole gene from the
Rut-C30 genome. Genomic DNA (1 �g) was used as the template, and the sense
and antisense primers were 5�-ATGAGGTCGACGATGGGG-3� and 5�-AGC
CAGCTTGATGCTCC-3�, respectively. The fragment was amplified with Pfu
polymerase using 25 cycles of 94°C for 1 min, 55°C for 1 min, and 72°C for 7 min.

Frameshift analysis was done on the Rut-C30, Rut-NG14, and QM9414 ge-
nomes by PCR using 1 �g of genomic DNA as the template. The sequences of
the internal gls2�-specific primers were 5�-TATCTCTGGTTTCCCGTTCTC
G-3� for the sense primer ROT2TR3_S and 5�-CTGGTCATCAATCGCCAAG
CC-3� for the antisense primer ROT2TR0_AS. PCR was performed using Pfu
polymerase for 25 cycles of 94°C for 1 min, 60°C for 1 min, and 72°C for 1 min.

For sequence analysis, the PCR fragments were cloned in the pCR-blunt
II-TOPO vector (N.V. Invitrogen SA, Merelbeke, Belgium).

Southern analysis. About 15 �g of genomic DNA was digested overnight with
suitable restriction enzymes. After fractionation on a 1% agarose gel, the DNA
was transferred to a nylon membrane (Hybond N�; Amersham Biosciences
Benelux, Roosendaal, The Netherlands) via alkali blotting. Hybridization anal-
ysis was done using a 32P-labeled 599-bp NcoI fragment of the Trichoderma
glucosidase II alpha subunit gene. Nucleic acid blotting and the hybridization
analysis were done using standard procedures (76). Labeling of the probe was
performed with a High-Prime kit (Roche Diagnostics Belgium sa/nv, Vilvoorde,
Belgium).

Northern analysis of T. reesei Rut-C30 treated with DTT or BFA or expressing
tPA. Mycelium samples (50 ml) were collected from cultures treated with either
DTT or BFA and from the corresponding untreated control cultures at different
times (0, 15, 30, 60, 90, 120, 240, and 360 min after addition of the drug). The first
sample (time zero) was obtained immediately before DTT or BFA was added.
Similarly, 50-ml samples of mycelia were collected frequently during laboratory-
scale fermentation of untransformed strain Rut-C30 and the tPA-producing
clone 306/36.

The mycelium was filtered, washed with an equal volume of 0.7% NaCl, frozen
immediately in liquid nitrogen, and stored at 	80°C. Total RNA was isolated
using the Trizol reagent (Gibco BRL) according to the manufacturer’s instruc-
tions. Northern blot analysis on nitrocellulose filters was carried out using stan-
dard procedures (76). A cDNA fragment (499-bp BamHI fragment) of the
glucosidase II alpha subunit gene was used as a probe for the gls2� transcript.
The gls2� signals were normalized using the signals of gpd1 or act1 (accession no.
X75421), as indicated below. For gpd1, a 900-bp cDNA fragment (VTT Biotech-
nology, Espoo, Finland) was used as a probe, while for act1 a 767-bp PCR-
amplified fragment was used.

Construction of the Trichoderma expression vector for a functional Tricho-
derma glucosidase II alpha subunit gene. The Trichoderma expression vector for
a functional Trichoderma glucosidase II alpha subunit gene was constructed in six
steps, as follows. (i) The cloned glucosidase II cDNA fragment was cut out of the
pAJ401 library vector as an approximately 3,000-bp EcoRI/HindIII fragment.
This fragment was ligated into an EcoRI/HindIII-opened pUC19 vector to ob-
tain plasmid pUC19�gls2�Treesei(shift). (ii) The frameshift within the cloned
Rut-C30 cDNA fragment was repaired. A PCR fragment was amplified from
genomic DNA of the QM9414 strain using the Pfu polymerase and primers
ROT2TR2_S (5�-ATCAATGAGCAACTCCTGGC-3�) and ROT2TR0_AS (5�-
CTGGTCATCAATCGCCAAGCC-3�). A PCR was performed by using 25 cy-
cles of 1 min at 95°C, 1 min at 60°C, and 1 min at 72°C. The amplified fragment
was digested with XcmI/PflMI and ligated into the XcmI/PflMI-opened vector
pUC19�gls2�Treesei(shift) to obtain plasmid pUC19�gls2�Treesei(repaired).
(iii) The ORF of the glucosidase II alpha subunit (gls2�) was completed; the
5�-RACE fragment was digested with DraIII and MspAI and ligated to the DraIII
and Klenow-blunted EcoRI sites of vector pUC19�gls2�Treesei(repaired), giv-
ing rise to plasmid pUC19gls2�Treesei. (iv) A unique SmaI site was incorporated
at the 3� terminus of the gls2� ORF by mutagenesis using a Quick Change
mutagenesis kit (Stratagene Europe, Amsterdam, The Netherlands). The two
primers used to induce the silent mutation (from CGT to CGG) were the sense
primer 5�-CCATGTGAAGGCCCGGGTTGGGGATGACTGG-3� and the an-
tisense primer 5�-CCAGTCATCCCCAACCCGGGCCTTCACATGG-3�. The
resulting plasmid was designated pUC19gls2�Treesei(SmaI). (v) The plasmid
was cut with EcoRI/SalI for integration of a linker at the 5� end of the gls2� ORF.
The linker consisted of two partially complementary primers (sense primer

5�-GAATTCCCGCGGTACGTAATTATGAGG-3� and antisense primer 5�GT
CGACCTCATAATTACGTACCGCGGG-3�) and was prepared by mixing
equimolar amounts of the two primers, boiling the mixture, and gradually cooling
it to room temperature. By inserting the linker, two new unique restriction sites
(SacII and SnaBI) were integrated at the 5� end of the glucosidase II ORF,
creating plasmid pUC19(5�)gls2�Treesei(SmaI). (vi). The glucosidase II ORF
was isolated from this plasmid by HindIII/SacII-T4 polymerase treatment and
ligated into HindIII/NcoI-S1 nuclease-treated plasmid pFGPDGLAT3 (14). The
glucosidase II alpha subunit ORF was thus placed under transcriptional control
of the constitutive Aspergillus nidulans gpdA promoter. To decrease the distance
between the 3� end of the ORF and the trpC terminator, the vector was digested
with MluI to remove an approximately 500-bp fragment and then self-ligated to
produce plasmid pFGPDgls2�Treesei.

