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Protein disulfide isomerase (PDI) is important in assisting the folding and maturation of secretory proteins
in eukaryotes. A gene, pdiA, encoding PDIA was previously isolated from Aspergillus niger, and we report its
functional characterization here. Functional analysis of PDIA showed that it catalyzes the refolding of dena-
tured and reduced RNase A. pdiA also complemented PDI function in a Saccharomyces cerevisiae Dpdi1 mutant
in a yeast-based killer toxin assay. Levels of pdiA mRNA and PDIA protein were raised by the accumulation
of unfolded proteins in the endoplasmic reticulum. This response of pdiA mRNA levels was slower and lower
in magnitude than that of A. niger bipA, suggesting that the induction of pdiA is not part of the primary stress
response. An increased level of pdiA transcripts was also observed in two A. niger strains overproducing a
heterologous protein, hen egg white lysozyme (HEWL). Although overexpression of PDI has been successful in
increasing yields of some heterologous proteins in S. cerevisiae, overexpression of PDIA did not increase
secreted yields of HEWL in A. niger, suggesting that PDIA itself is not limiting for secretion of this protein.
Downregulation of pdiA by antisense mRNA reduced the levels of microsomal PDIA activity by up to 50%,
lowered the level of PDIA as judged by Western blots, and lowered the secreted levels of glucoamylase by 60 to
70%.

Filamentous fungi have a potential for the commercial pro-
duction of heterologous proteins, although their production
levels are usually much lower than those of homologous pro-
teins. For example, production levels of ca. 40 g/liter are ob-
tained for cellulase produced by Trichoderma reesei (8), while
the production of heterologous proteins is usually on the order
of milligrams per liter (39). For some heterologous proteins,
the transit of newly synthesized protein from the fungal endo-
plasmic reticulum (ER) limits secretion (13).

One of the most important processes occurring in the ER
is the controlled folding and assembly of newly synthesized
proteins, a process mediated by ER-resident foldases and mo-
lecular chaperones. These ER proteins also associate with mis-
folded proteins and prevent their exit from the ER until they
are correctly folded or are targeted for degradation by the
cytoplasmic proteasomes (3, 19, 45). In normal cells, the con-
centrations of these foldases and chaperones are likely to be
sufficient for proper folding and assembly of proteins destined
for secretion. However, in expression systems where there is a
greater flux of proteins being translocated into the ER, the
folding, assembly, and secretion machinery may become satu-
rated, leading to improperly folded structures or protein ag-
gregates which are not secreted. The accumulation of im-
properly folded protein aggregates has been observed in
Escherichia coli (as inclusion bodies), yeasts, mammalian cells,
and insect cells as the result of overexpression of heterologous

proteins (2, 12, 28). One approach to overcome the problem of
protein aggregation is to overexpress chaperones or foldases in
the ER. Two ER proteins, protein disulfide isomerase (PDI), a
foldase, and BiP, a molecular chaperone, play important roles
in the folding, assembly, and secretion of proteins in the ER.
Overexpression of BiP and PDI in various expression systems
including Saccharomyces cerevisiae, E. coli, and mammalian
cells has improved the yields of some heterologous proteins
(14, 16, 32).

PDI, a soluble protein resident in the ER, plays a key role in
the folding and secretion of proteins (11). As a foldase, PDI
catalyzes the formation or breakage of disulfide bonds, de-
pending on the redox potential of the environment. PDI also
catalyzes the rearrangement of preexisting disulfide bonds
(11). We have previously isolated a gene, pdiA, from Aspergillus
niger which encodes a putative PDI (30). We confirm here that
pdiA encodes a functional PDI (PDIA), we examine the tran-
scriptional response of pdiA to agents that perturb protein
folding and secretion, and we also examine the impact of up-
and downregulation of pdiA expression on the secretion of a
homologous and a heterologous protein from A. niger. We also
compare the transcriptional responses of pdiA with those of
tigA, which encodes an ER-resident PDI family member in
A. niger (18), and bipA, which encodes the major ER-resident
chaperone in A. niger and A. awamori (15, 40).

