
APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Sept. 2005, p. 5332–5340 Vol. 71, No. 9
0099-2240/05/$08.00�0 doi:10.1128/AEM.71.9.5332–5340.2005

Overexpression of an Anti-CD3 Immunotoxin Increases Expression
and Secretion of Molecular Chaperone BiP/Kar2p

by Pichia pastoris
Yuan Yi Liu,* Jung Hee Woo, and David M. Neville, Jr.

Section on Biophysical Chemistry, Laboratory of Molecular Biology, National Institute of Mental Health,
Building 10, Rm. 3D46, 10 Center Drive, Bethesda, Maryland 20892-1216

Received 7 February 2005/Accepted 1 April 2005

We previously reported that the secretory capacity of Pichia pastoris is limited with respect to the secretion
of a 96.5-kDa bivalent anti-CD3 immunotoxin; double-copy expression generated more translation products
than single-copy expression but did not increase the secretion of the immunotoxin. In Saccharomyces cerevisiae
heterologous protein secretion has been reported to increase the expression of molecular chaperones, most
prominently BiP/Kar2p. We therefore investigated the relationships between immunotoxin secretion and
Kar2p expression in P. pastoris. We found that expression of the immunotoxin in P. pastoris increased the
expression of Kar2p to levels that surpassed the retrieval capacity of the cell, leading to secretion of Kar2p into
the medium. The level of Kar2p secretion was correlated with the copy number of the immunotoxin gene.
Intracellular Kar2p was found to bind exclusively to the unprocessed immunotoxin containing the prosequence
of �-factor in the endoplasmic reticulum. These results show that Kar2p is intimately involved in immunotoxin
secretion in P. pastoris. The limited capacity of P. pastoris to retain a sufficiently high level of intracellular
Kar2p may be a factor restricting the production of the immunotoxin.

The yeast Pichia pastoris has been developed into a highly
successful system for the production of recombinant proteins
having different origins (5). However, the efficiency of heter-
ologous secretion can vary widely among the expressed pro-
teins. Some eukaryotic proteins, such as human serum albumin
and insulin, can be secreted at very high levels (grams per
liter), whereas the secretion levels of many other proteins are
significantly lower or even undetectable.

We have expressed a bivalent anti-CD3 immunotoxin in P.
pastoris with a moderate secretion level (about 5 mg/liter in
shake flask cultures and 37 mg/liter in fermentation cultures)
(46, 47). Attempts to increase the production of this protein by
using protease inhibitors and protease-deficient strains and by
increasing the copy number of the gene were not successful
(21). Interestingly, strains with two copies of the immunotoxin
gene generated more translation product, but there was not an
increase in the secretion of the intact protein, indicating that
the expressing host has a limited capacity to fold and/or secret
the immunotoxin. Structurally, this multidomain immunotoxin
has several interesting features (Fig. 1). The N terminus con-
sists of the diphtheria toxin (DT) catalytic domain (DT A),
followed by the toxin translocation domain ending at DT res-
idue 390, followed by two tandem scFv domains separated by
a (G4S)3 linker (40). The junction between the catalytic and
translocation domains contains an accessible Kex2 cleavage
site spanned by a disulfide loop. To facilitate secretion, the
toxin gene is preceded by the Saccharomyces cerevisiae �-mat-
ing factor preprosequence. Based on our understanding of the
processing and secretion of �-factor in S. cerevisiae (37), we

expect that after entering the endoplasmic reticulum (ER), the
preproimmunotoxin undergoes initial processing to remove
the presequence, followed by folding and N-linked glycosyla-
tion at the three potential sites in the prosequence region.
Potential glycosylation sites of the immunotoxin have been
removed (22). The proimmunotoxin could then be transported
from the ER to the Golgi complex, where it might undergo
further modification of oligosaccharide chains before it is fi-
nally processed to yield the immunotoxin by proteolytic cleav-
age at the Kex2 site introduced between the prosequence and
the immunotoxin. Therefore, the molecular size of intracellu-
lar immunotoxin in both nonreducing and reducing gels should
provide information on the transition of the immunotoxin from
the early ER to the Golgi compartments.

In order to obtain a better understanding of the limitation of
secretory capacity for the immunotoxin in P. pastoris, we de-
cided to investigate the relationships between the major ER
protein folding chaperone BiP/Kar2p and the immunotoxin
during the immunotoxin transit through the ER and Golgi
compartments. BiP was originally described as the immuno-
globulin heavy chain binding protein (12) and the glucose-
regulated protein, Grp78 (30). In the yeast S. cerevisiae, BiP is
the product of a karyogamy gene, KAR2 (26, 31). BiP/Kar2p
interacts transiently with stretches of folding protein units to
prevent intra- and intermolecular interactions that could lead
to permanent misfolding or aggregation. As an integral part of
the ER quality control system, BiP/Kar2p binds more persis-
tently to misfolded or unassembled proteins and prevents them
from exiting the ER (10). BiP/Kar2p also plays an active role in
the translation of precursor polypeptides across the ER mem-
brane (23, 48) and in the ER-associated degradation of un-
folded protein (15, 43).