Transformation of T. reesei. T. reesei was cotransformed as described by Pent-
tila et al. (67) using the hygromycin resistance gene (plasmid pAN7.1 [69]) as a
selection marker. Before transformation, the glucosidase II alpha subunit ex-
pression vector pFGPDgls2�Treesei was linearized with FspI. Transformants
were selected on minimal medium containing 150 �g/ml hygromycin.

N-glycan analysis. Trichoderma strains were grown for 6 days at 28°C in 100-ml
shake flasks containing 50 ml minimal medium with glucose as the single carbon
source [composition (per liter): 20 g dextrose monohydrate, 5 g (NH4)2SO4, 15 g
KH2PO4, 0.3 g CaCl2, 0.3 g MgSO4, and essential minerals] or as otherwise
indicated. N-glycans of the total pool of secreted proteins were prepared as
described previously (56) from 1 ml of growth culture supernatant. The final
glycan pellet was resuspended in 5 �l of double-distilled H2O, and 1 �l of this
preparation was used for oligosaccharide analysis by laser-induced DNA se-
quencer-assisted fluorescence-assisted carbohydrate electrophoresis (DSA-
FACE), as described recently (12). Briefly, glycoproteins were immobilized on a
Multiscreen Immobilon-P plate and deglycosylated using peptide N-glycosidase
F (New England Bioloabs GmbH, Frankfurt am Main, Germany). N-glycans
were recovered and derivatized using 8-amino-1,3,6-pyrenetrisulfonic acid. After
removal of excess label by size fractionation on Sephadex G-10 resin, the 8-ami-
no-1,3,6-pyrenetrisulfonic acid-labeled carbohydrates were dried by evaporation
and reconstituted in a 5-�l mixture. A rodamine X-labeled Genescan 500 mix-
ture (Perkin-Elmer, Foster City, Calif.) was added as an internal standard.
Electrophoresis was done with an ABI 377 DNA sequencer (Applied Biosystems,
Foster City, Calif.) using a 12% polyacrylamide gel. The electrophoresis buffer
consisted of 89 mM Tris, 89 mM boric acid, and 2.2 mM EDTA. A maltodextran
ladder and an N-glycan mixture of RNase B, consisting of Man5-9GlcNAc2, were
used as references. Data analysis was performed with the GENESCAN 3.1
software (Applied Biosystems, Foster City, Calif.).

Mild acid hydrolysis of the N-glycans was performed with 1 �l of the prepared
N-glycan mixture by incubation with 9 �l of 10 mM HCl at 100°C for 30 min.
�-1,2-Mannosidase and jack bean mannosidase (0.1 U; Sigma Biochemicals,
Bornem, Belgium) digestion of the N-glycan mixture (1 �l) was done overnight
at 37°C in 20 mM sodium acetate (pH 5.0; total volume, 10 �l). The �-1,2-
mannosidase used was 1.35 �g (about 50 �U) of T. reesei �-1,2-mannosidase that
was produced in house (44). Before DSA-FACE analysis, the in vitro-treated
glycan samples were dried, and the pellets were resuspended in 1 �l double-
distilled H2O.

Protein analysis. Trichoderma strain Rut-C30 and transformants derived from
this strain were grown in 100-ml shake flasks for 6 days in 50 ml minimal glucose
medium. The cultures were incubated at 28°C with continuous shaking at 200
rpm. After growth, the mycelium was separated from the culture medium and
dried overnight at 50°C. Proteins were precipitated from the medium with tri-
chloroacetic acid. The proteins were resuspended in 2� Laemmli loading buffer,
separated by conventional SDS-polyacrylamide gel electrophoresis (PAGE), and
stained with Coomassie brilliant blue R-250 (Merck-VWR International BVBA,
Leuven, Belgium) using standard procedures (76).

Bioinformatics. All bioinformatics were performed using tools that are acces-
sible via a link on the ExPASy (Expert Protein Analysis System) proteomics
server of the Swiss Institute of Bioinformatics (5). Homology searches were done
using the BLAST algorithm (4). Dual and multiple alignments were performed
using the Clustal W algorithm (84) or the Align program (GENESTREAM
network server; IGH, Montpellier, France) (62). General features of the protein
(molecular weight, pI, amino acid composition) were assessed using the Prot
Param tool, and the presence of a putative signal sequence was predicted using
Signal P (version 1.1). Predictions of the presence of transmembrane helices
were made using the TMHMM (version 2.0) or HMMTOP (version 2.0) pro-
gram (by G. E. Tusnady).

Nucleotide sequence accession number. The sequence data presented in this
paper have been deposited in the EMBL/GenBank databases under accession
number AY623904.

VOL. 71, 2005 MUTANT GLUCOSIDASE II GENE FROM T. REESEI Rut-C30 2913



RESULTS

Cloning of the T. reesei glucosidase II alpha subunit gene.
The amino acid sequence of S. cerevisiae glucosidase II was
aligned with the sequences of several known mammalian glu-
cosidase II alpha subunits, using the Clustal W algorithm web-
site. Three degenerate primers were designed on the basis of
several homologous regions in order to screen a cDNA library
of the T. reesei Rut-C30 strain. PCR amplification using sense
primer 1 and antisense primer 3 produced a 1,170-bp fragment,
and nested PCR amplification with primers 1 and 2 resulted in
an approximately 970-bp fragment. Both fragments were of the
expected length, and sequence analysis showed that they ex-
hibited similarity with known glucosidase II alpha subunits.

