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We have identified and characterized mutants of the yeast Yarrowia lipolytica that are deficient in protein
secretion, in the ability to undergo dimorphic transition from the yeast to the mycelial form, and in peroxisome
biogenesis. Mutations in the SEC238, SRP54, PEX1, PEX2, PEX6, and PEX9 genes affect protein secretion,
prevent the exit of the precursor form of alkaline extracellular protease from the endoplasmic reticulum, and
compromise peroxisome biogenesis. The mutants sec238A, srp54KO, pex2KO, pex6KO, and pex9KO are also
deficient in the dimorphic transition from the yeast to the mycelial form and are affected in the export of only
plasma membrane and cell wall-associated proteins specific for the mycelial form. Mutations in the SEC238,
SRP54, PEX1, and PEX6 genes prevent or significantly delay the exit of two peroxisomal membrane proteins,
Pex2p and Pex16p, from the endoplasmic reticulum en route to the peroxisomal membrane. Mutations in the
PEX5, PEX16, and PEX17 genes, which have previously been shown to be essential for peroxisome biogenesis,
affect the export of plasma membrane and cell wall-associated proteins specific for the mycelial form but do
not impair exit from the endoplasmic reticulum of either Pex2p and Pex16p or of proteins destined for
secretion. Biochemical analyses of these mutants provide evidence for the existence of four distinct secretory
pathways that serve to deliver proteins for secretion, plasma membrane and cell wall synthesis during yeast
and mycelial modes of growth, and peroxisome biogenesis. At least two of these secretory pathways, which are
involved in the export of proteins to the external medium and in the delivery of proteins for assembly of the
peroxisomal membrane, diverge at the level of the endoplasmic reticulum.

The secretory pathway of eukaryotic cells consists of a series
of morphologically and biochemically distinct membrane-
bound compartments. The classical secretory pathway starts
with protein translocation into the lumen of the endoplasmic
reticulum (ER). From the ER, secretory proteins are trans-
ported within a series of vesicles to and through the Golgi
complex and are then either delivered to the cell surface or
routed to the endosomal-lysosomal (vacuolar) branch of the
pathway (32, 43, 53). At all stages of the pathway, intercom-
partmental transport is initiated by the formation of coated
vesicles on the donor compartment, followed by uncoating of
vesicle intermediates prior to their fusion with a specific ac-
ceptor compartment (47, 52–54). While initial studies sug-
gested the existence of one major pathway of vesicle-mediated
protein export to the cell surface through a series of mem-
brane-bound compartments, exceptions to this classical
scheme of protein secretion have now been described.

First, not all proteins of either mammalian or yeast cells are
delivered to the cell surface via the vesicle-mediated secretory
pathway. At least two nonclassical secretory pathways have
been demonstrated in the yeast Saccharomyces cerevisiae (for a
detailed discussion, see references 9 and 10). Second, branch-
ing of the pathway for classical vesicle-mediated protein traffic
to the cell surface has been shown for some specialized mam-
malian cells. Divergence occurs at the Golgi complex-to-
plasma membrane step that is served by different populations
of Golgi complex-derived vesicles (21, 34, 47, 48). The exis-

tence of two parallel routes from the Golgi complex to the
plasma membrane has also been demonstrated recently for S.
cerevisiae (22). Branching of the vesicle-mediated secretion
pathway can also occur at the level of the ER. Anterograde
ER-to-Golgi complex protein traffic in S. cerevisiae is mediated
by two vesicle populations coated by different protein com-
plexes, COPI and COPII (3, 5). While COPII-coated vesicles
are responsible for the transport of the majority of secretory
and membrane cargo molecules (5), the role of COPI-coated
vesicles remains a matter of debate (3, 5, 44, 54). However, it
should be noted that blocking the function of either COPI or
COPII affects both protein delivery to the cell envelope and/or
external medium and export of material for plasma membrane
and cell wall synthesis.

Here, we provide evidence for the existence of four distinct
secretory routes in the yeast Yarrowia lipolytica. These routes
serve protein secretion into the external medium, delivery of
proteins for plasma membrane and cell wall synthesis during
yeast and mycelial modes of growth, and peroxisome biogen-
esis. We also show that at least two of these routes, which
function in protein secretion and in the delivery of proteins for
the assembly of the peroxisomal membrane, diverge at the
level of the ER.

MATERIALS AND METHODS

Yeast strains, media, and techniques. The Y. lipolytica strains used in this study
are listed in Table 1. The mutant sec238A and srp54KO strains are isogenic to the
wild-type DX547-1A strain, while the MCL25, pex1-1, pex2KO, pex5KO, pex6KO,
pex9KO, pex16KO, and pex17KO strains are isogenic to the wild-type E122 strain.
The new nomenclature for peroxisome assembly genes and proteins has been
used (13). Media, growth conditions, and genetic techniques for Y. lipolytica have
been described elsewhere (38, 56). Medium components were as follows: YEPD,
1% yeast extract, 2% peptone, and 2% glucose; 23-YEPD, 2% yeast extract, 4%
peptone, and 4% glucose; YEPA, 1% yeast extract, 2% peptone, and 2% sodium
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acetate; and YND, 0.67% yeast nitrogen base without amino acids and 2%
glucose. YND was supplemented with adenine, uracil, leucine, and lysine each at
50 mg/ml as required.

Isolation of the sec238A and srp54KO mutants. The sec238A mutant was
isolated after UV mutagenesis of the CX161-1B strain (MATA ade1). Mu-
tagenized cells were first screened for the temperature-sensitive production of
cell-bound phosphatase by a plate assay for acid phosphatase activity on low-
phosphate medium (41). Strains exhibiting levels of extracellular acid phospha-
tase comparable to those of wild-type cells at 22°C but affected in phosphatase
secretion at 32°C were secondarily screened on skim milk plates (41) for tem-
perature-sensitive production of alkaline extracellular protease (AEP). Strains
that showed a small or no zone of clearing on skim milk plates at 32°C but which
were unimpaired in AEP production at 22°C were selected. Final screening
included an immunoblot selection of mutants that accumulated the intracellular
55-kDa precursor form of AEP (pAEP) after temperature shift from 22 to 32°C,
in contrast to the wild-type strain, which does not accumulate intracellular pAEP
at either temperature. One mutant, the sec238A strain, showed decreased effi-
ciency of AEP secretion into the culture supernatant and accumulated intracel-
lular pAEP upon shift from the permissive (22°C) to the restrictive (32°C)
temperature in pulse-chase experiments, as described in Results.

The srp54KO mutant was constructed by integrative disruption of the SRP54
gene with the ADE1 gene of Y. lipolytica (29).

The pex1-1 mutant was originally selected as a peroxisome-deficient strain
(38). The pex2KO (16), pex5KO (56), pex6KO (39), pex9KO (14), pex16KO (15),
and pex17KO (55) strains were constructed by integrative disruption of genes
essential for peroxisome biogenesis as described.