MATERIALS AND METHODS

Strains, media, and culture conditions. A. niger AB4.1 (41), which is a pyrG
mutant, was used as the host for transformation and pdiA regulation studies. A.
niger L11 and B1, which secrete different amounts of the heterologous protein
hen egg white lysozyme (HEWL) (17), were used for pdiA regulation studies and
as hosts for overexpressing pdiA. Inoculation and growth of A. niger strains at
25°C in ACM/N/P medium supplemented with 1% (wt/vol) filter-sterilized starch
or xylose as carbon source was as previously reported (1). The final concentra-
tions of inducing agents which were added 44 h after inoculation were as follows:
dithiothreitol (DTT), 20 mM; Ca21 ionophore A23187, 6 mg/ml. A. niger AB4.1
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cultures were harvested at 20, 40, 60, 120, 180, and 240 min after treatment with
DTT, while the Ca21 ionophore A23187-treated cultures were harvested at 30,
60, 120, 180, and 240 min. A. niger SBD (25) overexpressing the homologous
protein, glucoamylase, was used to compare microsomal free PDIA levels with
those in A. niger B1 and L11. E. coli XL1-Blue (Stratagene) was used for plasmid
propagation. S. cerevisiae strains were kindly provided by M. F. Tuite, University
of Kent, Canterbury, England. The genotypes of strains were as follows: DNY5,
MATa/a leu2/leu2,trp1/trp1 Dpdi1::HIS3/Dpdi1::HIS3(pVT-100U:KT) (pVT-
100U:KT contains the killer toxin gene); SK14a, MATa ura3-52(pVT-100U:KT);
S6, killer-sensitive strain, wild type. The strains were grown at 30°C. S. cerevisiae
DNY5 was maintained in a vegetative state. S. cerevisiae DNY5 and SK14a were
grown on SCD medium prepared as previously described (20). S. cerevisiae S6
was maintained on YEPD (1% [wt/vol] yeast extract, 2% [wt/vol] Bacto Peptone,
2% [wt/vol] glucose).

For many of the subsequent studies, mycelial cultures were examined for pdiA
transcript levels and refolding activities either throughout growth or at 44 h
because, at this time, cultures were still actively growing but would soon begin to
decline in their rates of biomass increase. Levels of secreted protein were gen-
erally measured either during growth or at a fixed time point of 72 or 96 h. These
time points reflect the approach to, or point of, maximum levels of protein
secreted. Although protein secretion is a growth-linked function, the appearance
of protein in culture filtrates is delayed relative to growth in batch cultures due
to the kinetics of the secretory process and wall transit. Thus, the 44-h time point
for measurement of pdiA transcript levels and refolding activities is relevant to
the later times used for measured yields of secreted proteins.

Nucleic acid manipulations. DNA manipulations were performed as described
previously (36). DNA isolation, Southern blot analysis, RNA isolation, and
Northern blot analysis were also performed as described previously (30). RNA
from S. cerevisiae was isolated by using an RNeasy mini kit (Qiagen). Probes used
for Northern analysis were as described for pdiA (30) and tigA (18). The probe
for bipA was a gel-purified 445-bp PCR fragment corresponding to coordinates
712 to 1156 (40). To ensure equal loading between tracks on Northern gels and
to afford comparison of transcript levels, all hybridization signals were standard-
ized against an internal g-actin control as described elsewhere (30). To compen-

sate for differences in probe length, pdiA and bipA mRNA signals were also
adjusted by using 831-bp tigA probe (18) as the standard (51). Signals from the
32P-labeled probes were quantified by using a Fuji BAS-1500 phosphorimager.

Transformations of A. niger and S. cerevisiae were performed as described
earlier (1, 9). PCR with 1-day-old mycelium was performed by using a method
described by van Zeijl et al. (42). DNA sequencing was performed as previously
described (30).

Reverse transcription (RT)-PCR from total RNA of starch (ACMS/N/P)- and
xylose (ACMX/N/P)-grown A. niger antisense cultures was used to determine the
presence of pdiA antisense transcripts. RT was performed as described previ-
ously (38). Primers CN63 (59-CAC GAT TCT GTT TGC CTA GC-39) (at
coordinates 344 to 363 of pdiA) and DJ128 (59-CCC ATC CTT TAA CTA TAG
CG-39), designed from the 39 end of the glucoamylase gene 16 to 34 bp down-
stream of the stop codon, were used for PCR, and a PCR product of approxi-
mately 500 bp was expected.

Construction of Aspergillus expression vectors and strains. A. niger PO3 and
PO13 were constructed by introducing plasmid pIGCPDI into A. niger AB4.1
(Table 1). pIGCPDI was constructed by inserting a 1.7-kb blunt-ended SalI/HpaI
fragment of pdiA cDNA (cpdiA) into the HpaI site of pIGPG under the glu-
coamylase (glaA) promoter (Fig. 1A). The vector pIGPG, a pUC18-based plas-
mid, contains approximately 2 kb each of the 59 (including the promoter se-
quences) and 39 glucoamylase sequences and the A. niger pyrG gene (41).

A. niger AS1.1 and AS2.2 were constructed by introducing pAS into A. niger
AB4.1 (Table 1). pAS was constructed by inserting a blunt-ended SalI/HpaI
fragment containing cpdiA into the HpaI site of pIGPG in the antisense direction
under control of the glaA promoter (Fig. 1B). Transformants were selected by
the ability to grow without uridine. A single spore from each transformant was
plated on AMMN minimal agar (29) with 1% (wt/vol) xylose (AMMNX) or 1%
(wt/vol) starch (AMMNS) as the sole carbon source.