Based on these results, cloning of the glucosidase II alpha
subunit cDNA was started from the Rut-C30 cDNA library,
using the technique for cDNA cloning by PCR screening (82)
with sense primer 1 and antisense primer 3. Each PCR round
(there were a total of three rounds) indicated that several wells
in the microtiter plate (see Materials and Methods) contained
at least one gls2�-specific clone. In the final PCR round, each
well contained a cell suspension consisting of about 50 differ-
ent cDNA clones, and two wells proved to be positive. After
incubation at 37°C, a dilution of the cell suspension of one of
the two positive wells was plated on solid LB medium. Two
hundred of the resultant colonies were analyzed by colony
hybridization using a 32P-labeled gls2� probe. Seven positive
clones were identified. XhoI/EcoRI restriction fragments
(1,700, 600, and 200 bp) of the plasmid DNA proved to be
glucosidase II specific as determined by Southern hybridization
or by sequence analysis. The isolated cDNA fragment was
completely sequenced and consisted of 2,290 bp. However,
similarity analysis also indicated that a substantial part of the 5�
end of the ORF was missing.

To clone the 5� end of the gene, both an inverse PCR
strategy and a 5�-RACE strategy were used. When inverse
PCR was used with Rut-C30 genomic DNA, a 1,700-bp frag-
ment was cloned (Fig. 1B). Partial sequence analysis indicated
the presence of two regions showing homology to the 5� part of
the ORFs of other known glucosidase II alpha subunit genes
that were separated from each other by a 60-bp putative intron
sequence. The existence of an intron in the 5� part of the
Trichoderma gls2� sequence was confirmed by 5�-RACE (Fig.
1D). Using a First Choice RLM-RACE kit, we obtained an
1,138-bp fragment (Fig. 1C) missing the 60-bp intron sequence
but otherwise showing 100% homology to the cloned iPCR
fragment.

Southern analysis, after digestion of the T. reesei Rut-C30
genomic DNA with different restriction enzymes, indicated
that a single copy of the glucosidase II alpha subunit gene was
present (Fig. 1E).

Nucleotide sequence analysis. (i) Intron analysis. To evalu-
ate the intron-exon composition of the Trichoderma glucosi-
dase II alpha subunit gene, PCR was performed with genomic
Rut-C30 DNA using a high-fidelity polymerase and gene-spe-
cific primers. A fragment consisting of about 3,000 bp was
amplified, which was approximately the length of the coding
cDNA. This indicated that only a few rather small intron se-
quences could be present. Alignment of the PCR fragment
with the cloned cDNA indicated that the 60-bp intron identi-

fied earlier at the 5� terminus was the only intron present in the
gls2� gene. The small size of this intron is consistent with the
sizes of most of the introns of the other filamentous fungi that
have been characterized (47, 48, 81). The intron follows the
GT/AG rule for the 5� and 3� splice site (51). It contains a lariat
sequence with the consensus sequence CTRAC (R � purine)
13 nucleotides upstream of the 3� splice site, which is charac-
teristic of other fungal intron sequences (33, 48, 53).

(ii) Promoter analysis. The inverse PCR strategy not only
succeeded in cloning the missing 5� part of the alpha subunit
ORF but also enabled us to isolate about 600 bp immediately
upstream of the initiating ATG codon (Fig. 2A). Analysis of
this 5� noncoding region revealed the presence of two putative
CCAAT boxes, one at position 	509 and the other at position
	195. This motif has been identified in the promoter region of
several biotechnologically important filamentous fungal genes
(reviewed in reference 9) and is believed to be involved in
Ca2� stress signal transduction in the human binding protein
promoter (71). No standard TATA box was found, but a TA
TTAAA sequence was identified at position 	368. An identi-
cal sequence was found at positions 	391 and 	352 of the cre1
promoter region of T. reesei and Trichoderma harzianum, re-
spectively (34). A putative heat shock element, resembling the
consensus sequence CT-GAA-TTC-AG (63), was identified at
position 	171. A possible stress response element, CCCCT
(46), was found at position 	325. Three putative UPR-specific
elements, showing 60 to 70% homology to the yeast consensus
sequence (50), were found either on the forward strand or on
the reverse strand at positions 	139/	128, 	249/	258, and
	580/	589.

(iii) Frameshift analysis. The 5�-RACE fragment and the
cloned cDNA sequence obtained from Rut-C30 were ligated in
silico, resulting in a 3,621-bp fragment. Translation and
BLAST analysis indicated the presence of an ORF encoding
an 807-amino-acid polypeptide showing homology to the N-
terminal regions of known glucosidase II alpha subunits. In
contrast to the first 655 amino acids, the C-terminal 152-ami-
no-acid sequence did not show any sequence homology to
other known glucosidase II alpha subunits. Moreover, the
Trichoderma GII� polypeptide sequence is significantly shorter
than the yeast or mammalian homologues. Detailed sequence
comparison indicated the presence of a frameshift within the
cloned cDNA causing premature termination of translation.
Indeed, computer analysis of the 3� 1,500 bp of the 3,621-bp
fragment identified a 927-bp out-of-frame sequence encoding a
309-amino-acid polypeptide that shows high homology to the C
terminus of known glucosidase II alpha subunits.

Using the gls2� internal primers ROT2TR3_S and
ROT2TR0_AS, a fragment consisting of about 320 bp was
amplified from the genomic DNA of T. reesei strains Rut-C30,
QM9414, and Rut-NG14 (Rut-NG14 is a cellulose-hyperse-
creting precursor strain of Rut-C30) (49). Based on BLAST
homology searches, the annealing sites of the two primers were
chosen so that the amplified fragment would contain the site of
the frameshift. Sequence alignment of the PCR fragments
generated clearly indicated the presence of a frameshift in the
Rut-C30 and Rut-NG14 genomes (but not in the QM9414
genome); at position 1965 of the glucosidase II alpha subunit
ORF a T was missing (Fig. 2B). This generated a premature
stop codon 456 nucleotides 3� of the position of the frameshift,
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resulting in the synthesis of a truncated protein with 152 C-
terminal amino acids that were not specific for the glucosidase
II alpha subunit.