Analysis of protein secretion. Cells, pregrown three times in YEPD medium at
22 or 32°C until an optical density at 600 nm (OD600) of 1.6 to 1.9 were
inoculated into YEPD medium at an initial OD600 of 0.1. Cells were grown until
OD600 of 1.7 to 2.0. Phenylmethylsulfonyl fluoride was added to 1 mM to the cell
suspension. The cell suspension was subjected to centrifugation in a Beckman
JS13.1 rotor at 20,000 3 g for 15 min at 4°C. The culture supernatant was treated
with 10% trichloroacetic acid on ice for 1 h. Precipitated proteins were collected
by centrifugation in a Beckman JS13.1 rotor at 20,000 3 g for 20 min at 4°C,
resuspended in 80% (vol/vol) cold acetone, incubated on ice for 30 min, and
recollected by centrifugation in a microcentrifuge at 14,000 3 g for 20 min at 4°C.
Protein pellets were dissolved in Laemmli sample buffer and subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), followed ei-
ther by staining of the gel with Coomassie brilliant blue R-250 or immunoblotting
with anti-AEP antibodies after protein transfer to nitrocellulose. The levels of
glucose-6-phosphate dehydrogenase (G6PDH) in wild-type and mutant cells
were determined by immunoblotting with anti-G6PDH antibodies to ensure the
loading of equivalent amounts of culture supernatant from the same number of
cells. Whole lysates of cells (20) from 0.5 ml of culture were applied per lane.

Subcellular fractionation and organelle isolation. The initial step in the sub-
cellular fractionation of YEPD-grown Y. lipolytica cells was performed as de-
scribed previously (56) and included the differential centrifugation of lysed and
homogenized spheroplasts at 1,000 3 g for 8 min at 4°C in a Beckman JS13.1
rotor to yield a postnuclear supernatant (PNS). The PNS fraction was further
subjected to differential centrifugation at 20,000 3 g for 30 min at 4°C in a

Beckman JS13.1 rotor to yield 20,000 3 g pellet (20KgP) and supernatant
(20KgS) fractions. The 20KgS fraction was further subfractionated by differential
centrifugation at 245,000 3 g for 1 h at 4°C in a Beckman TLA120.2 rotor to yield
245,000 3 g pellet (245KgP) and supernatant (245KgS) fractions. Protease pro-
tection analysis of different subcellular fractions was performed as described
elsewhere (58). The separation of organelles, i.e., plasma membrane, mitochon-
dria, ER, Golgi apparatus, and vacuoles, that are present in the 20KgP fraction
was performed by isopycnic centrifugation on a discontinuous sucrose (25, 35, 42,
and 53% [wt/wt]) gradient in a Beckman VTi50 rotor at 100,000 3 g for 1 h at
4°C (58).

Cofractionation of ER lumenal (Kar2p and Sls1p) and ER membrane
(NADPH-cytochrome c reductase [CCR]) proteins with pAEP in the first equi-
librium gradient analysis was confirmed by (i) differential centrifugation of the
fractions in which these proteins peaked and colocalized at 245,000 3 g for 1 h
at 4°C in a Beckman TLA120.2 rotor, followed by isopycnic centrifugation of the
resuspended organellar pellet on a linear (16 to 56% [wt/wt]) sucrose gradient at
100,000 3 g for 1 h at 4°C in a Beckman VTi50 rotor and by (ii) flotation of the
organelles from the peak fractions of the first equilibrium gradient on a two-step
sucrose gradient, as described previously (58).

To purify plasma membranes, fraction 7 equilibrating at a density of 1.182
g/cm3 in the first equilibrium gradient and containing the peak activity of vana-
date-sensitive plasma membrane ATPase was subjected to differential centrifu-
gation at 245,000 3 gmax for 1 h at 4°C in a Beckman TLA120.2 rotor. The
resultant pellet was overlaid with 50 mM 2-(N-morpholino)ethanesulfonic acid
(pH 5.5) containing 1 M sorbitol, and the mixture was placed on ice for 1.5 to 2 h
to allow easy resuspension of the pellet. The resuspended pellet was subjected to
isopycnic centrifugation on a linear (16 to 56% [wt/wt]) sucrose gradient at
100,000 3 g for 1 h at 4°C in a Beckman VTi50 rotor. Fraction 6 equilibrating at
a density of 1.19 g/cm3 contained the peak activity of vanadate-sensitive plasma
membrane ATPase and was essentially free from contamination (4 to 7%) by
other organelles.

High pH extraction of extracellular cell wall-associated proteins was per-
formed as described elsewhere (9).

Radiolabeling and immunoprecipitation. Yeast cultures were grown in YEPD
medium at the temperatures indicated. Aliquots of cells were sedimented in a
clinical centrifuge, resuspended at a concentration of 2 OD600 units/ml in YND
medium, and incubated at the temperatures indicated for 30 min. Radiolabeling
was performed in the same medium containing L[35S]methionine (ICN Biomedi-
cals, Mississauga, Ontario, Canada) at a concentration of 40 mCi/OD600 unit for
1.5 min at the temperatures indicated and chased with an equal volume of
23-YEPD medium supplemented with 10 mM L-methionine. Samples were
taken at the indicated times postchase. Reactions were terminated by the addi-
tion of an equal volume of ice-cold 20 mM NaN3, and cells were immediately
separated from the culture supernatant by centrifugation in a microcentrifuge at
20,000 3 g for 3 min at 4°C. Extracellular radiolabeled proteins were precipitated
from the culture supernatant with 10% trichloroacetic acid, as described above.
Radiolabeled, cell wall-associated proteins were extracted at high pH and pre-
cipitated with 10% trichloroacetic acid as described elsewhere (9). Immunopre-
cipitation of AEP from culture supernatant (61), cell envelope (9), or crude cell
lysate (19) was performed by established methods. Immunoprecipitation of
pulse-labeled pAEP, mAEP, Kar2p, and Sec14p from fractions of discontinuous
sucrose gradients was performed as described elsewhere (61). Samples were
analyzed by SDS-PAGE. Gels were treated with 22.2% 2,5-diphenyloxazole in
either dimethylsulfoxide or glacial acetic acid (11), dried, and exposed to pre-
flashed Kodak X-Omat AR X-ray film at 280°C with intensifying screens.

Immunofluorescence microscopy. Double-labeling, indirect immunofluores-
cence microscopy was performed as described previously (56).

Antibodies. Rabbit polyclonal antibodies to Y. lipolytica AEP (31), to Y. lipo-
lytica Sls1p (8), and to Y. lipolytica Sec14p (30) have been described previously.
Anti-Sls1p and anti-Sec14p antibodies were generous gifts of Claude Gaillardin
(Institut National Agronomique Paris-Grignon, Thiverval-Grignon, France).
Rabbit polyclonal antibodies to Y. lipolytica Kar2p were produced against the
carboxyl-terminal 180 amino acids of Kar2p expressed as a glutathione S-trans-
ferase-fusion in Escherichia coli. Guinea pig polyclonal antibodies to Y. lipolytica
Pex2p (16) and to Pex16p (15) have been described. Mouse monoclonal antibody
SPA-827 specific for grp78 (BiP) was from StressGen Biotechnologies (Victoria,
British Columbia, Canada). Rabbit polyclonal antibody A-9521 specific for S.
cerevisiae G6PDH was from Sigma (St. Louis, Mo.).

Analytical procedures. The enzymatic activities of cytochrome c oxidase (56);
NADPH-CCR, a-mannosidase, and vanadate-sensitive plasma membrane
ATPase (49); guanosine diphosphatase (1); alkaline phosphatase (57); and ex-
tracellular acid phosphatase (41) were determined by established methods. In-
organic phosphate liberated in assays for the activities of guanosine diphos-
phatase and vanadate-sensitive plasma membrane ATPase was measured as
described elsewhere (28). SDS-PAGE (27) and immunoblotting with a semidry
electrophoretic transfer system (model ET-20; Tyler Research Instruments, Ed-
monton, Alberta, Canada) (26) were performed as described. Antigen-antibody
complexes were detected by enhanced chemiluminescence (Amersham Life Sci-
ences, Oakville, Ontario, Canada). Immunoblots were quantitated as described
elsewhere (56).