Under normal growth conditions, BiP/Kar2p is constitutively
expressed. Its synthesis can be further induced by various stress
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conditions, such as heat shock, inhibition of glycosylation by
tunicamycin (26, 31), and expression of foreign or mutant
proteins (16, 17, 41, 45). Under these stress conditions, un-
folded proteins accumulate in the ER, and a complex signal
pathway, called the unfolded protein response (UPR), is acti-
vated to reduce the accumulation of these proteins (24, 28, 35).

BiP/Kar2p and other ER resident soluble proteins, such as
protein disulfide isomerase, have a COOH-terminal tetrapep-
tide retention signal that is usually KDEL in mammalian cells
and HDEL in S. cerevisiae (29). ER retention of these proteins
is achieved by receptor (Edr2p)-mediated retrieval (8, 19, 20,
34, 39). It has been shown that in S. cerevisiae the Erd2p-
mediated retention can be saturated by overexpression of an
HDEL-tagged pro-�-factor (6, 34) or Kar2p and by other con-
ditions that activate the UPR (e.g., treatment with �-mercap-
toethanol or tunicamycin [1], leading to extracellular secretion
of Kar2p).

MATERIALS AND METHODS

P. pastoris strains. We used DT-resistant P. pastoris strains that had a mutation
in elongation factor 2 (21) for expression of the bivalent anti-CD3 immunotoxin
(40). The immunotoxin expression cassette used in this study has been described
previously (46) and is shown in Fig. 1. Briefly, it contains a promoter, the
preprosequence of �-mating factor, the immunotoxin gene (40) that encodes the
DT A chain and the DT translocation domain followed by two tandem scFv
chains, and the transcription termination sequence for AOX1 (alcohol oxidase 1).
Strains PAOX-1c and PAOX-2c were originally called mutEF2JC307-8(2) and
mutEF2JC303-5(2c-1), respectively (21). These strains are elongation factor 2
mutants that express the immunotoxin under control of the AOX1 promoter
(PAOX1) and contain one and two immunotoxin expression cassettes, respec-
tively. In this study, we made two new strains that express the immunotoxin
constitutively under control of the promoter of the glyceraldehyde-3-phosphate
dehydrogenase gene (PGAP) characterized by Waterham et al. (44). We replaced
the PAOX1 in the immunotoxin expression cassette with PGAP and introduced one
PGAP-immunotoxin cassette with HIS4 as a selection marker into ef-2 his4 (21) to
generate strain PGAP-1c. Two PGAP-immunotoxin cassettes, one with HIS4 and
the other with ARG4, were introduced into mutEF2JC303-5 (ef-2 his4 arg4) (21),
generating strain PGAP-2c. Three other P. pastoris strains were obtained from
Invitrogen Corporation (Carlsbad, Calif.): wild-type strain X-33; GS115 Albu-
min, which secrets serum albumin; and GS115 �-gal, which expresses �-galacto-
sidase intracellularly. Both proteins are expressed under the control of PAOX1.

Cell culturing, protein expression, and media. P. pastoris strains were first
grown for 3 days on plates (purchased from K · D Medical, Columbia, Md.)
containing synthetic defined medium (SD) without the amino acid of the selec-
tion marker (e.g., SD without histidine for the strains expressing one copy of the
immunotoxin gene, serum albumin, or �-galactosidase or X-33; SD without
histidine and arginine for the strains expressing two copies of the immunotoxin
gene). For immunotoxin expression under the control of PGAP, cells from single

colonies were transferred into growth medium YPD (1% yeast extract, 2%
peptone, 2% dextrose) and grown overnight. Cells were then pelleted and re-
suspended in fresh YPD at the original volume. The cell suspensions were
inoculated to an optical density at 600 nm (OD600) of 0.3 into buffered expression
medium with dextrose (B-EMD) (1% yeast extract, 2% peptone, 100 mM po-
tassium phosphate, pH 7.0, 1.34% yeast nitrogen base without amino acids, 4 �
10�5% biotin, 2% dextrose, 2% Casamino Acids) and incubated at 28°C with
shaking. For protein expression under the control of PAOX1, cells were grown for
4 h in growth medium YPG (1% yeast extract, 2% peptone, 1% glycerol) after
initial growth for 24 h in YPD. Cells were then pelleted and resuspended at an
OD600 of 10 or 20 in buffered expression medium with methanol (B-EMM) (1%
yeast extract, 2% peptone, 100 mM potassium phosphate, pH 7.0, 1.34% yeast
nitrogen base without amino acids, 4 � 10�5% biotin, 0.5% methanol, 2%
Casamino Acids).