Analysis of the deduced amino acid sequence. A full-size
nonmutant version of the gls2� ORF (total length, 2,892 bp)
encoded a 964-amino-acid polypeptide, whose length was sim-
ilar to the lengths of other known glucosidase II alpha sub-
units. The protein had a calculated molecular mass of 109,858
Da and a theoretical pI of 5.6. Analysis using Signal P (version
1.1) indicated the presence of a putative eukaryotic N-terminal
signal sequence consisting of 30 amino acids. A signal cleavage
site was predicted after Leu29Ala30. The polypeptide sequence
seemed to lack any known ER retention signals, such as an
HDEL tag or putative transmembrane helices. These data are
in agreement with the general model for the GII� protein (6,
88). The T. reesei glucosidase II alpha subunit exhibited 64.2%
sequence identity with its Neurospora crassa counterpart (SP-
TrEMBL accession no. Q8NIY3) but only 37.9% sequence
identity with the S. cerevisiae homologue (88) (GenBank ac-
cession no. Z36098). Low sequence identities, ranging from 40
to 43%, were also found for S. pombe (15) (SP-TrEMBL ac-
cession no. Q9US55) and higher eukaryotic organisms, such as
the pig (20) (SP-TrEMBL accession no. P79403), humans (88)
(SP-TrEMBL accession no. Q9P0X0), and Arabidopsis thali-
ana (SP-TrEMBL accession no. Q9FN05). Figure 3 shows an
alignment of some known glucosidase II alpha subunits with

the deduced amino acid sequence of the cloned T. reesei ho-
mologue. Similar to all known glucosidase II alpha subunits,
the Trichoderma homologue contains the conserved WX
DMNE motif of the glycosyl hydrolase family 31 that is essen-
tial for enzymatic activity (29).

Transcriptional response of the glucosidase II alpha sub-
unit gene in a T. reesei strain producing a heterologous pro-
tein. In fungi, the production of heterologous proteins some-
times induces a UPR (52, 70, 91, 92). As glucosidase II is
involved in the quality control of protein folding in the ER, it
might be required at elevated levels under such conditions.
Hence, we analyzed the expression levels of the gls2� gene in
bioreactor cultures of a T. reesei strain (clone 306/36) express-
ing human tPA and the parental Rut-C30 strain. Northern
analysis using a gls2�-specific probe revealed a band corre-
sponding to a 3.0-kb transcript, which is in accordance with the
estimated length of the gls2� mRNA consisting of the 2,891-bp
ORF and the 3� and 5� flanking regions. Throughout cultiva-
tion, the observed gls2�-specific signals were approximately 2-
to 2.5-fold greater for the strain expressing tPA than for the
untransformed Rut-C30 strain (Fig. 4A).

Transcriptional response of the glucosidase II alpha sub-
unit gene in cultures treated with DTT and BFA. Treatment of
T. reesei cultures with DTT or brefeldin A has been shown to
efficiently block transport and to induce UPR in the cultures
(55). To study further whether the expression of the glucosi-

FIG. 2. (A) Analysis of the sequence 5� of the initiating ATG codon of the cloned glucosidase II alpha subunit. CCAAT boxes are underlined;
the putative TATA box is enclosed in a box; the putative heat shock element is underlined and in italics; the possible general stress response
element CCCCT is double underlined; putative UPR elements are indicated by dotted lines; and the beginning of the coding sequence is indicated
by uppercase letters. (B) Frameshift analysis of the Rut-C30, Rut-NG14, and QM9414 genomic DNA: strategy used to analyze the genomic DNA.
Using primers ROT2TR3_S and ROT2TR0_AS, fragments consisting of about 320 bp were amplified from all three genomes. The alignment (a
portion of the alignment is shown) indicates that a T is missing at position 1965 of the ORF (indicated by the vertical arrow). Above and below
the alignment are the amino acid sequences encoded by the corresponding nucleotide sequences of QM9414 and Rut-C30, respectively. The data
for Rut-NG14 are identical to those for Rut-C30 (data not shown).
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FIG. 3. Alignment of the deduced amino acid sequence of the cloned T. reesei glucosidase II alpha subunit with the sequences of other known
alpha subunits, including those of N. crassa, Sus scrofa (pig), Homo sapiens (human), A. thaliana, S. pombe, and S. cerevisiae. The solid bar at
position 635 of the alignment indicates the conserved motif of family 31 glycosyl hydrolases. The horizontal arrows with numbers indicate the amino
acid sequences on which degenerate primers 1, 2, and 3 were based (resulting from alignment of the human, pig, and yeast sequences). The vertical
arrow indicates the position where the frameshift mutation in the Rut-C30 gene results in termination of the alpha subunit-specific polypeptide
sequence and the starting point of the 152 nonspecific C-terminal amino acids.
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dase II alpha subunit is sensitive to such stress conditions,
Northern blot analyses were carried out on filters containing
RNA samples from Rut-C30 cultures treated with DTT (10
mM) or BFA (50 �g).

Hybridization of the BFA stress filters with a gls2�-specific
probe and normalization of the signals with gpd1 indicated that
there was moderate induction of the gene encoding Tricho-
derma GII�. The response was detectable about 30 min after
addition of the stress factors and significantly increased around
90 min, after which the mRNA signals remained more or less
stable for the next 270 min. The maximum upregulation was
about 10-fold (Fig. 4B).

No upregulation of the mRNA levels was observed when
DTT was used as a stress factor. Depending on the experimen-
tal conditions, the transcript levels either remained more or
less stable or seemed to decrease (results not shown). This
indicates that although stress conditions such as tPA produc-
tion and BFA treatment enhance transcription of the alpha
subunit gene, the expression of glucosidase II activity does not
behave in exactly the same way as the expression of many other
UPR-regulated genes.

Expression of a fully active Trichoderma glucosidase II al-
pha subunit in the Rut-C30 strain. An expression vector en-
coding a predicted functional variant of the T. reesei glucosi-
dase II alpha subunit was constructed. The frameshift within
the cloned cDNA fragment was repaired, and then the 5�-
RACE fragment and the repaired cDNA were ligated to ob-
tain a full-length ORF encoding a full-size GII� subunit. Fi-
nally, the ORF was placed under the transcriptional control of
the constitutive gpdA promoter and the trpC terminator. The
resultant plasmid (pFGPDgls2�Treesei) was transformed into
T. reesei Rut-C30.