TABLE 1. Y. lipolytica strains

Strain Genotype Source or
reference

E122 MATA ura3-302 leu2-270 lys8-11 18
DX547-1A MATA ade1 leu2-270 D. Ogrydziak
MCL25 MATA ura3-302 leu2-270 lys8-11

sec14::URA3
30

sec238A MATA ade1 sec238A D. Ogrydziak
srp54KO MATA ade1 leu2-270

srp54::ADE1
29

pex1-1 MATA ura3-302 leu2-270 lys8-11
pex1-1

This study

pex2KO MATA ura3-302 leu2-270 lys8-11
pex2::LEU2

16

pex5KO MATA ura3-302 leu2-270 lys8-11
pex5::LEU2

56

pex6KO MATA ura3-302 leu2-270 lys8-11
pex6::LEU2

39

pex9KO MATA ura3-302 leu2-270 lys8-11
pex9::LEU2

14

pex16KO MATA ura3-302 leu2-270 lys8-11
pex16::URA3

15

pex17KO MATA ura3-302 leu2-270 lys8-11
pex17::URA3

55
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RESULTS

Identification of mutants impaired in protein secretion. To
determine the effects of the sec238A and srp54KO mutations
on the steady-state levels of proteins secreted, wild-type and
mutant strains were grown in YEPD medium at 22 or 32°C
until the late exponential phase of growth. Under these con-
ditions, the levels of all secreted proteins were significantly
increased and reached steady state in the wild-type strain (data
not shown). No differences either in the spectrum of proteins
secreted into the culture supernatant or in the intensity of
individual protein bands were found between the wild-type
strain and the sec238A and srp54KO mutant strains grown in
YEPD at 22°C (Fig. 1A). Neither the sec238A nor the srp54KO
mutation affected the steady-state levels of the 32-kDa mature
form of AEP (mAEP) secreted into the culture supernatant or
of cell wall-bound extracellular acid phosphatase (AP) at 22°C
(Fig. 1A and B). In contrast, most proteins secreted by wild-
type cells at 32°C were not secreted, or were secreted to a
much lesser extent, by sec238A and srp54KO cells at 32°C (Fig.
1A). Moreover, at 32°C, the sec238A and srp54KO mutants
secreted four- to fivefold less mAEP or AP vis-à-vis wild-type
cells (Fig. 1A and B). The negative effects of the sec238A and
srp54KO mutations on protein secretion at 32°C were even
more pronounced in cells grown in YEPA medium, in which
both mutants secreted 10- to 12-fold less mAEP and AP com-
pared to the wild-type strain (data not shown).

Because the sec238A and srp54KO mutations show defects in
peroxisome biogenesis (59), we tested the abilities of a set of
peroxisome-deficient (pex) mutants of Y. lipolytica to secrete
proteins. Some, but not all, pex mutants, i.e., pex9KO (14),
pex6KO (39), pex2KO (16), and pex1-1 (59) strains, were af-
fected in their secretion of all major proteins, including mAEP
and AP, compared to wild-type cells (Fig. 1A and B). The
defects in protein secretion caused by the pex9KO, pex6KO,
pex2KO, and pex1-1 mutations were observed at both 22°C
(data not shown) and 32°C (Fig. 1).

We have confirmed that secretion of both mAEP and AP
(Fig. 1) is unaffected by disruption of the SEC14 gene (30),
which encodes a Golgi complex-associated phosphatidylinosi-
tol-phosphatidylcholine transfer protein. No differences in the
spectrum of the major proteins secreted or in the intensity of
individual protein bands were found between the wild type and
the sec14KO mutant grown in YEPD at both 22°C (data not
shown) and 32°C (Fig. 1A).

The sec238A and srp54KO mutations at 32°C and the
pex9KO, pex6KO, pex2KO, and pex1-1 mutations at both 22 and
32°C affect the rate and efficiency of protein secretion but do
not alter the stabilities of secreted proteins or their distribu-
tions between the culture supernatant and the cell envelope.
At 1 h following a shift of YEPD-grown cells to 32°C, pulse-
labeled mAEP appeared in the culture supernatants of wild-
type strains at the earliest chase point taken (2 to 2.5 min), and,
already by 10 to 20 min of chase, secretion of mAEP into the
culture supernatants of wild-type strains was almost complete
(Fig. 2A to C and Fig. 3A and B). In contrast, pulse-labeled
mAEP appeared in the culture supernatants of the sec238A,
srp54KO, pex9KO, pex6KO, pex2KO, and pex1-1 strains only
after 10 to 40 min of chase. Furthermore, the steady-state
levels of mAEP secreted into the medium at the latest chase
point taken (120 to 128 min) were 4- to 10-fold less in the
mutant strains compared to the wild-type strain (Fig. 2A to C
and Fig. 3A and B). Similar to their effects on the secretion of
mAEP, the sec238A, srp54KO, pex9KO, pex6KO, pex2KO, and
pex1-1 mutations at 32°C also affected the rate and efficiency of
secretion of all other proteins secreted by the wild-type strains

(Fig. 2A and 3A). While the sec238A and srp54KO mutations
affected the rate and efficiency of protein secretion only at
32°C (Fig. 2) but not at 22°C (data not shown), the pex9KO,
pex6KO, pex2KO, and pex1-1 mutations caused similar effects
on protein secretion at 32°C (Fig. 3) and 22°C (data not
shown).

None of the mutations tested decreased the stability of
pulse-labeled proteins, including that of mAEP, which was
secreted into the culture supernatant and incubated for 2 h
(the approximate length of one doubling time of cultures
grown in YEPD medium) at either 22 or 32°C (Fig. 2D and
3C). Furthermore, no differences in the distribution of mAEP

FIG. 1. The sec238A, srp54KO, pex9KO, pex6KO, pex2KO, and pex1-1 muta-
tions cause the steady-state levels of secreted proteins to decrease. (A) Cells of
the wild-type DX547-1A (lane 1) and E122 (lane 4) strains and of the mutant
sec238A (lane 2), srp54KO (lane 3), sec14KO (lane 5), pex9KO (lane 6), pex6KO
(lane 7), pex2KO (lane 8), pex5KO (lane 9), pex16KO (lane 10), pex17KO (lane
11), and pex1-1 (lane 12) strains were grown in YEPD medium at either 22 or
32°C. Culture supernatants were processed for analysis of the spectra of secreted
proteins (top panels). The equivalent of 25 ml of culture supernatant per lane
was applied. Gels were stained with Coomassie brilliant blue R-250. Numbers at
left indicate the migration of molecular mass standards (in kilodaltons). The
position of mAEP is indicated by an arrowhead. Culture supernatants were
processed for the analysis of secreted mAEP levels (middle panels). Protein from
0.5 ml of culture supernatant was applied to each lane. The blots were probed
with anti-AEP antibodies. The levels of G6PDH in whole-cell lysates of the
wild-type and mutant strains were determined so as to ensure the loading of
equivalent amounts of culture supernatants from the same number of cells onto
gels (bottom panels). The lysate of cells from 0.5 ml of culture was applied to
each lane. The blots were probed with anti-G6PDH antibodies. (B) Determina-
tion of the levels of mAEP and AP secreted into the culture supernatant or into
the cell envelope, respectively. For mAEP, blots in panel A (middle panels) were
quantitated by densitometry. Values for the densitometric signals of mAEP and
for the specific activities of extracellular AP in the culture supernatants or the
cell envelopes, respectively, of mutant strains are relative to the corresponding
values of the isogenic wild-type strain grown at the same temperature. All values
reported are the means 6 standard deviations for three independent experi-
ments.
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between the culture supernatant and the cell envelope were
observed between wild-type and protein secretion-deficient
mutant strains at either 22°C (data not shown) or 32°C (Fig. 2E
and 3D).