Protein samples, SDS-PAGE, and Western blotting. The NuPAGE electro-
phoresis and blotting system (Invitrogen) was used for protein analysis. Culture
supernatant containing secreted proteins was mixed with 4� NuPAGE LDS
sample buffer before electrophoresis or storage at �70°C. For preparation of cell
extracts, cells were pelleted and washed with phosphate-buffered saline (PBS)
and then resuspended at a density of 5% (wt/vol) in PBS containing Complete
Mini protease inhibitors from Roche, Basel, Switzerland (1/50 of a stock solution
that was prepared by dissolving one tablet in 1 ml of water). The cell suspensions
were then mixed with an equal volume of 2� NuPAGE LDS sample buffer and
subjected to three cycles of boiling (5 min) and freezing on dry ice. Proteins were
separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) with NuPAGE 4 to 12% bis-Tris gels under nonreducing conditions and
transferred to nitrocellulose membranes by electroblotting. The membranes
were blocked with 4% nonfat dry milk in Tris-buffered saline–Tween before
incubation with primary antibodies (1:1,000) and horseradish peroxidase-labeled
secondary antibodies (1:5,000). The antigen-antibody complex was detected with
the TMB membrane peroxidase substrate (Kirkegaard & Perry Laboratories,
Gaithersburg, Md.).

Three polyclonal antibodies were used as the primary antibodies. Goat an-
ti-DT and rabbit anti-G4S antibodies were used in our previous studies (47). An
antibody directed against Kar2p of P. pastoris was prepared (by Bio-Synthesis
Inc., Lewisville, Tex.) using a 20-residue peptide (PGGQGFDDDDGDFDYD
YDYD) derived from the sequence immediately before the C-terminal HDEL of
Kar2p. The peptide was conjugated to keyhole limpet hemocyanin before it was
injected into rabbits.

Metabolic labeling and immunoprecipitation. P. pastoris cells expressing the
immunotoxin under the control of PAOX1 were first grown overnight in YPD and
then grown for 3 h in buffered synthetic complete medium without methionine
and cysteine (BSC�MC) containing 1.34% yeast nitrogen base, 0.18% synthetic
complete supplement mixture without methionine and cysteine (Qbiogene, Ir-
vine, Calif.), 100 mM potassium phosphate, pH 7.0, 4 � 10�5% biotin, and 1%
glycerol. Then 10 OD600 units of the cells was pelleted and resuspended in 10 ml
BSC�MC containing 0.5% methanol instead of glycerol. After incubation at 28°C
for 1 h, 100 �l of Redivue Pro-mix (14.3 mCi/ml; 35S-labeled methionine-cysteine
mixture from Amersham Biosciences, Piscataway, N.J.) was added, and the
culture was then incubated for 7 min. After labeling, 1.5 ml of the culture was
transferred to ice before it was mixed with NaN3 (10 mM) and protease inhib-
itors (1/50 of a stock solution). This sample was the zero-chase-time (zero-time)
sample. The rest of the culture was mixed with 20 ml B-EMM plus methionine
and cysteine (10 mM) before centrifugation at room temperature. The cells were
then resuspended in 8.5 ml B-EMM and incubated at 28°C with vigorous shaking.
Then at various chase times, aliquots (1.5 ml, divided equally into two tubes)
were transferred to ice and mixed with NaN3 and protease inhibitors immedi-
ately. The samples were then centrifuged, and the supernatants were collected
and stored at 4°C. The cells were resuspended in 350 �l of cell extraction buffer
(50 mM Tris-HCl, pH 8.0, 5% glycerol, 1% SDS, 20 mM N-ethylmaleimide,
protease inhibitors) and subjected to five cycles of agitation for 30 s (Bead
Beater; BioSpec, Bartlesville, Okla.) and incubation for 5 min on ice in the
presence of glass beads (about 100 �l). The suspensions were then centrifuged at
10,000 � g for 4 min, and the supernatants were transferred to fresh tubes for
immunoprecipitation or stored at �70°C.

Immunoprecipitation of the immunotoxin was carried out using the anti-DT
antibody and protein G coupled to magnetic beads (Dynabeads protein G; Dynal
Biotech, Oslo, Norway). For precipitation from the cell extracts, 100 �l of cell
extract was first mixed with 500 �l of IP buffer (1� PBS, pH 7.4, 5 mM EDTA,
1% Triton X-100) plus protease inhibitors and then with 10 �l of antibody. For
the culture supernatants, 500-�l samples were mixed with 20 �l 25% Triton
X-100, 50 �l of 10� PBS, pH 7.4, before the antibody was added. The mixtures
were incubated for 2 h at room temperature. Then the antigen-antibody complex