A. niger strains OB22, OB38, LO6, and LO9 which overexpress pdiA were
constructed by transforming pANpdiA into A. niger B1 and L11 (Table 1).
pANpdiA was constructed by inserting a 4.7-kb blunt-ended ClaI/XbaI restric-
tion fragment of pdiA, which contains the complete pdiA sequence including the
promoter region, into a SmaI-digested vector, pAN7-BlueI. pAN7-BlueI is a

FIG. 1. (A) pPIGCPDI was constructed from pIGPG. cpdiA was inserted at the HpaI site of pIGPG downstream of the starch inducible glaA promoter. (B) pAS
was constructed from pIGPG. cpdiA was inserted in the antisense direction under control of the glaA promoter. Arrows associated with CN63 and DJ128 represent
primers used for RT-PCR studies. The diagram is not to scale.

TABLE 1. A. niger transformants

A. niger strain Origin Transforming plasmid Plasmid origin Promoter Gene expressed Copy no.

PO3 AB4.1 pIGCPDI pIGPG glaA cpdiA 1
PO13 AB4.1 pIGCPDI pIGPG glaA cpdiA 2
AS1.1 AB4.1 pAS pIGPG glaA cpdiAa 6–10
AS2.2 AB4.1 pAS pIGPG glaA cpdiAa 4–6
LO6 L11 pANpdiA pAN7-Blue1 pdiA pdiA 4–6
LO9 L11 pANpdiA pAN7-Blue1 pdiA pdiA 2–4
OB22 B1 pANpdiA pAN7-Blue1 pdiA pdiA 3–5
OB38 B1 pANpdiA pAN7-Blue1 pdiA pdiA 3–5

a Inserted in the antisense direction.
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vector derived from pAN7-1 (31) constructed by P. Bowyer (Long Ashton,
United Kingdom). pAN7-BlueI contains the hygromycin selection marker, lacZ,
and multiple cloning sites.

pdiA multicopy transformants of A. niger B1 and L11 were selected on AMMN
plates containing 100 mg of hygromycin per ml. These transformants were further
selected on AMMN slopes with 150 and 200 mg of hygromycin per ml (31). Those
A. niger LO transformants (derived from L11) and A. niger OB transformants
(derived from B1) which grew in AMMN with 200 mg of hygromycin per ml were
selected for Northern analysis by using the pdiA probe (30).

Construction of yeast expression vector and transformation of S. cerevisiae
strain DNY5. The unwanted ATG in the polylinker of pYX243 (LEU2 selectable
marker) (R&D Systems), a 2mm plasmid, was removed by NcoI restriction and
mung bean nuclease (Promega) digestion to produce flush ends before religation
with T4 ligase (Promega), creating pYX243DNcoI. A 1.7-kb SmaI/SalI fragment
containing cpdiA (30) was cloned into SmaI/SalI-cut pYX243 DNcoI. The result-
ing plasmid, pYX:cpdiA, was transformed into S. cerevisiae DNY5. The trans-
formants were selected on SCD plates without leucine. Transformant DNY5:
cpdiA was selected for further analysis.

Microsomal preparation from A. niger. The method for preparing microsomes
from A. niger was adapted from a protocol kindly provided by G. Wallis (Uni-
versity of Nottingham, Nottingham, United Kingdom). A total of 2 to 3 g (wet
weight) of A. niger mycelium was harvested and freeze ground in liquid nitrogen
by using a mortar and pestle with 0.5 g of acid-washed sand. The freeze-ground
mycelium was resuspended in 15 ml of TAS (20 mM Tris-acetate, pH 7.4; 0.25 M
sucrose) containing 1 COMPLETE protease inhibitor cocktail tablet (Boehr-
inger) per 50 ml of TAS and 1 ml of b-mercaptoethanol per ml and then
centrifuged at 5,000 3 g for 20 min at 4°C to remove the mycelial debris. The
resulting supernatant was then subjected to ultracentrifugation at 120,000 3 g for
90 min at 4°C. The pellet was resuspended in 200 ml of cold TAS buffer (without
b-mercaptoethanol and protease inhibitors but containing 10 mM MgCl2). The
protein concentration of the microsomes was determined by using a DC Protein
Assay kit (Bio-Rad). In all microsome preparations, complete loss of pyruvate
kinase activity (35) (a cytoplasmic enzyme marker) was confirmed.