Transformants were first analyzed for functionality of the
expressed glucosidase II alpha subunit. Following 6 days of
culture in glucose minimal medium, the N-glycans were pre-
pared from 0.25 to 1 ml of culture supernatant as described by
Papac and coworkers (56) and were analyzed by DSA-FACE
(12). The N-glycan profiles of the transformants were com-
pared with those of the QM9414 strain, which does not carry
monoglucosylated N-glycans (25), and the Rut-C30 untrans-
formed strain.

Based on the previously published structural data for the
most predominant oligosaccharides synthesized on secreted
cellobiohydrolase I (17, 45, 79), the profile of the Rut-C30
strain appeared to be relatively easy to interpret. In vitro �-1,2-
mannosidase digestion was used to characterize the peaks rep-
resenting monoglucosylated high-mannose glycans. Since
�-1,3-linked glucose blocks the hydrolysis of the two underly-
ing �-1,2-linked mannose residues, a maximum of two manno-
ses can be released from the glycan substrate, resulting in
GlcMan7GlcNAc2. Mild acid treatment, which hydrolyzes
phosphodiester linkages, was used to characterize the peaks
representing phosphorylated carbohydrates. Release of the
phosphate-coupled mannose resulted in a phosphomonoester
glycan, which carried an extra negative charge and therefore
had greater electrophoretic mobility. Peaks representing these
glycans were shifted to the left side of the DSA-FACE profile.
Using a combination of �-1,2-mannosidase digestion and mild
acid hydrolysis, the most predominant peaks in the DSA-
FACE glycan pattern of the Rut-C30 strain could be assigned
to GlcMan7-8GlcNAc2 and the charged counterparts ManPGlc
Man7-8GlcNAc2 (Fig. 5C, F, and I). Similar results were ob-
tained for the Rut-NG14 strain (not shown).

The glycan pattern of QM9414 was analyzed in the same

FIG. 4. Analysis of the transcription levels of the glucosidase II alpha subunit by Northern blotting. (A) Effect of tPA production on mRNA
levels. Total RNA was prepared from mycelial samples taken at different times after the start of fermentation (20, 31, 45, 52, 72, and 92 h) of the
Rut-C30 strain and the Rut-C30-derived tPA-producing transformant 306/36 and was analyzed by Northern blotting. The signals were quantified
with a PhosphorImager and were normalized against those obtained for the act1 gene. (B) Effect of BFA treatment on the mRNA levels. Total
RNA was prepared from mycelial samples taken at different times after addition of the drug (0, 15, 30, 60, 90, 120, 240, and 360 min) and subjected
to Northern analysis. The signals were normalized against those obtained for the gpd1 gene. ctrl, control.
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way. Initially, the QM9414 DSA-FACE profile looked far
more complex. However, comparison with the standard RNase
B profile indicated that a significant fraction of the glycan pool
consisted of Man5-9GlcNAc2. This was confirmed by in vitro
digestion with �-1,2-mannosidase. Moreover, mild acid hydro-
lysis of the carbohydrates indicated that most of the peaks on
the left side of the Man5GlcNAc2 signal represented glycans
containing one or more phosphodiester linkages. The QM9414

glycan peaks could thus be assigned to neutral and phosphor-
ylated high-mannose N-glycans. The distribution of the phos-
phorylated N-glycans was not significantly changed after �-1,2-
mannosidase digestion, because the phosphodiester linkages
sterically hindered the enzyme or blocked access to the under-
lying �-1,2-linked mannose residues (Fig. 5B, E, and H).

Next, the N-glycan profiles of several hygromycin-resistant
transformants were analyzed. Only one of the transformants

FIG. 5. Glycosylation profiles of the Rut-C30, QM9414, and g14 transformants, including the native profiles, the profiles after �-1,2-manno-
sidase digestion, and the profiles after mild acid hydrolysis. In all three cases it is clear that the g14 transformant has a glycosylation profile that
has characteristics of the profiles of both the Rut-C30 and QM9414 strains. The deduced N-glycans are indicated as follows: 1, Man5GlcNAc2; 2,
Man6GlcNAc2; 3, Man8GlcNAc2; 4, Man9GlcNAc2; 5, GlcMan7GlcNAc2; 6, GlcMan8GlcNAc2; 7, GlcMan9GlcNAc2; 4�, ManPMan9GlcNAc2; 5�,
ManPGlcMan7GlcNAc2; 5�, PGlcMan7GlcNAc2. In the g14 native and mild acid-treated patterns, Man9GlcNAc2 appears as a shoulder peak on
the GlcMan7GlcNAc2 peak. �-1,2-mds, N-glycan pattern after treatment with �-1,2-mannosidase; mild acid, N-glycan pattern after mild acid
hydrolysis of the carbohydrates; RNaseB, standard high-mannose N-glycan mixture derived from RNase B. The glycan profile of the Rut-NG14
strain is identical to that of Rut-C30 (data not shown).
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analyzed (g14) had a clearly different N-glycan pattern com-
pared to the Rut-C30 wild-type strain. The g14 transformant
glycan pool appeared to be more heterogeneous, and closer
examination indicated that it consisted of a combination of the
Rut-C30 and QM9414 carbohydrate profiles (Fig. 5D, G, and
J). Especially on the left side of the Man5GlcNAc2 peak, many
new peaks, representing fast-migrating oligosaccharides,
emerged. Since most of these molecules are susceptible to mild
acid hydrolysis, we believe that they represent the structural
diversity of phosphorylated high-mannose glycans, analogous
to the situation in QM9414. In addition to these charged high-
mannose N-glycans, some peaks representing neutral unglu-
cosylated carbohydrates also emerged in the DSA-FACE pro-
file. The presence of these structures was further confirmed by
in vitro �-1,2-mannosidase digestion. Comparison of the gly-
can profile of the g14 transformant with that of the Rut-C30
untransformed strain, however, clearly indicated that a signif-
icant amount of monoglucosylated glycans (neutral and
charged GlcMan7-9GlcNAc2) was still synthesized on the pro-
teins of the transformed strain.