FIG. 1. Schematic representation of the immunotoxin expression
cassette in P. pastoris strains. The immunotoxin expression cassette
contains a promoter, the preprosequence of �-mating factor, the im-
munotoxin gene, and the transcription termination sequence for
AOX1. The immunotoxin is a multidomain protein containing the DT
catalytic domain (DT A), followed by the toxin translocation domain
ending at DT residue 390, followed by four Fv domains (VL and VH)
of an anti-CD3 antibody, UCHT1. The Fv domains are joined by a
15-amino-acid (G4S)3 linker. N-glycosylation and Kex2 cleavage sites
are indicated by lollipop symbols and triangles, respectively. S-S, di-
sulfide bridge.
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was precipitated by mixing the preparation for 1 h at room temperature with 60
�l of a Dynabeads-protein G suspension that had been washed three times in IP
buffer. The Dynabeads carrying the antigen-antibody complex were sedimented
by magnetic force, washed three times (5 min each), and then resuspended in 60
�l of 1� NuPAGE LDS sample buffer. The bead suspensions were boiled for 5
min, and the protein solutions separated from the beads were then transferred to
fresh tubes for analysis.

Coimmunoprecipitation of the immunotoxin with Kar2p was performed using
the procedures described above, but with the buffers used by Simons et al. (36).
Cells were disrupted in HBS buffer (200 mM NaCl, 50 mM HEPES, pH 7.6)
containing 2% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate
(CHAPS) (Pierce, Rockford, Ill.), protease inhibitors, and 30 U/ml apyrase
(Sigma-Aldrich, St. Louis, Mo.). Cell extracts were diluted 1:4 in HBS buffer
before they were mixed with the anti-Kar2p antibody. The Dynabeads suspension
was washed with HBS buffer containing 0.5% CHAPS.

Protein imaging and quantitation. Western blots and stained protein gels were
photographed with a digital camera (Coolpix 5000; Nikon), and protein bands of
interest were quantified with the NIH Image J software. The images of radioac-
tive proteins in SDS-PAGE gels were collected and analyzed using the Storm
System and ImageQuant software (Amersham Biosciences, Piscataway, N.J.).

RESULTS

P. pastoris Kar2p sequence and specificity of the anti-Kar2p
antibody. Using the sequence of S. cerevisiae Kar2p, we ob-
tained the DNA sequence of P. pastoris Kar2p from the P.

pastoris genome assemblies present in the ergo database (the
accession number of the DNA sequence of KAR2 in the Gen-
Bank database is AY965684). The amino acid sequence of P.
pastoris Kar2p exhibits 76% identity with the sequence of the S.
cerevisiae homolog, and P. pastoris Kar2p has a calculated
molecular mass of 74 kDa. The polyclonal antibody against the
peptide derived from Kar2p recognized two major protein
species from a P. pastoris cell lysate on a Western blot: a
74-kDa protein (Kar2p) and a protein with a molecular mass
between 14 and 19 kDa (Fig. 2A). Binding of the antibody to
these proteins was blocked by the peptide (Fig. 2B). This
antibody did not recognize S. cerevisiae Kar2p (data not
shown).

Constitutive expression of the immunotoxin under the con-
trol of PGAP. Expression of the immunotoxin in P. pastoris
under the control of the promoter for alcohol oxidase (PAOX1)
has been reported previously (46). However, in shake flask
cultures it is difficult to control the methanol inducer concen-
tration due to the volatility of methanol, and it is difficult to
obtain sufficient aeration. Therefore, we chose to also use a
constitutive promoter for our studies on the relationships be-
tween immunotoxin production and Kar2p expression in P.
pastoris. We placed the immunotoxin gene, including the pre-
prosequence of �-factor (46), under control of the promoter of
the glyceraldehyde-3-phosphate dehydrogenase gene (PGAP).
Under conditions described in Materials and Methods, the
average level of immunotoxin expression under the control of
PGAP was about 5 to 10 mg/ml, and it was roughly 1.5- to 2-fold
higher than the expression level under the control of PAOX1

(Fig. 3A). As we previously reported (21), there was no in-
crease in the amount of immunotoxin in the culture medium of
strains carrying two copies of the immunotoxin gene (PGAP-2c
and PAOX-2c). Interestingly, a second prominent Coomassie
blue-stained band at about 75 kDa was also found in the
immunotoxin-secreting strains but not in the X-33 wild-type
strain and strains that express cytosolic �-galactosidase or se-
creted serum albumin.

Kar2p was secreted from P. pastoris expressing the immu-
notoxin. In order to determine the origin of the �75-kDa
protein present in the medium of P. pastoris cultures expressing
the immunotoxin, we probed Western blots of P. pastoris

FIG. 2. Specificity of the anti-Kar2p antibody. Western blots of cell
extracts from X-33 grown overnight in YPD (lane 1) and YPG (lane 2)
were incubated with the rabbit anti-Kar2p antibody (1:1,000 dilution)
as the primary antibody in the absence of the Kar2p peptide (A) or in
the presence of the Kar2p peptide at a concentration of 10 mg/ml (B).
Lane M contained molecular weight standards.