RNase refolding assay. An RNase A refolding assay adapted from Lyles and
Gilbert (26) and Lee et al. (24) was used to estimate PDI activity in A. niger
microsomes. Reduced and denatured RNase A (bovine pancreas type IIIA)
(Sigma) was obtained as described elsewhere (26). Immediately before use, the
reduced and denatured RNase A was separated from the DTT and guanidine
hydrochloride by using a PD10 column (Pharmacia) which was equilibrated with
0.1% acetic acid. The concentration of denatured RNase and the number of thiol
groups per reduced RNase molecule were determined as described earlier (4).
Refolding activity was corrected against uncatalyzed reactions (i.e., controls
without a microsomal fraction added). An average of three readings was taken
for each reaction. One unit of refolding activity was defined as the amount of
enzyme increasing RNase A activity by one unit. Refolding specific activity is
defined as the units of refolding activity per milligram of microsomal protein.
The average specific activity 6 the standard error of the mean (SEM) presented
is derived from three individual cultures. The refolding activities represent the
levels available to assist RNase refolding; i.e., they are a measure of free, rather
than total, refolding activity.

Yeast killer toxin assay. The yeast killer toxin assay used was a modified form
of those of Woods and Bevan (46) and Dunn et al. (7). Cells from the killer-
sensitive S. cerevisiae strain, S6, were grown in YEPD at 30°C. A top agar killer
medium lawn (0.5% [wt/vol] Bacto Yeast Extract, 0.5% [wt/vol] Bacto Peptone,
0.05 M citric acid, 0.1 M disodium-hydrogen phosphate buffer [pH 6.5], 1.5%
[wt/vol] agar, and 4% [wt/vol] filter-sterilized galactose or glucose) was made by
mixing 5 3 106 S6 cells/ml of medium with filter-sterilized methylene blue (final
concentration, 0.003%) and overlaying it onto a killer medium plate. S. cerevisiae
DNY5:cpdiA, DNY5, and SK14a were grown in minimal media with plasmid
selection for 24 h at 30°C to late log phase. The cells were pelleted and resus-
pended in liquid killer medium (containing 4% filter-sterilized galactose or
glucose) for the induction of cpdiA. Induction was performed at 25°C with
moderate agitation at 120 rpm for a further 24 h. These cultures were tested for
the ability to kill S. cerevisiae S6 cells by spotting 5 3 104 or 5 3 106 cells onto
blank antibiotic disks (Oxoid) on killer medium plates containing a newly poured
overlay of S. cerevisiae S6 cells in the top agar. The plates were left at 25°C for
3 to 4 days before the lysis zones were measured.

Analytical methods. Dry weight was determined by filtering 100-ml A. niger
culture samples through Miracloth. The resulting mycelium was squeezed, blot-
ted dry, and dried in a freeze-dryer for 2 days. The amount of glucoamylase
secreted into the supernatant by A. niger was determined as previously described
(27). Assay of lysozyme activity from culture supernatants was performed as
previously described (17). For Western analysis, 10 mg of microsomal protein was
loaded onto precast 4 to 12% sodium dodecyl sulfate gels (Novex) and immu-
noblotted by using anti-PDIA (a gift from Danisco) as previously described (1).
Bands were scanned, and those migrating at the predicted size for PDIA (56.3
kDa) were quantified by using Whole Band Analyser software (BioImage) on a
SunSparc workstation. Additional bands observed in the PDIA standard lanes
are likely to represent PDIA degradation products.

RESULTS

A. niger pdiA restores PDI function in Dpdi1 S. cerevisiae
DNY5. S. cerevisiae DNY5 contains a plasmid encoding the
yeast killer toxin protein but is unable to secrete this disulfide-
bridged protein due to disruption of the S. cerevisiae pdi1 gene
(7). Killer toxin secretion was restored by the transformation of
S. cerevisiae DNY5 with pYX:cpdiA, indicating that PDI-like
functions are encoded by pdiA (Fig. 2). Evidence of killer toxin
activity was determined against a lawn of sensitive S. cerevisiae
S6 cells. Transparent halos surrounded by a blue ring of S.
cerevisiae S6 lawn cells were apparent around the discs which
had been spotted with galactose-induced S. cerevisiae DNY5:
cpdiA at two different concentrations of cells (Fig. 2). A larger
halo ca. 2 cm in diameter was observed around disks spotted
with 5 3 104 S. cerevisiae SK14a cells containing the native
pdi1. In contrast, a halo of 0.7 cm was observed in the presence
of the same amount of S. cerevisiae DNY5:cpdiA cells. When
5 3 106 cells of DNY5:cpdiA were spotted onto the disks, a
halo 1.2 to 1.4 cm in diameter was observed. No halos were
seen around the untransformed S. cerevisiae DNY5 control.
Similarly, no halo was observed with DNY5:cpdiA cells grown
on glucose (data not shown). The smaller halo observed in S.
cerevisiae DNY5:cpdiA could result from insufficient PDI being
available for efficient secretion of the killer toxin. The killer
toxin assay demonstrates that PDIA, encoded by multiple cop-
ies of pdiA, can functionally replace PDI in Dpdi1 strains of S.
cerevisiae.