Exit of the AEP precursor from and translocation of some
proteins into the ER are affected in protein secretion-deficient
mutants. AEP is synthesized as a 53-kDa preproprotein with
an amino-terminal signal sequence and a prodomain upstream
from the mature segment of the protein (18, 31). The earliest
precursor detected in wild-type cells, the 55-kDa pAEP, lacks
its signal peptide, contains N-linked sugars, and is localized to
the lumen of the ER (8, 31). The cleavage of the prodomain by
a Kex2p-like endoprotease in a late Golgi compartment yields
the 32-kDa mature form (mAEP), which is secreted (8, 31).
Using pulse-labeling and immunoprecipitation of intracellular
forms of AEP after temperature shift to 32°C, we compared
the rate of conversion of pAEP to mAEP, reflecting the rate of
pAEP transit from the ER to a late Golgi compartment (8, 30,
31), in the wild-type strain to that in protein secretion-deficient
mutants. In wild-type cells, 45 to 54% of pulse-labeled pAEP

was converted to mAEP by 2 to 2.5 min of chase, and matu-
ration was complete by 10 min of chase (Fig. 4A and B). In
contrast, in protein secretion-deficient mutants at 32°C, most
prelabeled pAEP (65 to 74% of the initial levels in sec238A and
srp54KO strains and 81 to 89% of the initial levels in pex9KO,
pex6KO, pex2KO, and pex1-1 strains) was detected as an intra-
cellular form even by 120 to 128 min of chase (Fig. 4A and B).
Immunoprecipitation of prelabeled and chased pAEP and
mAEP, of the ER lumenal protein (Kar2p), and of the Golgi
marker protein (Sec14p) from fractions of discontinuous su-
crose density gradients of the 20KgP subcellular fractions
showed cofractionation of immunoprecipitated pAEP and
Kar2p in the wild-type strain grown at 32°C, as well as in the
sec238A mutant strain grown at 32 or 22°C (Fig. 4C). Immu-
noprecipitated Kar2p of the wild-type strain at 32°C and of the
sec238A mutant at 22°C peaked in fraction 12 with a density of
1.14 g/cm3. Immunoprecipitated Kar2p equilibrated at a den-
sity of 1.11 g/cm3 (fraction 14) for the sec238A mutant grown at
32°C, i.e., at the temperature restrictive for secretion (Fig. 4C).
Therefore, the sec238A mutant at 32°C was altered in the
buoyant density of its ER (see also Fig. 6). The distribution of
immunoprecipitated mAEP around peak fraction 16 of the
wild-type strain at 32°C and of the sec238A mutant at 22°C
coincided with the distribution of the Golgi marker Sec14p
(Fig. 4C). No prelabeled mAEP was detected by immunopre-
cipitation from gradient fractions of the 20KgP of the sec238A
mutant grown at 32°C (Fig. 4C). In the wild-type strain at 32°C
and in the sec238A mutant at 22 or 32°C, immunoprecipitated
intracellular pAEP cofractionated only with the ER marker,
Kar2p, but not with markers of the Golgi complex (Sec14p
[Fig. 4C]), plasma membrane, mitochondria, or vacuoles (see
Fig. 6 for the distribution of marker proteins of different or-
ganelles in the fractions of a gradient similar to that shown in
Fig. 4C). In contrast, in the wild-type strain at 32°C and in the
sec238A mutant at 22°C, immunoprecipitated intracellular
mAEP cofractionated only with the Golgi marker Sec14p (Fig.
4C) but not with the ER marker Kar2p (Fig. 4C) or with
marker proteins of plasma membrane, mitochondria, or vacu-
oles (see Fig. 6 for the distribution of marker proteins for these
organelles in a gradient similar to that shown in Fig. 4C). The
rate of transit of mAEP from a late Golgi compartment to the
extracellular medium was quite rapid in wild-type cells at 32°C,
since this intracellular form appeared by 2 to 2.5 min of chase
and could not be detected by 18 to 20 min of chase (Fig. 4A
and B). No intracellular pulse-labeled mAEP was detected in
cells of all protein secretion-deficient mutants at 32°C (Fig. 4A
and B), suggesting that the transit of mAEP from a late Golgi
compartment to the extracellular medium is not rate limiting
for mAEP secretion by mutant cells. While the sec238A and
srp54KO mutations affect the rate and efficiency of conversion
of intracellular pAEP to mAEP only at 32°C (Fig. 4A and B)
but not at 22°C (data not shown), the pex9KO, pex6KO,
pex2KO, and pex1-1 mutations have similar effects on pAEP-
to-mAEP conversion at both 32°C (Fig. 4A and B) and 22°C
(data not shown). Therefore, the sec238A and srp54KO muta-
tions at 32°C and the pex9KO, pex6KO, pex2KO, and pex1-1
mutations at both 22 and 32°C affect the exit of pAEP from the
ER, while the rate of transit of mAEP from a late Golgi
compartment to the extracellular medium is not significantly
impaired by any of these mutations.

The results of subcellular fractionation of wild-type and mu-
tant strains are in agreement with this conclusion. Both the
sec238A and srp54KO strains accumulated intracellular pAEP
only at 32°C, the temperature restrictive for the conversion of
intracellular pAEP to mAEP and for protein secretion (Fig.
5A). The pex9KO, pex6KO, pex2KO, and pex1-1 strains accu-

FIG. 2. The sec238A and srp54KO mutations affect the efficiency of protein
secretion but not the stabilities of secreted proteins or their distributions be-
tween the culture supernatant and the cell envelope. (A to C) Cells of the
wild-type DX547-1A strain and the mutant sec238A and srp54KO strains were
grown in YEPD at 22°C until an OD600 of 1.0 to 1.2, shifted to 32°C for 1 h,
pulse-labeled at 32°C for 1.5 min with L-[35S]methionine, and subjected to chase
with unlabeled methionine. Samples were taken at the indicated times postchase,
and culture supernatants were processed for analysis of the spectra of secreted
proteins (A) or for immunoprecipitation of mAEP (B). Samples were resolved by
SDS-PAGE and visualized after fluorography for 24 h. (C) Fluorograms in panel
B were quantitated by densitometry. (D) Strains were grown in YEPD medium
at 22°C until an OD600 of 1.0 to 1.2, pulse-labeled at 22°C for 1.5 min with
L-[35S]methionine, and subjected to a 30-min chase with unlabeled methionine.
Cell cultures from each strain were separated into three equal aliquots. One
aliquot was frozen at 280°C as a control sample (lanes 1) and a second was kept
for 2 h at 22°C (lanes 2), while the third was incubated for 2 h at 32°C (lanes 3).
Culture supernatants were processed for analysis of the spectra of secreted
proteins (upper panel) or for immunoprecipitation of mAEP (lower panel).
Samples were resolved by SDS-PAGE and visualized after fluorography for 24 h.
(E) Strains were grown in YEPD at 22°C, shifted for 1 h at 32°C, pulse-labeled
at 32°C for 1.5 min with L-[35S]methionine, and subjected to a 38-min chase with
unlabeled methionine. AEP extracted from the cell envelope (lanes 1) or se-
creted into the culture supernatant (lanes 2) was immunoprecipitated. Immuno-
precipitates were resolved by SDS-PAGE and visualized after fluorography for
24 h. Numbers to the left in (panels A, D, and E) indicate the migration of
molecular mass standards (in kilodaltons). WT, wild type.
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mulated intracellular pAEP at both 22°C (data not shown) and
32°C (Fig. 5A). In all strains, pAEP accumulated in pelletable
fractions (20KgP and 245KgP) but not in the cytosolic fraction
(245KgS) (Fig. 5A). Protease protection experiments (Fig. 5B)
revealed that pelletable pAEP was resistant to trypsin diges-
tion in the absence of the detergent Triton X-100, demonstrat-
ing that pAEP was present in a membrane-protected form in
all protein secretion-deficient mutants.