A number of hygromycin-resistant transformants, including
g14, and the wild-type Rut-C30 strain were analyzed at the
genomic level. To clearly discriminate between the autologous
mutant alpha subunit locus and the repaired cDNA from the
integrated expression vector, genomic DNA was digested with
KpnI/NheI (NheI cut within the gpdA promoter of the expres-
sion vector) and analyzed by Southern blot using a gls2�-
specific probe. Two bands at more than 5,000 bp and approx-
imately 3,400 bp were visualized for the g14 transformant, and
the latter resulted from random integration of the alpha sub-
unit expression cassette into the Rut-C30 genome. For all
other transformants, which exhibited no change in the N-gly-
can profile, only the fragment of more than 5,000 bp was
identified. This corresponded to the band obtained for the
untransformed Rut-C30 strain and as such could only have
resulted from hybridization to the endogenous locus encoding
the truncated GII� (Fig. 6A).

Finally, the effect of gls2� overexpression on the secretion
level of autologous proteins was analyzed. All strains grew
equally well, based on the dry weight of the isolated mycelium.
Hence, proteins were precipitated from an equal volume of
growth medium and separated by SDS-PAGE. Coomassie blue
staining indicated that the g14 transformant, expressing the
repaired variant of the Trichoderma gls2� ORF, had a reduced
capacity to secrete proteins into the medium (Fig. 6B). Repet-
itive experiments confirmed this result.

T. reesei produces Glc3Man9GlcNAc2 N-glycan precursor
structures. Most eukaryotic organisms produce a lipid-linked
tetradecasaccharide Glc3Man9GlcNAc2 precursor structure
that is transferred within the lumen of the ER onto suitable
asparagine residues of a nascent polypeptide chain. After
transfer to the protein, the terminal �-1,2-linked glucose is
rapidly removed by glucosidase I, while the two innermost
�-1,3-linked glucose residues are cleaved off via the action of
glucosidase II (40). However, some exceptions occur in nature,
as some protozoans do not add glucose structures to the N-
glycan precursor (58, 59).

To check whether a triglucosylated precursor structure is
initially transferred to the T. reesei N-glycans, the fungus was
grown for 2 days in the presence of an �-glucosidase inhibitor,

castanospermine. N-glycans from the secreted proteins were
isolated from 1 ml of the growth medium and analyzed by
DSA-FACE (12). To allow easier interpretation of the glycan
profile obtained, carbohydrates were treated with jack bean
mannosidase. This mannosidase removes all alpha-linked man-
nose residues that are not capped by other components (such
as terminal glucose residues or phosphates), including the ter-
minal mannose residue in a phosphodiester linkage. The pro-
files of the jack bean mannosidase-treated N-glycans, obtained
from the Rut-C30 strain grown with and without castanosper-
mine, are shown in Fig. 7A. A schematic representation of the
expected N-glycans and the corresponding products after jack
bean mannosidase digestion is shown in Fig. 7B. Treatment of
T. reesei Rut-C30 with an �-glucosidase inhibitor clearly re-
sulted in the appearance of carbohydrates with one or two
extra monosaccharide residues.

DISCUSSION

The T. reesei Rut-C30 strain, which secretes large amounts
of cellulolytic enzymes, synthesizes unusual N-glycan struc-
tures on its secreted proteins. Thorough analyses have indi-
cated that most of the oligosaccharides still carry an �-1,3-
glucose residue (17, 45, 79). This capping structure, which
prevents further trimming of the glycans by �-1,2-mannosi-
dase, is probably the result of an inefficient glucosidase II

FIG. 6. (A) Genomic analysis by Southern hybridization to check
integration of the T. reesei gls2� expression plasmid. Lanes 1 and 2
contained hygromycin-resistant clones that showed a typical Rut-C30
N-glycan profile; lane 3 shows the results for transformant g14; and
lane 4 contained the untransformed Rut-C30 strain. Lane M contained
a PstI-digested 
 DNA reference marker. (B) SDS-PAGE analysis of
proteins present in 1 ml growth medium. Lanes 1 and 2, two hygro-
mycin-resistant transformants having a typical Rut-C30 N-glycan pro-
file; lane 3, transformant g14; lane 4, untransformed Rut-C30 strain;
lane M, protein reference marker.
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activity. Several factors might be at the root of this problem.
First, oligosaccharide analysis of cellobiohydrolase I was pre-
viously carried out after the fungus was grown in cellulose-
inducing conditions. Since the Rut-C30 strain is known to
hypersecrete this cellulase, inefficient glucose trimming could
be due to the inability of the glucosidase II to handle the heavy
load of glycoproteins passing through the secretion pathway.
Second, analysis of the N-glycan pool revealed the presence of
an �-1,2-mannosidase activity that results in the generation of
GlcMan7GlcNAc2 (44, 45). This compound is known to be a
poor substrate for glucosidase II (27). Hence, the glucosidase
II activity could be partially inhibited by competition with the
�-1,2-mannosidase for the same glucosylated Man9GlcNAc2

substrate. This would imply that there is little or no difference
in the localization of the two enzymes. Since subcellular local-
ization revealed the presence of some Golgi-like enzymes in
the proliferated ER after the Rut-C30 strain was grown in
cellulose-inducing conditions (26), this possibility was also
worth considering. However, oligosaccharide analysis after the
Trichoderma Rut-C30 strain was grown in cellulase-inducing
and noninducing conditions revealed similar large amounts of
monoglucosylated glycans (results not shown), ruling out these
first two explanations. Finally, we considered the possibility
that during the consecutive rounds of mutagenesis leading to
this hypersecreting strain, one or more mutations might have
occurred within the glucosidase II gene or its transcriptional
elements.