PDIA refolds reduced and denatured RNase A. The pres-
ence of microsomal extracts from A. niger AB4.1 catalyzed the
refolding of denatured RNase A 10 to 12 times faster than the
natural rate (data not shown). In the absence of a glutathione
redox buffer, there was no increase in RNase A activity, and
refolding activity was limited solely to the microsomal fraction.
Thus, proteins present in the microsomes catalyze the refold-
ing of denatured RNase A in the presence of glutathione redox
buffers.

Transformant A. niger PO3 contained one copy of pIGCPDI
and PO13 contained two copies of pIGCPDI. Since these ad-
ditional copies of pdiA cDNA are under the control of the glaA

FIG. 2. Complementation of S. cerevisiae Dpdi1 by the A. niger pdiA gene in
a yeast killer toxin assay. Evidence of killer toxin secretion was determined by a
transparent halo surrounded by a blue ring: 1, S. cerevisiae SK14a, 5 3 104 cells;
2, S. cerevisiae DNY5:cpdiA, 5 3 104 cells; 3, S. cerevisiae DNY5:cpdiA, 5 3 106

cells; and 4, S. cerevisiae DNY5, 5 3 104 cells.
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promoter, they were analyzed for the level of pdiA transcripts
in starch-containing (inducing) and xylose-containing (nonin-
ducing) media. Starch-grown A. niger PO3 and PO13 cultures
showed a 2- to 3-fold increase in pdiA transcript levels (data
not shown) and an approximately 1.7- to 2-fold increase in
refolding activity compared to the xylose-grown cultures (2.6 6
0.1 versus 1.4 6 0.1 U/mg of microsomal protein). The level of
refolding activity in the xylose-grown strains was the same as
that in the untransformed AB4.1 strain grown on either starch
or xylose (data not shown). That this increase in refolding
activity in the PO3 and PO13 strains is induced by starch
strongly suggests that PDIA functions as a true foldase in vivo.

Transcriptional responses of pdiA, bipA, and tigA to DTT
and the Ca21 ionophore A23187. The effects of agents known
to perturb ER function and induce the expression of genes
governed by the unfolded protein response were examined.
Exposure of A. niger AB4.1 cultures to 20 mM DTT raised the
measured pdiA mRNA level by 5- to 6-fold in 40 min and by
10-fold within 2 h (Fig. 3A). The level of tigA mRNA showed
a similar response: a fourfold induction was observed after 40
min, which rose to eightfold after 2 h. The response of bipA
mRNA was higher than that of either pdiA or tigA, showing an
increase of 15-fold after 40 min of exposure to DTT and a
20-fold increase within 2 h.

Western analysis of the microsomal preparations of A. niger
AB4.1 treated with DTT showed that, after 4 h, PDIA protein
levels were ca. 30% higher than in non-DTT-treated controls
(Fig. 3B).

A. niger AB4.1 cultures were also treated with the calcium
ionophore A23187, which affects the permeability of cellular
membranes to Ca21 and depletes the intracellular stores (6).
Analysis by Northern blots indicated that pdiA transcripts
showed a slight increase after 1 to 2 h compared to the control
cultures (Fig. 3C). In contrast, tigA mRNA levels increased by
3.5-fold and bipA levels showed a 6.3-fold increase after 1 to
2 h. The levels of bipA mRNA decreased strongly after 2 h.

Levels of pdiA, bipA, and tigA transcripts in A. niger strains
overproducing heterologous proteins. pdiA, bipA, and tigA
transcript levels were investigated in two strains of A. niger, B1
and L11 (17), which overexpress HEWL at different levels in
the inducing medium ACMS/N/P. Strains B1 and L11 express
similar levels of HEWL mRNA, but strain B1 secretes higher
HEWL levels than does strain L11 (17).

Transcriptional analysis of all three ER-specific genes
showed that mRNA levels were higher in the HEWL-secreting
A. niger B1 and L11 strains than in the parent strain AB4.1
(Fig. 4). Relative to the untransformed parent, peak levels of
pdiA, tigA, and bipA transcripts are evident in both heterolo-
gous protein overexpressing strains, i.e., B1 and L11.