FIG. 3. Relative secretion levels for immunotoxin and Kar2p. Protein expression was performed as described in Materials and Methods for
22 h. (A) Coomassie blue-stained SDS gel of culture supernatants of P. pastoris strains expressing genes for cytosolic �-galactosidase (lane �-gal)
or secreted serum albumin (lane SA) and for immunotoxin (lanes 1c, one copy; lanes 2c, two copies) under the control of PAOX1 or PGAP. Lanes
X-33 contained wild-type strain X-33 culture supernatants. IT, immunotoxin. (B) Western blots of culture supernatant of the strain expressing one
copy of the immunotoxin gene (PGAP-1c). The blots were probed with the anti-Kar2p antibody (left blot) or anti-G4S antibody (right blot). Unlike
anti-DT antibody, anti-G4S reacts equally well with intact immunotoxin and immunotoxin devoid of the diphtheria toxin A chain (IT-DTA).
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PGAP-1c culture supernatants with two polyclonal antibodies,
an antibody directed at the immunotoxin G4S linker in the scFv
heavy and light chains of the immunotoxin (47) and the anti-
body described above directed at P. pastoris Kar2p. We rea-
soned that the �75-kDa protein could represent an immuno-
toxin breakdown product, such as immunotoxin devoid of the
diphtheria toxin A chain, which could occur by reduction of the
disulfide attaching the A chain to the rest of the immunotoxin
after cleavage of the immunotoxin Kex2 site. Alternatively, the
band could represent secreted Kar2p, a situation that has been
observed under certain conditions in S. cerevisiae (1, 34). The
�75-kDa protein probed with anti-G4S stained at only one-
fifth the intensity of the 96.3-kDa intact immunotoxin band
(Fig. 3B), indicating that the lower band contained mostly
another protein. The lower band stained strongly when it was
probed with anti-Kar2p antibody, indicating that the other
protein was Kar2p.

Secretion of the immunotoxin increased Kar2p secretion. In
normal growth medium (YPD or YPG), P. pastoris did not
secret a detectable amount of Kar2p into the medium. When
the cells were cultured in the richer buffered expression me-
dium (B-EMD), a trace of Kar2p could be detected by Western
blotting in the culture medium of wild-type strain X-33 (Fig.
4A). However, under the same culture conditions, P. pastoris
strains expressing the immunotoxin under the control of PGAP

secreted at least 10 times more Kar2p than wild-type strain
X-33 secreted, as judged by densitometry. The amount of
Kar2p secreted into the medium was correlated with the copy
number of the immunotoxin gene and was influenced by the
culture medium (Fig. 4A). In B-EMD, PGAP-2c secreted
about 1.7-fold more than PGAP-1c secreted, which in turn
secreted 10-fold more than the wild-type strain secreted. In
YPD, PGAP-2c secreted about six times more than PGAP-1c
secreted. Secretion of the immunotoxin was also affected by
the culture medium; about threefold more immunotoxin was
produced in B-EMD than in YPD (Fig. 4B).

Expression of the immunotoxin under the control of PAOX1

had the same effect on Kar2p secretion as expression under the
control of PGAP had. In the buffered expression medium with
methanol instead of glucose as the carbon source (B-EMM),
PAOX-2c secreted 2.5-fold more Kar2p than PAOX-1c se-
creted, whereas wild-type strain X-33 did not secrete a detect-
able amount (Fig. 4C). Interestingly, the P. pastoris strain that
expresses and secretes serum albumin at a very high level (�1
g/liter according to Invitrogen’s data) and the strain expressing
cytosolic �-galactosidase did not secrete Kar2p at a detectable
level (Fig. 4C).

Expression of the immunotoxin increased the intracellular
Kar2p level. The intracellular level of Kar2p was relatively low
in the wild-type strain grown in YPD and was �fivefold greater

FIG. 4. Secretion of the immunotoxin increases Kar2p secretion. Protein expression was performed for 4 h under conditions described in
Materials and Methods. P. pastoris strains expressing immunotoxin (lanes 1c, one copy; lanes 2c, two copies) under PGAP control (A and B) were
incubated in YPD and buffered (pH 7.0) richer expression medium with dextrose (B-EMD), whereas strains expressing immunotoxin, serum
albumin (lane SA), or �-galactosidase (lane �-gal) under PAOX1 control (C) were induced in expression medium containing methanol (B-EMM).
Lanes X-33 contained wild-type strain X-33. Samples of culture supernatant were analyzed by SDS-PAGE and Western blotting using anti-Kar2p
(A and C) or anti-DT (B) as the primary antibody.