Further subfractionation of the 20KgP by isopycnic centrif-

ugation on a discontinuous sucrose density gradient demon-
strated the cofractionation of pAEP with two ER lumenal
proteins, Kar2p and Sls1p (Fig. 6A), and with the ER mem-
brane protein NADPH-CCR (CCR) (Fig. 6B). Cofraction-
ation of ER protein markers and pAEP was confirmed by a
second isopycnic centrifugation of the peak fractions from the
first isopycnic centrifugation experiment on a linear sucrose
density gradient and by flotation on a two-step sucrose gradi-
ent (data not shown). Moreover, the distribution of pAEP

FIG. 3. The pex9KO, pex6KO, pex2KO, and pex1-1 mutations affect the efficiency of protein secretion but not the stabilities of secreted proteins or their distributions
between the culture supernatant and the cell envelope. Cells of the wild-type E122 strain and the mutant pex9KO, pex6KO, pex2KO, and pex1-1 strains were grown in
YEPD medium at 32°C until an OD600 of 1.0 to 1.2, pulse-labeled at 32°C with L-[35S]methionine, and subjected to chase with unlabeled methionine. (A) Samples were
taken at the indicated times postchase, and culture supernatants were processed for analysis of the spectrum of secreted proteins or for immunoprecipitation of mAEP.
Samples were resolved by SDS-PAGE and visualized after fluorography for 24 h. (B) Fluorograms in panel A showing the amounts of immunoprecipitated mAEP were
quantitated by densitometry. (C) Cells were grown in YEPD medium at 22°C until an OD600 of 1.0 to 1.2, pulse-labeled at 22°C for 1.5 min with L-[35S]methionine,
and subjected to a 120-min chase with unlabeled methionine. Cell cultures from each strain were separated into three equal aliquots. One aliquot was frozen at 280°C
as a control and a second was kept for 2 h at 22°C, while the third was incubated for 2 h at 32°C. Culture supernatants before (lanes 1) and after the 2-h incubation
at 22°C (lanes 2) or 32°C (lanes 3) were processed for analysis of the spectrum of secreted proteins or for immunoprecipitation of mAEP. Samples were resolved by
SDS-PAGE and visualized after fluorography for 24 h. The upper panel shows the spectra of secreted proteins, while the lower panel shows the amounts of
immunoprecipitated mAEP. (D) Strains were grown in YEPD medium at 32°C until OD600 of 1.0 to 1.2, pulse-labeled at 32°C for 1.5 min with L-[35S]methionine, and
subjected to a 120-min chase with unlabeled methionine. mAEP extracted from the cell envelope (lanes 1) or mAEP secreted into the culture supernatant (lanes 2)
was immunoprecipitated. Immunoprecipitates were resolved by SDS-PAGE and visualized after fluorography for 36 h. Numbers at left in panels A, C, and D indicate
the migration of molecular mass standards (in kilodaltons). WT, wild type.
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around the peak fraction 14 of discontinuous sucrose density
gradients of the 20KgPs of the sec238A and srp54KO strains
grown at 32°C coincided only with the distribution of ER
lumenal and membrane proteins (Kar2p, Sls1p, and NADPH-
CCR) but not with the distributions of enzyme activity of the
plasma membrane marker vanadate-sensitive ATPase, of the
mitochondrial marker cytochrome c oxidase, of the Golgi
markers Sec14p and guanosine diphosphatase, or of the vacu-
olar marker alkaline phosphatase (Fig. 6). In the pex9KO,
pex6KO, pex2KO, and pex1-1 strains at both 32°C (Fig. 6A) and
22°C (data not shown), pAEP accumulated intracellularly and
cofractionated in fraction 14 with ER lumenal and membrane
proteins but not with markers of the Golgi complex (Fig. 6A
[Sec14p]; data for guanosine diphosphatase not shown),
plasma membrane, mitochondria, or vacuoles (data not
shown). Therefore, in all protein secretion-deficient mutants,
pAEP accumulated in the ER at the temperature restrictive for
protein secretion and did not associate with any other or-
ganelle.

The localization of pAEP to the ER in protein secretion-
deficient mutants was confirmed by double-labeling indirect
immunofluorescence. The fluorescence patterns generated by
anti-rat BiP and anti-Y. lipolytica AEP antibodies in sec238A,

srp54KO, and pex1-1 cells (Fig. 7), as well as in pex9KO,
pex6KO, or pex2KO cells (data not shown), which were grown
at the temperatures restrictive for protein secretion, were su-
perimposable and showed bright staining of the perinuclear
region and cell periphery and, occasionally, of filamentous
extensions into the cytosol. These fluorescence patterns are
characteristic of the ER (46, 51). The fluorescence patterns
generated by anti-rat BiP, anti-Y. lipolytica hKar2p, and anti-Y.
lipolytica Sls1p antibodies were also superimposable, demon-
strating that anti-rat BiP antibodies recognize ER protein(s) in
Y. lipolytica cells (data not shown). In contrast, anti-Y. lipolytica
Sec14p antibodies (Fig. 7) yielded a bright punctate staining
frequently clustering in a perinuclear region of the cell and
characteristic of the Golgi complex (30). These structures
failed to colocalize with the ER in double-labeling indirect
immunofluorescence experiments with anti-Sec14p and anti-
BiP antibodies (data not shown). Therefore, the results of
indirect immunofluorescence microscopy are in agreement
with those of pulse-chase and immunoprecipitation analysis of
subcellular fractions and demonstrate that intracellular pAEP
is localized to the ER but is not associated with the Golgi
complex in protein secretion-deficient mutants.