Comparing the relative abundance of the three transcript
species, in A. niger AB4.1 at 20 and 30 h, the bipA transcript
levels were three- to fourfold more abundant than those of
pdiA, while the tigA transcript level appeared to be three- to
fourfold less than that of pdiA (Fig. 4). In B1, a twofold in-
crease in the bipA transcript level was observed from 20 h,
while an approximately twofold increase of pdiA and tigA tran-
script levels was detected from 30 to 60 h (Fig. 4). In L11, a 2-
to 3-fold increase of pdiA and tigA mRNA levels was detected
at 44 h, and the bipA transcript levels showed a 1.8-fold induc-
tion from 30 to 70 h. Taken together, these data suggest that
pdiA, bipA, and tigA are responsive to the overexpression of
heterologous proteins.

PDIA levels decrease in A. niger strains producing heterol-
ogous proteins. To further investigate the role of PDIA in A.
niger strains B1 and L11 during the production of heterologous
proteins in A. niger, the levels of PDIA in the microsomal

FIG. 3. (A) Levels of pdiA (}), bipA (■), and tigA (‚) transcripts relative to
actin mRNA at various time points after the addition of DTT. Values represent
the average 6 the SEM (bars) from triplicate experiments. (B) Western blots,
probed for PDIA, of microsomal preparations from A. niger AB4.1 cultures at 0,
120, and 240 min after addition of DTT relative to untreated (water) controls.
The arrow indicates the predicted size of PDIA. (C) Levels of pdiA (}), bipA
(■), and tigA (‚) transcripts at various time points after the addition of the Ca21

ionophore A23187. Values represent the average 6 the SEM (bars) from trip-
licate experiments.
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preparations were estimated by a refolding assay and by West-
ern blotting. In A. niger AB4.1, there was an approximately
40% decrease of refolding specific activity over 20 to 56 h (Fig.
5, top panel). In B1 and L11, a more rapid and significant
decrease in the amount of refolding specific activity was ob-
served over this period. These results suggest that PDIA asso-
ciates with secretory proteins during transit through the ER,
thereby decreasing the amount of PDIA detected by assay of
refolding activity. PDIA protein levels in microsomes prepared
from 44-h cultures of AB4.1, B1, and L11 were compared by
Western blotting (Fig. 5, bottom panel). B1 samples showed a
ca. 30% increase in PDIA levels over AB4.1, while L11 PDIA
levels were comparable to those found in AB4.1. These data
suggest an association between PDIA and secretory proteins in

L11 and B1 which renders a fraction of PDIA unavailable in
the refolding assay.

To distinguish whether it is the increased flux of secreted
protein or, alternatively, the particular protein which causes
the decrease in refolding specific activity, microsomal prepa-
rations from 20- and 44-h cultures of A. niger SBD (25) were
assayed for refolding activity. This strain secretes levels (ca.
200 mg/liter, mainly glucoamylase) of total protein similar to
those secreted by strain B1 in this medium. The amount of
refolding specific activity in A. niger SBD closely mimicked that
observed for A. niger AB4.1 (data not shown), suggesting that
overexpression of glucoamylase did not sequester PDIA to the
same extent as lysozyme.

Overexpression of PDIA does not increase secreted yields of
proteins. Northern analysis on 44-h cultures of A. niger LO6,
LO9, OB22, and OB38 (constructs in Table 1) showed that
pdiA transcript levels increased two- to fourfold, although re-
folding specific activity from microsomal fractions indicated
only a slight increase in the amount of PDIA (data not shown).

FIG. 4. Time course showing levels of (A) pdiA, (B) bipA, and (C) tigA
transcripts in A. niger strains AB4.1 (}), B1 (■), and L11 (‚). Transcript levels
were standardized as a percentage against actin mRNA levels. Values represent
the average 6 the SEM (bars) from triplicate experiments.

FIG. 5. (Top) Levels of specific refolding activity (units per milligram of
microsomal proteins) in microsomal preparations of A. niger AB4.1 (}), B1 (■),
and L11 (‚) from 20- to 56-h cultures. (Bottom) Western blot of microsomal
extracts from 44-h cultures of A. niger AB4.1, L11, and B1 probed with antiserum
to PDI. The arrow indicates the predicted size of PDIA. MW, prestained broad
range marker (New England Biolabs). Sizes are (from top to bottom) 83, 62,
47.5, 32.5, 25, 16.5, and 6.5 kDa.
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To ensure that overexpression of PDI did not saturate the ER
retention system, causing normal ER-resident proteins in the
ER to be secreted, refolding assays were also performed on the
supernatants and cytosolic fractions of A. niger LO6, LO9,
OB22, and OB38 cultures. Refolding activity was not detected
in either the cytoplasmic fractions or culture supernatants.

The effects of overexpression of pdiA on the secreted yields
of both a homologous protein, glucoamylase, and a heterolo-
gous protein, HEWL, were determined. The amounts of glu-
coamylase secreted by A. niger L11, LO6, and LO9 did not
show any detectable difference at 96 h. Similarly, no effect of
pdiA overexpression on the secreted levels of HEWL in these
strains was detected. A similar pattern was observed with the
B1-derived strains.