FIG. 5. Expression of the immunotoxin increases the intracellular Kar2p level. The P. pastoris strains and conditions for protein expression and
SDS-PAGE used were the same as those described in the legend to Fig. 4. Cell extracts of 4-h protein-expressing cultures were analyzed by Western
blotting using anti-Kar2p as the primary antibody. (A) Samples of strains expressing immunotoxin under PGAP control. (B) Samples of strains
expressing immunotoxin and other proteins under PAOX1 control.
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when the organism was grown in B-EMD (Fig. 5A). Intracel-
lular Kar2p levels were further elevated in single-copy and
double-copy immunotoxin-secreting strains in both media. In
YPD the intracellular Kar2p level increased sixfold with single-
copy immunotoxin expression and ninefold with double-copy
expression under the control of PGAP. In B-EMD the increases
in Kar2p expression compared with the wild-type strain were
�1.5-fold for PGAP-1c and �2.5-fold for PGAP-2c.

Again, expression of the immunotoxin under the control of
PAOX1 had an effect on the intracellular level of Kar2p similar
to the effect under the control of PGAP. In B-EMM, the two
immunotoxin-expressing strains, PAOX-1c and PAOX-2c, had

about 2.5-fold and 3-fold more Kar2p, respectively, than the
strain expressing serum albumin or �-galactosidase (Fig. 5B).

Immunotoxin processing and secretion. SDS gel electro-
phoresis of the metabolically labeled and anti-DT antibody-
precipitated proteins revealed the kinetics of immunotoxin
processing and secretion in the PAOX strains. During the
7-min labeling, the immunotoxin synthesized in PAOX-1c (ze-
ro-time cell extract) (Fig. 6A) migrated predominantly at the
position corresponding to a protein with a molecular mass of
�105 kDa, which is the same size as the size of the unproc-
essed immunotoxin that contains the prosequence of �-factor
(21). A band corresponding to a small polypeptide with a

FIG. 6. Immunotoxin processing and secretion. Immunotoxin was expressed under PAOX1 control in P. pastoris strains containing one copy
(strain PAOX-1c) (A) and two copies (strain PAOX-2c) (B) of the gene. Cells were labeled for 7 min, chased for the times indicated, and then
lysed. The cell lysates and culture media were immunoprecipitated with anti-DT antibody before SDS-PAGE and phosphorimaging. The primary
translation product of the immunotoxin gene contains �-factor pre- and prosequences. The presequence is removed when the polypeptide enters
the ER to generate proimmunotoxin (Pro-IT), which is then further processed to yield mature immunotoxin (IT). Two major immunotoxin
breakdown products were identified: immunotoxin without the diphtheria toxin A chain (IT-DTA) and the DT A chain (DTA). The intensities of
the Pro-IT and IT bands in panels A and B were measured by using ImageQuant software, and the results are shown in panel C.
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molecular mass of about 21 kDa also appeared in the medium
of the zero-time sample. Although this molecular mass is about
the same as that of the DT A chain that can appear in the
culture medium of P. pastoris expressing the immunotoxin (21),
the band was not DT A because it was also present in the
labeling medium of wild type strain X-33 and was not present
when the sample was analyzed under reducing conditions. At
the 10-min chase time, the intensity of the proimmunotoxin
band was about 54% of the intensity at zero time, indicating
that about one-half of the proimmunotoxin seen at zero time
disappeared during the first 10 min of the chase (Fig. 6A and
C). Some of the proimmunotoxin was converted to mature
immunotoxin as mature immunotoxin appeared both in the
medium and in the cell extract. The amount of immunotoxin
secreted into the medium was approximately 3% of the
amount of proimmunotoxin at zero time, whereas the amount
remaining in the cell was about 10%. The rest of the proim-
munotoxin was broken down, as shown by the presence both in
the medium and in the cell of protein species with molecular
weights lower than that of the mature immunotoxin. As the
chase progressed, less and less proimmunotoxin remained in
the cell, and concurrently more and more immunotoxin was
secreted into the medium. At the 4-h chase time, almost all
proimmunotoxin was processed, and the immunotoxin accu-
mulation in the medium was the highest (the amount was
about 37% of the amount of proimmunotoxin at the zero chase
time for the single-copy strain). The amount of mature immu-
notoxin in the cell reached the maximum value after 30 min of
chasing (�11% of the proimmunotoxin at the zero chase time)
and then gradually fell, and surprisingly some immunotoxin
even remained in the cell for 22 h. Apart from the immuno-
toxin, there were two other prominent immunotoxin-related
species in the medium; one was the �21-kDa DT A chain, and
the molecular weight of the other was the molecular weight of
immunotoxin devoid of DT A.

The profile of immunotoxin processing and secretion in the
PAOX-2c strain was similar to that in the PAOX-1c strain (Fig.
6B and C), except that at zero chase time, the PAOX-2c strain
had about 1.7 times more proimmunotoxin than the PAOX-1c
strain at the same time. After the first 10 min of chasing, the
amount of proimmunotoxin in PAOX-2c dropped about 76%,
to almost the same amount seen in PAOX-1c at this time, yet
there was no increase in the amount of immunotoxin con-
verted. At the subsequent chase times, there was virtually no
difference in the rate of the proimmunotoxin processing and
immunotoxin conversion between PAOX-1c and PAOX-2c.
However, the amount of breakdown products, mostly DT A
and the aggregated material, was significantly greater in
PAOX-2c, which is consistent with the results that we reported
previously (21).