The sec238A and srp54KO mutants at the restrictive temper-

FIG. 4. The sec238A, srp54KO, pex9KO, pex6KO, pex2KO, and pex1-1 mutations affect the conversion of intracellular, ER-associated pAEP to Golgi complex-
associated mAEP and cause the accumulation of intracellular pAEP in the ER. (A and B) Wild-type and mutant strains were grown in YEPD medium at 22°C until
an OD600 of 1.0 to 1.2, shifted to 32°C for 1 h, pulse-labeled at 32°C for 1.5 min with L-[35S]methionine, and chased with unlabeled methionine. Samples were taken
at the indicated times postchase. Cell-associated pAEP and mAEP were immunoprecipitated from cell lysates with anti-AEP antibodies. Immunoprecipitates were
resolved by SDS-PAGE and visualized by fluorography for 60 h. (C) The wild-type DX547-1A strain and mutant sec238A strain were grown in YEPD medium at 32°C
until an OD600 of 1.0 or 1.3, respectively. The sec238A culture was divided into two equal aliquots. The first aliquot was kept for 1 h at 32°C, while the second was
incubated for 1 h at 22°C. Wild-type cells were kept for 1 h at 32°C. Cells were pulse-labeled either at 32°C (wild-type cells and the first aliquot of the sec238A mutant)
or at 22°C (the second aliquot of the sec238A mutant) for 1.5 min with L-[35S]methionine and subjected to a 2.5-min chase with unlabeled methionine. Cells were
subjected to subcellular fractionation, and the 20KgP fractions were further fractionated by isopycnic centrifugation on discontinuous sucrose density gradients. pAEP,
mAEP, Kar2p, and Sec14p were immunoprecipitated from gradient fractions. Immunoprecipitates were resolved by SDS-PAGE and visualized by fluorography for 42 h.
Arrowheads, peak fractions in which immunoprecipitated Kar2p was localized; asterisks, peak fractions in which immunoprecipitated Sec14p was recovered. The
positions of the 55-kDa precursor form (pAEP) and of the 32-kDa mature form (mAEP) of AEP, Kar2p, and Sec14p are indicated at right. Numbers at left indicate
the migration of molecular mass standards (in kilodaltons). WT, wild type.
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ature (32°C) and the pex9KO, pex6KO, pex2KO, and pex1-1
mutants at both 22 and 32°C showed an accumulation of the
75-kDa precursor form (pKar2p) of Kar2p in the 245KgS (cy-
tosolic) fraction (Fig. 8A). Unlike the mature 73-kDa form of
Kar2p, pKar2p was susceptible to degradation by externally
added trypsin in the absence of detergent (Fig. 8A). Therefore,
the translocation of Kar2p into the lumen of the ER was
affected by all mutations causing a deficiency in protein secre-
tion. It should be noted that although substantial amounts of
pKar2p accumulated in the cytosol of the sec238A, srp54KO,
pex9KO, pex6KO, pex2KO, and pex1-1 mutants grown at the
temperatures restrictive for secretion, no significant differences
in the levels of the mature, ER-associated form of Kar2p were
observed between the wild-type and mutant strains (Fig. 8A;
compare the levels of the mature form of Kar2p in the 245KgP
fractions of the wild-type and mutant strains). The pex2KO
mutation also caused a defect in the translocation of another
protein, Sls1p, into the lumen of the ER and led to the accu-
mulation of the 58-kDa precursor (pSls1p) form of Sls1p in the
245KgS fraction (Fig. 8B). Again, pSls1p, but not mature
Sls1p, was susceptible to degradation by externally added tryp-
sin in the absence of detergent (Fig. 8C).

The sec238A and srp54KO mutants at 32°C and the pex9KO,
pex6KO, pex2KO, and pex1-1 mutants at both 22 and 32°C were
not only affected in the exit of pAEP from the ER and in the
translocation of some proteins into the ER but were also al-
tered in the buoyant density of their ER elements. Upon isopy-
cnic centrifugation of the 20KgP fraction, the ER proteins
Kar2p, Sls1p, and CCR of the two-wild type strains (DX547-1A
and E122) peaked at densities of 1.14 g/cm3 (fraction 12) and

1.17 g/cm3 (fraction 10), respectively (Fig. 6). In contrast, these
ER marker proteins equilibrated at a density of 1.11 g/cm3

(fraction 14) for the sec238A and srp54KO strains (isogenic to
the DX547-1A strain) and for the pex9KO, pex6KO, pex2KO,
and pex1-1 strains (isogenic to the E122 strain) (Fig. 6).

Some but not all protein secretion-deficient mutants tran-
siently or permanently accumulate the proteins Pex2p and
Pex16p in the ER. In wild-type Y. lipolytica cells grown in oleic
acid-containing medium, Pex2p and Pex16p are, correspond-
ingly, integral (16) and peripheral (15) peroxisomal membrane
proteins that are essential for peroxisome biogenesis. Indirect
immunofluorescence microscopy of wild-type and protein se-
cretion-deficient strains grown in YEPD at 22°C and then
shifted to 32°C for 1 or 4 h with anti-Pex2p (Fig. 9) and
anti-Pex16p (Fig. 10) antibodies yielded a punctate pattern of
staining characteristic of peroxisomes at both temperatures. In
wild-type cells, these punctate structures failed to colocalize
with the ER, as judged by double labeling immunofluorescence
with anti-Pex2p and anti-Kar2p (Fig. 9) or anti-Pex16p and
anti-Kar2p (Fig. 10) antibodies. In contrast, the fluorescence
patterns generated by anti-Pex2p and anti-Kar2p (Fig. 9) or by
anti-Pex16p and anti-Kar2p (Fig. 10) antibodies in pex6KO and
pex1-1 cells either grown at 22°C or shifted to 32°C were su-
perimposable and showed staining characteristic of the ER (cf.
Fig. 7). The fluorescence patterns generated by anti-Pex2p and
anti-Kar2p (Fig. 9) and by anti-Pex16p and anti-Kar2p (Fig.
10) antibodies in sec238A cells grown at 22°C were similar to
those seen for wild-type cells. However, a 1-h shift of sec238A
cells to 32°C, the temperature restrictive for the exit of AEP
from the ER and for protein secretion, caused the localization
of a significant fraction of both Pex2p (Fig. 9) and Pex16p (Fig.
10) to the ER. The association of both proteins with the ER
was transient, since after incubation of sec238A cells for 4 h at
32°C, both anti-Pex2p (Fig. 9) and anti-Pex16p (Fig. 10) anti-
bodies yielded a punctate pattern of staining characteristic of
peroxisomes. A similar transient association of Pex2p and
Pex16p with the ER was observed in srp54KO cells shifted from
22 to 32°C (data not shown). The fluorescence patterns gen-
erated by anti-Pex2p and anti-Pex16p antibodies in pex9KO
cells and by anti-Pex16p antibodies in pex2KO cells grown at
either temperature were quite similar to that observed in wild-
type cells and showed no association of Pex2p and Pex16p with
the ER (data not shown). Our data suggest that in the wild-
type cells, the transit of at least two proteins, Pex2p and
Pex16p, to the peroxisomal membrane occurs via the ER. The
exit of both peroxisomal membrane proteins from the ER is
prevented by the pex6KO and pex1-1 mutations and is signifi-
cantly delayed by the sec238A and srp54KO mutations. Not all
components essential for the exit of pAEP from the ER are
also required for the exit of Pex2p and Pex16p. While the
pex9KO and pex2KO mutations affect the exit of pAEP from
the ER, neither prevents the trafficking of Pex16p and, in the
case of the pex9KO mutation, of Pex2p to the peroxisomal
membrane via the ER. Moreover, while pAEP is continuously
associated with the ER in sec238A and srp54KO cells grown at
the restrictive temperature, the trafficking of Pex2p and
Pex16p to the peroxisomal membrane via the ER is only sig-
nificantly delayed but not blocked in these cells.

Effects of mutations causing defects in protein secretion on
growth in YEPD and on the dimorphic transition from the
yeast to the mycelial form. The sec238A and srp54KO strains
were not affected in growth in YEPD medium at 22 or 32°C,
compared to the wild-type DX547-1A strain (Fig. 11). In addition,
no differences in growth rates at either temperature were ob-
served for the wild-type E122 strain and its isogenic mutant

FIG. 5. Protein secretion-deficient mutants accumulate intracellular pAEP in
a membrane-enclosed form. (A) Wild-type and mutant strains were grown in
YEPD medium at 22 or 32°C and then subjected to subcellular fractionation.
Equal fractions (1% of the total volume) of the PNS (lanes 1), 20KgP (lanes 2),
20KgS (lanes 3), 245KgP (lanes 4), and 245KgS (lanes 5) were analyzed by
immunoblotting with anti-AEP antibodies. (B) Equal fractions (1% of the total
volume) of PNS isolated from mutant cells grown in YEPD medium at 32°C were
incubated with 0, 4, 8, and 20 mg of trypsin/100 mg of protein in the absence (2)
or presence (1) of 0.5% (vol/vol) Triton X-100 for 40 min on ice. Reactions were
terminated by addition of trichloroacetic acid to 10%. Equal fractions of samples
were subjected to immunoblot analysis with anti-AEP antibodies. The position of
the 55-kDa precursor of AEP (pAEP) is indicated by an arrowhead. WT, wild
type.
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sec14KO, pex9KO, pex6KO, pex2KO, and pex1-1 strains (data not
shown).