Downregulation of PDIA activity in A. niger AS1.1 and
AS2.2. When A. niger AS1.1 and AS2.2 were grown in ACMS/
N/P for induction of the glaA promoter driving expression of
the antisense pdiA, AS1.1 showed a 45 to 50% decrease in
refolding specific activity, and AS2.2 showed a 23 to 30%
decrease compared to A. niger AB4.1 (Table 2). Western anal-
ysis (Fig. 6A [top panel]) showed reductions in PDIA levels in
AS1.1 and AS2.2 of ca. 60 and 5%, respectively, compared to
levels in AB4.1. Since PDI in S. cerevisiae is essential for sporu-
lation (10, 22), the effects of downregulating pdiA in A. niger on
its ability to sporulate and its growth rate were determined.
Both A. niger AS1.1 and AS2.2 were able to sporulate effi-
ciently on either xylose or starch plates. Dry weight determi-
nations of A. niger AS1.1 and AS2.2 grown in ACMS/N/P
showed no significant decrease in growth rates and final yields
compared to AB4.1 (Fig. 6B). The effects of pdiA downregu-
lation on the secretion of glucoamylase were also examined.
Glucoamylase assays showed a significant drop in levels of
glucoamylase secreted from 56 h in the ACMS/N/P-grown
AS1.1 and AS2.2 cultures (Fig. 6C). At 72 h, AS1.1 showed a
60 to 70% decrease in glucoamylase, and AS2.2 showed a 55 to
65% decrease (Table 2). These results show that PDI plays a
role in the secretion of glucoamylase.

DISCUSSION

Proteins secreted from eukaryotes must be correctly folded,
or aggregates may be formed and the unfolded proteins will
then be targeted for degradation. Disulfide bond formation
plays a critical role in the folding of many proteins in the ER.
Since many recombinant proteins of interest contain disulfide
bonds, formation of disulfide bonds to obtain protein with a
native fold will probably be particularly important in obtaining
high yields.

We previously described the gene, pdiA, from A. niger AB4.1
(30), and here we describe the regulation and function of the
encoded protein. Although the A. niger ER contains foldases
other than PDIA (18), the starch-inducible increase in refold-
ing activity in A. niger PO3 and PO13, which contain extra
copies of pdiA under the control of the glaA promoter, strongly
suggests that the pdiA gene encodes a functional foldase. Func-
tional analysis of the pdiA gene product was also confirmed by
complementation of an S. cerevisiae Dpdi1 mutant. Attempts to
delete pdiA in A. niger by gene replacement were unsuccessful.

The transcriptional regulation of pdiA was studied under
conditions which perturb the ER through agents which cause
the accumulation of misfolded proteins. The transcriptional
response of pdiA was compared with that of two genes, bipA
and tigA, which encode the ER-specific chaperone BiPA and
the PDI family protein TIGA. DTT is a strong reducing agent
which disrupts the highly oxidizing environment of the ER and
prevents the formation of disulfide bonds. DTT may also

chemically reduce disulfide bridges, thus causing accumulation
of unfolded proteins in the ER. Treatment of A. niger AB4.1
with DTT produced a significant increase in the transcript level
of pdiA and a moderate increase in PDIA protein. However,
the change in pdiA mRNA levels is both smaller and delayed
relative to that in bipA mRNA levels. This supports the sug-
gestion of Dorner et al. (5) that PDI is not part of the primary
cellular response to the accumulation of unfolded proteins in
the ER.

The ER is the major intracellular reservoir of Ca21 ions
(21). The Ca21 ionophore A23187 affects the permeability of
cellular membranes to Ca21 ions, causing their leakage from
the ER and subsequent malfolding of secretory proteins (6).
Transcript levels from GRP78 are increased in some mamma-
lian systems by 20- to 30-fold when treated with the Ca21

ionophore A23187 (23). Data obtained with A. niger indicated
that only a small increase in pdiA transcripts occurred in the
presence of A23187, a finding similar to that obtained with
CHO cells (5), whereas tigA and bipA showed a more signifi-
cant increase. This indicates that pdiA is less sensitive to de-
creases in Ca21 concentration in the ER than bipA or tigA,
suggesting that the binding affinities of the three ER proteins
to Ca21 ions may vary. This finding is particularly interesting in
comparing TIGA with PDIA because both proteins are mem-
bers of a clearly related thioredoxin-like family and the dis-
tinction between their respective roles in vivo is not clear.