Binding of Kar2p to the immunotoxin. To determine
whether Kar2p interacted with the immunotoxin in the cell,
coimmunoprecipitation experiments were performed under
mild detergent conditions and in the presence of apyrase to
preserve Kar2p binding. Figure 7A shows that using the anti-
Kar2p antibody, two major proteins were precipitated from the
PAOX-2c cell extract; one was the 74-kDa Kar2p protein, and
the other was the proimmunotoxin because it had a molecular
mass of �105 kDa and reacted with anti-DT antibody (Fig.
7B). The proimmunotoxin band was mostly seen at the first

three times and was strongest at zero time. Although processed
intact immunotoxin was present in the cell, it was not precip-
itated by the Kar2p antibody. This result, together with the fact
that under the same coimmunoprecipitation conditions the
immunotoxin-Kar2p complex was not found in the culture me-
dium in which both proteins were present, demonstrates that
Kar2p does not bind to the folded protein. When coimmuno-
precipitation was performed in the presence of the peptide
used to raise the Kar2p antibody, neither Kar2p nor proimmu-
notoxin was detected, indicating that the precipitated proim-
munotoxin had been associated with Kar2p (data not shown).

The Kar2p bands (Fig. 7A and C) were stronger that the
bands representing the proimmunotoxin, indicating that not all
Kar2p was associated with proimmunotoxin. At zero time, the
intensity of the Kar2p band was about 1.3-fold greater than
that of the proimmunotoxin band. Considering the fact that the
number of Met and Cys residues in Kar2p is 2.5-fold less than
the number in proimmunotoxin, the actual number of Kar2p
molecules precipitated might have been more than three times
greater than the number of proimmunotoxin molecules pre-
cipitated. Interestingly, while the amount of proimmunotoxin
precipitated gradually decreased as the chase progressed, the
amount of Kar2p precipitated increased about 1.5-fold from 0
to 30 min before it started to decrease slowly. This suggests
that in the double-copy strain a substantial fraction of the
newly synthesized Kar2p was not available for antibody pre-
cipitation until after a 10- to 30-min lag period. This phenom-
enon was observed but was less pronounced in the single-copy
strain (Fig. 7C).

DISCUSSION

We investigated the efficiency of the immunotoxin secretion
from P. pastoris cells by monitoring with time the conversion of
the proimmunotoxin to the immunotoxin in strains expressing
one and two copies of the immunotoxin gene (Fig. 6). We
found that initially the two-copy strain had about 1.7-fold more
proimmunotoxin in a cell than the one-copy strain had but did
not generate more immunotoxin. Most of the proimmunotoxin
disappeared during the first 10 min, before it reached the Golgi
complex. This strongly indicates that the ER has a limited
capacity for processing the immunotoxin.

The yeast secretory pathway is capable of rapid folding and
processing of native proteins; for instance, the half-time for
transporting �-factor mating pheromone and invertase from
the ER to the Golgi complex after synthesis is less than 2 min
(14, 32). Such rapid processing made the detection of glycosy-
lated pheromone precursors possible only in mutants defective
at various stages in protein transport or in protein processing
events (9, 14). Although there have been numerous reports of
�-factor preprosequence-mediated secretion of heterologously
expressed proteins in yeast, including P. pastoris (5), examples
of pulse-chase kinetic studies on formation, conversion, and
translocation of precursors are limited. In a study of �-factor-
leader-directed secretion of recombinant human-insulin-like
growth factor I (IGFI) from S. cerevisiae, Steube et al. (38)
found that conversion of the primary translation products to
the differently glycosylated IGFI precursors and to the mature
protein occurs very rapidly, with 2 min of pulse time, and
almost all precursors were processed after about 5 min of chase
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time. However, in this case secretion of the mature IGFI from
the cell was very slow; only after 30 to 40 min did IGFI appear
in the medium. By contrast, conversion of the proimmunotoxin
to mature protein was much slower; it took more than 1.5 h for
the precursor form to be completely processed. On the other
hand, secretion of mature immunotoxin was relatively quick
since immunotoxin appeared outside the cells within 10 min of
chasing (Fig. 6).