In order to evaluate this hypothesis, we cloned the Rut-C30
gene encoding the catalytic glucosidase II alpha subunit, using
a combination of rapid cDNA cloning by PCR screening (82),
inverse PCR, and 5�-RACE. Analysis of the sequence data,
however, identified a frameshift in the cloned Rut-C30 cDNA.

Based on PCR amplification of the Rut-C30/NG14 and
QM9414 gls2� genes, we concluded that a T was missing at
position 1965 of the Rut-C30/NG14 alpha subunit sequence.
The presence of the frameshift resulted in a premature trans-
lation stop and consequently a truncated protein lacking about
one-third of the complete polypeptide chain. However, this
premature stop codon is situated more than 450 nucleotides 3�
of the position of the frameshift, resulting in a peptide stretch
of 152 extra nonspecific amino acids added to the first 654
glucosidase II-specific amino acids. This was rather unex-
pected, since statistically 5% of out-of-frame codons encode a
translational stop. Indeed, in silico introduction of a similar
frameshift mutation into the glucosidase II alpha subunit genes
of other organisms resulted in elongation of the deduced trun-
cated polypeptide product by only a few amino acids before an
in-frame stop codon was encountered (results not shown). At
this moment, we can only speculate on the effect, if any, of this
additional peptide stretch of 152 amino acids on the truncated
Rut-C30 GII� protein.

Growth of T. reesei Rut-C30 in the presence of the �-gluco-
sidase inhibitor castanospermine clearly indicated that
Glc3Man9GlcNAc2 is initially transferred to nascent polypeptide
chains. Hence, the activities of both glucosidase I and glucosi-
dase II are necessary for hydrolysis of the terminal triglucose
cap. Translation of the mutant locus of the Rut-C30 glucosi-
dase II alpha subunit resulted in a protein that still contained
the conserved WXDMNE motif typical of the catalytic site of
the family 31 glycosyl hydrolases (29). A few years ago, a
kinetic model was proposed for the glucosidase II alpha sub-
unit (1, 3). In this model, the protein consists of a catalytic site
and two substrate binding sites, one recognizing the Glc-�1,3-
Glc and the other one recognizing the Glc-�1,3-Man linkage of

FIG. 7. (A) DSA-FACE profiles of the Rut-C30 strain grown with (lane C) and without (lane B) castanospermine (CAST) after in vitro
treatment of the isolated N-glycans with jack bean mannosidase. The deduced N-glycans are indicated as follows: 1, Man5GlcNAc2; 2,
Man6GlcNAc2; 3, Man8GlcNAc2; 4, Man9GlcNAc2; 5, GlcMan4GlcNAc2; 6, Glc2Man4GlcNAc2; 7, Glc3Man4GlcNAc2; 5�, P-GlcMan6GlcNAc2; 6�,
P-Glc2Man6GlcNAc2; 7�, P-Glc3Man6GlcNAc2. RNaseB, standard high-mannose N-glycan mixture derived from RNase B. (B) Schematic repre-
sentation of the expected N-glycan structures before and after in vitro treatment. ■ , GlcNAc; F, mannose; Œ, glucose; P, phosphate. The grey dots
represent �-1,2-mannose residues that are potentially removed from the N-glycans due to intra- and/or extracellular Trichoderma �-1,2-manno-
sidase activity. The grey triangles represent glucose residues that are potentially still present after T. reesei is grown in the presence of
castanospermine.
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the ER precursor oligosaccharide. The Rut-C30 glycan profile
clearly indicates that the first �-1,3-linked glucose residue is
removed by glucosidase II. However, since most of the glycans
still contain the innermost glucose, we believe that the trun-
cated GII� subunit still contains a functional Glc-�1,3-Glc
substrate binding site and catalytic center but no Glc-�1,3-Man
binding site. Hence, we propose that the latter is encoded in
the 3� part of the alpha subunit gene and is either severely
damaged or absent in the truncated form of the Rut-C30 GII�
protein. To our knowledge, this is the first report speculating
on the position of the substrate binding sites in the primary
sequence of a glucosidase II alpha subunit. The fact that the
first �-1,3-glucose residue is removed from the N-glycans in-
dicates that the truncated protein is not unstable and is prob-
ably still localized within the ER. This also suggests that the
extra 152 nonspecific amino acids do not have a big influence
on the protein’s stability (but they potentially have a stabilizing
effect on the truncated protein product) and do not signifi-
cantly interfere with its subcellular localization.

The nonmutated T. reesei gls2� gene encodes a protein con-
sisting of 964 amino acids, and it exhibits the highest level of
homology with the N. crassa homologue. Interestingly, Tricho-
derma GII� showed more sequence homology to the alpha
subunits of higher eukaryotic organisms than to the glucosi-
dase II of S. cerevisiae. Similar to its mammalian (6, 88) and S.
pombe (15) counterparts, the T. reesei GII� protein is probably
retained within the ER through interaction with a GII� sub-
unit, as no ER retention signals or transmembrane regions
could be predicted from its amino acid sequence.

Analysis of the 5� noncoding sequence revealed the presence
of several putative stress elements, including possible UPR
elements, indicating that the level of gls2� expression can vary
as a result of different growth and/or physiological conditions.
The sensitivity of the gls2� transcriptional regulation to accu-
mulation of unfolded proteins was investigated further. For
this, the gls2� mRNA levels were analyzed in a Rut-C30 strain
either producing a heterologous protein (tPA) or cultivated in
the presence of DTT or BFA, two compounds known to inter-
fere with protein folding and secretion. As expected for a
UPR-sensitive gene, the transcript levels of the glucosidase II
alpha subunit were significantly increased upon tPA secretion
or BFA treatment. In both cases, the induction was similar to
that of pdi1 but not as strong as that of bip1 (55; Uusitalo,
Pakula, and Penttila, unpublished). However, DTT treatment
did not result in transcriptional upregulation; rather, the
mRNA levels remained stable or even decreased after addition
of the drug (data not shown). A similar effect has been ob-
served in the Rut-C30 strain for two other secretion-related
Trichoderma genes, sar1 and ypt1, since a significant increase in
transcription was observed for these genes after the fungus was
grown in the presence of BFA but not after it was grown in the
presence of DTT (75). Although both drugs efficiently block
protein transport, their different modes of action could per-
haps explain the Northern data obtained for sar1 and ypt1, as
well as gls2�. It has been shown that in higher eukaryotic cell
lines accumulation of unfolded proteins by BFA treatment also
induces NF-kappa B DNA binding and kappa B-dependent
gene expression, but this is not the case during DTT treatment
(54). Hence, alternative regulatory systems in T. reesei could
perhaps also account for the higher sensitivity of several fungal