In A. niger B1 and L11 strains overexpressing HEWL, tran-
script levels from pdiA, bipA, and tigA increased in comparison
to those in the parent strain, AB4.1. The time of this increase
corresponded to the time at which HEWL was detected in the
supernatant, suggesting that transcription of pdiA, bipA, and
tigA is induced by the accumulation of newly synthesized, un-
folded nascent polypeptides in the ER. Refolding activity as-
says in A. niger B1 and L11 showed a decrease in the amount
of refolding specific activity in the ER compared to the parent
strain A. niger AB4.1, which does not produce HEWL. A sim-
ilar finding was reported in S. cerevisiae when overexpression of
heterologous proteins decreased extractable BiP and PDI lev-
els (34). The lower refolding specific activities in HEWL-pro-
ducing transformants is in contrast to the higher levels of pdiA
mRNA in these strains. Also, total PDIA protein levels were
judged by Western blotting to be higher in strain B1 and at
least as high in L11 as in the parent strain AB4.1. As the
refolding activity is probably a measure of free PDIA levels,
these data suggest that a fraction of the PDIA in HEWL-
producing transformants is bound to HEWL and thus inactive
in the refolding assay.

Multiple copies of pdiA were introduced into two strains of
A. niger, L11 and B1, which naturally secrete different amounts
of HEWL. The resulting transformants were analyzed for se-
creted yields of HEWL and glucoamylase. Although increases

TABLE 2. Comparison of the number of copies of pAS, the
specific refolding activities, and the levels glucoamylase secreted by

A. niger AB4.1, AS1.1, and AS2.2 grown in ACMS/N/P a

A. niger
strain

No. of copies
of pAS

Specific refolding activity
at 44 h (U/mg)

Level of glucoamylase
at 72 h (mg/liter)

AB4.1 0 1.4 6 0.1 166 6 7
AS1.1 6–10 0.7 6 0.1 58 6 6
AS2.2 4–6 1.0 6 0.1 65 6 6

a Refolding activities are presented in units per milligram of microsomal pro-
tein. Levels of glucoamylase secreted were assayed from the supernatant of 72-h
cultures grown in ACMS/N/P. Values represent the average 6 the SEM from
triplicate experiments.
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in both pdiA transcript levels and refolding activity were ob-
served, the amounts of HEWL and glucoamylase secreted by
the transformants were similar to those of the single-copy pdiA
A. niger L11 and B1 strains. In addition, the levels of refolding
specific activity obtained in the pdiA-overexpressing L11 and
B1 strains did not reach the levels found in AB4.1. This is
probably due to the effective association of PDIA with HEWL

during the folding process within the ER. Refolding assays on
the supernatants and cytosolic fractions of selected A. niger LO
and OB strains showed that PDIA was not present in the
cytosolic fraction or culture media, indicating that the ER-
Golgi-HDEL retention or retrieval system was not saturated.
We conclude that the amount of folding activity due to PDIA
is not a limiting factor in the production of HEWL or the
secretion of glucoamylase. It may require the production of
proteins with a higher degree of disulfide bonding before
PDIA becomes limiting and overproduction of PDIA is
needed.

Overexpression of PDI has been successful in increasing the
yields of some heterologous proteins from S. cerevisiae and E.
coli but not others (16, 33, 37). Coexpression of human PDI in
E. coli strains producing antibody Fab fragments only in-
creased secreted yields of one Fab variant, which was more
susceptible to incorrect disulfide formation but not the other
(16), suggesting that proteins which are susceptible to the for-
mation of kinetically trapped intermediates may require higher
concentrations of PDI, and overexpression of PDI will then
ease this bottleneck.

Downregulating pdiA was achieved by expressing an anti-
sense pdiA gene under the starch-inducible glaA promoter.
Analysis of two antisense transformants revealed a decrease in
refolding activity (by up to 50%) and of levels of glucoamylase
secreted (by up to 70%) compared to those of A. niger AB4.1.
The antisense strains contain up to 11 copies of the glaA
promoter driving expression of the single copy glaA gene and
the antisense pdiA genes. This number of glaA control se-
quences is lower than the number (ca. 20) shown to titrate
transcription factors controlling this promoter (43, 44). The
antisense pdiA results indicate that PDIA plays an important
role in the secretion of glucoamylase and also suggest that
PDIA levels are optimized to the levels of major extracellular
proteins secreted by A. niger.

In conclusion, the gene pdiA isolated from A. niger encodes
a PDIA protein which has disulfide isomerase activity and
which is involved in the secretion of proteins. pdiA is induced
by the accumulation of unfolded proteins in the ER and over-
production of heterologous proteins. Although overexpression
of pdiA did not increase the secreted yields of the model
protein HEWL in A. niger, this study has demonstrated the
function of PDIA in A. niger and shown the importance of
refolding activity in the secretion of a heterologous and a
homologous protein. As part of the strategy of manipulating
the secretory pathway of A. niger, the pdiA gene will play a key
part in improving heterologous protein production by filamen-
tous fungi.
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