The dimorphic transition from the yeast to the mycelial form
is developmentally regulated in Y. lipolytica (50). We compared
the cell morphologies of the wild-type strains and protein se-
cretion-deficient mutants during growth in YEPD medium at
22 or 32°C. No dimorphic transition was observed for wild-type
or mutant cells grown at 22°C (Fig. 12 [wild-type DX547-1A
strain and mutant sec238A and srp54KO strains]; data for the
wild-type E122 strain and its isogenic mutants not shown).
Upon entering early stationary phase, wild-type cells grown at
32°C underwent dimorphic transition (Fig. 12). In contrast, the
sec238A, srp54KO, pex9KO, pex6KO, and pex2KO mutants did
not undergo transition at 32°C (Fig. 12), even after prolonged
(up to 72 h) incubation. This mutant phenotype is quite similar
to that observed for the sec14KO mutant (Fig. 12) (30). How-

ever, not all protein secretion-deficient mutants were affected
in their transition from the yeast to the mycelial form. No effect
of the pex1-1 mutation on the transition was observed upon
growth at 32°C (Fig. 12).

The mutant pex5KO, pex16KO, and pex17KO strains did not
undergo dimorphic transition when grown at 32°C (Fig. 12).
These mutants were unaffected in protein secretion (Fig. 1),
exit of pAEP, Pex2p and Pex16p from the ER, translocation of
Kar2p and Sls1p into the ER, and growth at either 22 or 32°C
(data not shown).

Effects of mutations affecting protein secretion on the rate
and efficiency of delivery of plasma membrane and cell wall-
associated proteins. A pulse-chase regimen was used to mon-
itor and compare the rates and efficiencies of delivery of pro-
teins to the plasma membrane and cell envelope in wild-type
and protein secretion-deficient mutant strains. Cells grown in

FIG. 6. pAEP in protein secretion-deficient mutants is localized to ER elements having altered buoyant density. Wild-type (WT) and mutant strains were grown
in YEPD medium at 22 or 32°C. Cells were subjected to subcellular fractionation, and the 20KgP fraction of each strain was further fractionated by isopycnic
centrifugation in a discontinuous sucrose density gradient. (A) Equal volumes (2% of the total fraction volume for anti-Kar2p and anti-Sls1p, 5% for anti-Sec14p, and
10% for anti-AEP antibodies) of gradient fractions were analyzed by immunoblotting. Arrowhead, peak fractions in which Kar2p, Sls1p, and pAEP of protein
secretion-deficient mutants colocalized. (B) Percentage recovery of vanadate-sensitive ATPase (ATP), cytochrome c oxidase (CCO), NADPH-CCR (CCR), guanosine
diphosphatase (GDP), and alkaline phosphatase (ALP) in gradient fractions of the wild-type (dotted line [■]), sec238A (solid line [h]), and srp54KO (solid line [x])
strains grown in YEPD medium at 32°C. Vertical lines in panel B indicate the peak fraction 14 in which Kar2p, Sls1p, CCR, and pAEP of the sec238A and srp54KO
mutants grown at 32°C colocalized.
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YEPD medium at 32°C were assayed at two growth phases,
exponential (OD600, 1.0 to 1.2; cell titer, 5.5 3 107 to 6.0 3 107

cells/ml) and stationary (OD600, 8.0 to 8.5; cell titer, 5.0 3 108

to 5.5 3 108 cells/ml). During exponential growth, all wild-type
and mutant cells were of the yeast form. During stationary
growth, more than 95% of the wild-type and pex1-1 mutant
cells underwent the dimorphic transition from the yeast to the
mycelial form, while all other protein secretion-deficient mu-
tants failed to undergo this transition (see above).

No differences in the rates and efficiencies of delivery of
pulse-labeled plasma membrane (Fig. 13 and 14, top panels)
and cell wall-associated (Fig. 15 and 16, top panels) proteins
were observed between the wild-type and all protein secretion-
deficient strains taken from the exponential (yeast) phase of
growth at 32°C. The dimorphic transition of wild-type cells
from the yeast to the mycelial form upon entry into stationary
phase resulted in changes in the composition and relative
abundance of plasma membrane and cell wall-associated pro-
teins. Two plasma membrane proteins of 34 and 43 kDa (Fig.
13 and 14, bottom panels) and four cell wall-associated pro-
teins of 28, 47, 51, and 66 kDa (Fig. 15 and 16, bottom panels)

were exported to the plasma membrane or cell envelope only
in wild-type cells that underwent the dimorphic transition.
These proteins were absent or were present in negligible
amounts in the plasma membranes or cell envelopes of wild-
type cells taken from the yeast phase (compare top and bottom
panels for wild-type cells in Fig. 13 and 14 and in Fig. 15 and
16). Additional observations also point at these plasma mem-
brane and cell wall-associated proteins being specific for the
mycelial form of Y. lipolytica. First, even wild-type cells were
unable to undergo the dimorphic transition when grown at
22°C (see above). Consequently, none of the proteins impli-
cated as being specific for the mycelial phase was found in the
plasma membranes or cell envelopes of wild-type cells taken
from the stationary phase of growth at 22°C (data not shown).
Second, the sec14KO mutation not only prevents the dimorphic
transition (30) but also affects the delivery of plasma mem-
brane and cell envelope proteins specific for the mycelial form
(Fig. 14 and 16, respectively). However, both of these sec14KO
phenotypes could be seen only in cells grown in YEPD at 32°C,
and they could be bypassed when cells were grown in oleic
acid-containing medium at 32°C (data not shown).

FIG. 7. Intracellular AEP in protein secretion-deficient mutants is localized to the ER. Wild-type and mutant strains were grown in YEPD medium at 32°C until
an OD600 of 1.0 to 1.2. Cell cultures were separated into two aliquots. One aliquot was shifted to 22°C for 3 h, while the second was maintained at 32°C for 3 h. Both
aliquots were subjected to double-labeling indirect immunofluorescence with mouse anti-rat BiP and rabbit anti-Y. lipolytica AEP primary antibodies. Cells were also
treated with rabbit anti-Y. lipolytica Sec14p primary antibodies. Primary antibodies were detected with rhodamine-conjugated donkey anti-mouse immunoglobulin G
and fluorescein-conjugated goat anti-rabbit immunoglobulin G secondary antibodies. a, antibody; WT, wild type.
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In pulse-chase experiments, the rates and efficiencies of de-
livery of plasma membrane and cell envelope proteins specific
for the mycelial phase were affected in sec238A and srp54KO
(Fig. 13 and 15, bottom panels) and in pex9KO, pex6KO, and
pex2KO (Fig. 14 and 16, bottom panels) mutant strains taken

from the stationary phase of growth at 32°C. All of these
strains represent protein secretion-deficient mutants that are
affected in the dimorphic transition (see above). Similar de-
fects in the delivery of a subset of plasma membrane and cell
wall-associated proteins specific for mycelial phase were ob-