genes to BFA-related secretion stress than to DTT-induced
secretion stress (75). Furthermore, it is quite possible that the
expression of several secretion-related genes increases only
when a certain threshold value of accumulated proteins is
exceeded. Indeed, in vivo labeling studies with T. reesei have
shown that the intracellular accumulation of proteins is signif-
icantly higher after BFA treatment than after DTT treatment
(55).

A plasmid for constitutive expression of a repaired variant of
the gls2� gene was constructed to evaluate the effect of its
overexpression on the glycan profile of T. reesei Rut-C30. Since
this profile is dominated by monoglucosylated oligosaccha-
rides, we expected a significant change after successful gls2�
gene expression. Indeed, we isolated one transformant that
had a clearly different N-glycan composition. The expression of
the full-size GII� subunit did not result in complete hydrolysis
of the innermost �-1,3-linked glucose residue; rather, the oli-
gosaccharide profile proved to be a mixture of the QM9414
and untransformed Rut-C30 glycan patterns and thus consisted
of a wide variety of charged and neutral high-mannose and
monoglucosylated carbohydrates. This moderate efficiency in
glucose hydrolysis could indicate the presence of one or several
extra mutations within the Rut-C30 coding sequence, apart
from the repaired frameshift. However, comparison of the
gls2� genes of the Rut-C30 and QM9414 strains did not reveal
any other sequence differences (results not shown). Possibly,
the repaired functional and endogenous mutant versions of the
GII� protein, which are expressed from different promoter
sequences, compete with each other in one or more ways. On
the one hand, they could compete for the same substrate. This
would indicate that the truncated glucosidase II protein is
somehow still able to interact with or shield the Glc-�1,3-Man
substrate of the glycan core without cleaving and/or releasing
it. Another and perhaps more plausible explanation is that
both forms of the alpha subunit compete with each other for
interaction with the beta subunit. Thus, not all full-size gluco-
sidase II alpha subunits are retained within the ER. Hence, the
lack of a normal level of fully functional glucosidase II het-
erodimers could very well explain the incomplete trimming of
the Glc-�1,3-Man substrate. Work is in progress to obtain
complete conversion of the monoglucosylated oligosaccharides
into glucose-free high-mannose N-glycans by actually replacing
the mutant Rut-C30 gls2� gene with its repaired variant.

A striking feature is that even partial removal of the inner-
most glucose residues in the g14 transformant results in a very
heterogeneous glycan pattern compared to that of the untrans-
formed Rut-C30 strain. Especially on the left side of the
Man5GlcNAc2 peak, a lot of new peaks emerge in the profile,
which is indicative of fast-migrating oligosaccharides. Since
most of these oligosaccharides are susceptible to mild acid
hydrolysis, we believe that these peaks represent structural
diversity of charged high-mannose N-glycans carrying one or
more phosphodiester linkages. In the untransformed Rut-C30
strain, addition of a phosphodiester linkage is restricted to the
�-1,6 arm (position C-1) of the N-glycan (17). Analysis of the
high-mannose N-glycans of S. cerevisiae indicated that position
A-3 of the �-1,3 arm could also serve as an acceptor site for a
phosphodiester linkage (31). However, in the slime mold D.
discoideum, the formation of a phosphodiester linkage at po-
sition A-3 was not possible in a glucosidase II (modA) mutant
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(21, 22), indicating that terminal glucose residues selectively
blocked the occurrence of this glycan modification in the �-1,3
arm. Hence, steric hindrance as a result of a terminal �-1,3-
linked glucose residue on the T. reesei Rut-C30 carbohydrates
could also account for the lack of N-glycan phosphorylation at
position A-3. As a result of the partial hydrolysis of this ter-
minal glucose residue in transformant g14, the underlying
�-1,2-mannobiose becomes accessible as a substrate for the
mannosephosphate transferase (37, 93), as well as endogenous
�-1,2-mannosidases. Competition between the two glycan pro-
cessing activities for the high-mannose structures obtained can
result in trimming of one to four �-1,2-mannose residues
and/or addition of one or two phosphodiester linkages. This
would explain the great heterogeneity of neutral and charged
oligomannose structures synthesized on the secreted proteins
of transformant g14 compared to those of the untransformed
Rut-C30 strain.

In a final experiment, the secretion capacity of the g14 trans-
formant was compared to that of the Rut-C30 strain and some
hygromycin resistant transformants with an unchanged glyco-
sylation profile. Southern analysis indicated that the latter had
not integrated the gls2� expression construct. Although no
differences in growth capacity were observed between the
strains analyzed, transformant g14 continuously seemed to se-
crete less protein into the medium. Together with the genomic
and N-glycan data for T. reesei Rut-C30 and Rut-NG14, the
hypersecreting parent strain of Rut-C30 (49), these results
suggest a possible link between the secretion capacity of T.
reesei on the one hand and the glucosidase II mutation on the
other hand. Experiments are in progress to further evaluate
this putative link.

To conclude, we cloned a mutant gene coding for the Rut-
C30 glucosidase II alpha subunit. After the cre1 mutation (34),
this was the second mutation identified in the genome of the
hypercellulolytic strain. To our knowledge, this represents the
first report of cloning of a glycosyl hydrolase involved in the
processing of protein-linked N-glycans in the ER of filamen-
tous fungi. Moreover, our results provide genetic evidence for
the kinetic model proposed by Alonso and coworkers for the
substrate binding specificity of the glucosidase II alpha subunit.
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