Slow maturation of the immunotoxin was accompanied by
prolonged association of Kar2p with the proimmunotoxin (Fig.
7). The immunotoxin translocation domain contains several
very hydrophobic stretches (3), and therefore it is not surpris-

ing that folding of the immunotoxin requires chaperones like
Kar2p. The Kar2p/proimmunotoxin complex remained detect-
able for more than 1.5 h after the proimmunotoxin was syn-
thesized. Although some immunotoxin started to appear in the
medium after 7 min, most (about 70% of the total secreted
immunotoxin) exited from the cell between 10 min and 1.5 h,
and some even took about 4 h to be exported. The profile of
immunotoxin secretion and its association with Kar2p suggests
that the folding process for the proimmunotoxin is slow and
that the ER can maintain the immunotoxin in a folding-com-
petent or secreting status for 1.5 h. The lack of association
between Kar2p and processed immunotoxin, as opposed pro-

FIG. 7. Association of Kar2p with the immunotoxin precursor. Cells of P. pastoris strain PAOX-2c were pulse-chase-labeled as described in the
legend to Fig. 6 and subsequently lysed in 2% CHAPS in the presence of 30 U/ml apyrase to preserve Kar2p binding. The cell lysates were
immunoprecipitated with the anti-Kar2p antibody. The precipitates were then subjected to SDS-PAGE and phosphorimaging (A) or to immu-
noprecipitation by anti-DT antibody before SDS-PAGE analysis (B). Anti-DT immunoprecipitation was performed after the anti-Kar2p precip-
itates were boiled for 5 min in the presence of 1% SDS and then diluted 1:6 in IP buffer (see Materials and Methods). The relative amounts of
proimmunotoxin (Pro-IT) coprecipitated by Kar2p from PAOX-1c and PAOX-2c are shown in panel C.
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immunotoxin (Fig. 7), and the fact that Kar2p was secreted
from wild-type strain X-33 when the cells were cultured in
buffered rich expression medium (Fig. 4) indicated that Kar2p
secretion is not physically coupled to immunotoxin secretion.

Upregulation of BiP/Kar2p is the first and most-character-
ized event of the UPR. It has been shown that overexpression
of secreted mutant or foreign proteins, particularly those with
slower folding characteristics, elevates intracellular BiP/Kar2p
levels (7, 13, 16, 17, 41, 45). In line with these reports, we found
that secretion of overexpressed immunotoxin increased Kar2p
expression in P. pastoris (Fig. 5). However, under the same
expression conditions, secretion of serum albumin did not re-
sult in an increase even though the level of secretion was much
higher than that of the immunotoxin. It has been demonstrated
that BiP/Kar2p also plays a key role in regulation of the UPR
mediated by Ire1p, an ER resident transmembrane kinase/
nuclease (4, 25) whose activation leads to production of a
transcription factor, Hac1p, which in turn drives the UPR (24).
Under normal conditions, Kar2p associates with the luminal
domain of Ire1p, keeping Ire1p in an inactive form. When the
unfolded proteins accumulate in the ER, BiP/Kar2p dissoci-
ates from Ire1p and binds to unfolded proteins, resulting in
activation of Ire1p and consequently the UPR (2, 27). We
postulated that slow folding and prolonged association of the
immunotoxin with Kar2p would reduce the amount of free
Kar2p available for binding Ire1p, consequently triggering the
UPR. This postulate is supported by the fact that in the P.
pastoris strains expressing two copies of the immunotoxin gene,
more primary products were produced, more precursors were
found to be associated with Kar2p, and more Kar2p was ex-
pressed than in strains expressing one copy of the gene (Fig. 5
and 6).

We found that expression of the immunotoxin not only el-
evated the intracellular level but also increased the extracellu-
lar secretion of Kar2p, and the higher level of Kar2p secretion
coincided with greater activation of the UPR as strains ex-
pressing two copies of the immunotoxin gene secreted more
Kar2p than strains expressing one copy secreted (Fig. 4). Pre-
vious studies have demonstrated that in S. cerevisiae Erd2p-
dependent retrieval of HDEL proteins is saturable when
HDEL-tagged proteins are overexpressed (1, 6, 34). Therefore,
we suggest that in the case of immunotoxin secretion in P.
pastoris, UPR upregulation of HDEL proteins, prominently
Kar2p, surpasses the capacity of ER retention, at least Erd2p-
dependent retrieval. Although the Erd2 gene was upregulated
by the Ire1p-mediated UPR in S. cerevisiae, at least five genes
coding for ER resident HDEL proteins were upregulated (42).
Among these genes, the Kar2, Pdi1, and Eug1 genes exhibited
about twofold-greater increases in transcription than the Erd2
gene exhibited. The Kar2 gene also showed significant upregu-
lation in 	ire1 and 	Hac1 mutant strains (4, 42), indicating
that it can also be regulated by 	ire1 and 	Hac1 independent
mechanisms (18, 33). Furthermore, it has been shown in mam-
malian cells that BiP is regulated at the posttranscription level,
which allows the cells to produce more protein in response to
the accumulation of unfolded protein in the ER (11).

Since BiP/Kar2p plays a key role in the UPR, not only as an
ER chaperone but also as an ER stress sensor, limitations in
retention of BiP/Kar2p and possibly other HDEL proteins,
such as Pdi1p, may be a factor that restricts heterologous

secretion of certain overexpressed proteins. This would be a
fruitful area for further studies considering the wide use of P.
pastoris in heterologous protein secretion.
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