FIG. 8. All protein secretion-deficient mutants are affected in the processing-translocation of pKar2p into the ER, while the pex2KO mutant is also affected in the
processing-translocation into the ER of pSls1p. Wild-type and mutant strains were grown in YEPD medium at 22 or 32°C and subjected to subcellular fractionation.
(A) Equal fractions (0.4% of the total volume) of PNS (lanes 1), 245KgP (lanes 2), and 245KgS (lane 3), either treated with trypsin (10 mg of protease/100 mg of protein)
or untreated, were analyzed by immunoblotting with anti-Kar2p antibodies. (B) Equal fractions (0.15% of the total volume) of the PNS (lanes 1), 20KgP (lanes 2),
20KgS (lanes 3), 245KgP (lanes 4), and 245KgS (lanes 5) were analyzed by immunoblotting with anti-Sls1p antibodies. (C) Equal fractions (0.15% of the total volume)
of the PNS (lane 1), 20KgP (lane 2), 20KgS (lane 3), 245KgP (lane 4), and 245KgS (lane 5) isolated from pex2KO cells grown at 32°C, either treated with trypsin (10
mg of protease/100 mg of protein) or untreated, were analyzed by immunoblotting with anti-Sls1p antibodies. Kar2p, 73-kDa mature form of the Kar2 protein; pKar2p,
75-kDa precursor of Kar2p; Sls1p, the 55-kDa mature form of the Sls1 protein; pSls1p, 58-kDa precursor of Sls1p; WT, wild type.
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served in the pex5KO, pex16KO, and pex17KO mutants (data
not shown), which are also unable to undergo the dimorphic
transition but which are not deficient in the secretion of pro-
teins into the external medium. In contrast, the rates and
efficiencies of export of pulse-labeled proteins specific for the
mycelial phase to the plasma membrane (Fig. 14, bottom
panel) and the cell envelope (Fig. 16, bottom panel) were
unaltered in the protein secretion-deficient mutant pex1-1
strain, which is able to undergo the dimorphic transition.

It is noteworthy that in wild-type strains, the rate of delivery
of plasma membrane and cell wall-associated proteins specific
for the mycelial form was significantly lower than the rate of
secretion of mAEP and other proteins into the extracellular
medium. Mycelial-form-specific proteins appeared in the
plasma membrane and cell envelope by 15 min of chase, and
their rates of export to the cell surface reached steady state by
60 min of chase (Fig. 13 to 16). In contrast, pulse-labeled
mAEP and other secretory proteins appeared in the culture
supernatants of wild-type strains at the earliest chase point
taken (2 to 2.5 min), and, already by 10 to 20 min of chase,
protein secretion into the culture supernatants was almost
complete (Fig. 2 and 3).

DISCUSSION

Here, we report the identification and characterization of Y.
lipolytica mutants blocked in protein secretion. Previous stud-
ies have shown that all S. cerevisiae mutants specifically blocked

in secretion are also defective in cell surface growth. There-
fore, S. cerevisiae apparently has one major pathway that is
common for the secretion of proteins into the cell envelope-
external medium and for the export of materials required for
plasma membrane and cell wall synthesis (24, 35–37, 47, 60,
62). The present study provides the first evidence that protein
secretion and cell surface growth in the yeast Y. lipolytica are
served by distinct pathways. This study also demonstrates that
some peroxins previously identified to be essential for the
assembly of functionally intact peroxisomes are also required
for protein secretion into the external medium and for the exit
of plasma membrane and cell wall-associated proteins specific
for the mycelial form of Y. lipolytica. We also show that in Y.
lipolytica, the trafficking of proteins to the external medium
and the delivery of some proteins to the peroxisomal mem-
brane occur via the ER and require several components in
common. Therefore, the secretory pathway in Y. lipolytica can
play an essential role in the assembly of functionally intact
peroxisomes.

We use the dimorphic yeast Y. lipolytica to study the mech-
anisms involved in coordinating cell surface growth, protein
secretion, and peroxisome biogenesis. Y. lipolytica is widely
divergent from both S. cerevisiae and Schizosaccharomyces
pombe (4, 45). Y. lipolytica is a useful experimental organism to
investigate cell surface dynamics, because it exists in develop-
mentally distinct yeast and mycelial forms (50). The character-
istic dimorphic transition from yeast to mycelium is dependent
on both the growth medium composition and phase of growth

FIG. 9. Pex2p transiently or permanently accumulates in the ER of protein secretion-deficient mutants. Wild-type (WT) and mutant cells were grown in YEPD
medium at 22°C until an OD600 of 3.5 to 4.0. Cell cultures were separated into three aliquots. Two aliquots were transferred to fresh YEPD medium, and the medium
was incubated for 1 or 4 h at 32°C. The third aliquot was processed immediately for microscopical analysis. Cells were processed for double-labeling indirect
immunofluorescence with rabbit anti-Y. lipolytica Kar2p and guinea pig anti-Y. lipolytica Pex2p primary antibodies. Primary antibodies were detected with fluorescein-
conjugated goat anti-rabbit immunoglobulin G and rhodamine-conjugated donkey anti-guinea pig immunoglobulin G secondary antibodies. a, antibody.
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and represents a specific developmental program that involves
changes in cell morphology (ovoid to filamentous), mode of
growth (exponential to linear), and mechanism of cell division
(budding to septation) (see references 30 and 50 and this
study).

Y. lipolytica has been used extensively to study secretion
because of its greater secretory capacity compared to those of
S. cerevisiae or S. pombe and because of its industrial use in

protein production. Among yeast species, Y. lipolytica is one of
the highest producers of extracellular proteins (alkaline, neu-
tral, and acid proteases, APs, and RNase and lipases) and is
capable of secreting AEP to levels of 1 to 2 g/liter (40). More-
over, while most secreted proteins of S. cerevisiae remain in the
cell envelope (23), many proteins secreted by Y. lipolytica ac-
cumulate outside the cell envelope in the external medium (23,
42). Extensive peroxisome proliferation during growth on oleic
acid, combined with the availability of powerful genetic tools,
also makes Y. lipolytica ideally suited for genetic studies in
peroxisome biogenesis (38). Together, these characteristics of
Y. lipolytica make it a powerful model system for studying the
relationships among protein secretion, modes of cell surface
growth, and peroxisome biogenesis.

The results of genetic and biochemical analyses of Y. lipoly-
tica mutants affected in protein secretion are summarized in
the model depicted in Fig. 17. This model predicts the exis-
tence of four distinct secretory pathways that serve protein
secretion, cell surface enlargement during yeast and mycelial
modes of growth, and peroxisome biogenesis. All six protein
secretion-deficient mutants reported here were affected in the
delivery of AEP to the extracellular medium and accumulated
pAEP in the ER. The rates and efficiencies of secretion of all
other secretory proteins were affected in these mutants to a
similar extent. These data suggest that in Y. lipolytica, Sec238p,
Srp54p, Pex1p, Pex2p, Pex6p, and Pex9p are essential for the
exit from the ER of proteins destined to be secreted. The
proteins encoded by the genes PEX1 and PEX6, which are
required for the exit of pAEP from the ER, are also essential

FIG. 10. Pex16p transiently or permanently accumulates in the ER of protein secretion-deficient mutants. Wild-type (WT) and mutant cells were grown and
processed for immunofluorescence microscopy with anti (a)-Y. lipolytica Kar2p and guinea pig anti (a)-Y. lipolytica Pex16p primary antibodies as described in the legend
to Fig. 9.

FIG. 11. The sec238A and srp54KO mutant strains are unaffected in growth
in YEPD medium even at the temperature at which protein secretion is im-
paired. Growth curves and doubling times (td) of the wild-type (WT) DX547-1A
(■) and the mutant sec238A (x) and srp54KO (Ç) strains grown in YEPD at 22
or 32°C are shown.
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for the exit of two peroxisomal membrane proteins, Pex2p and
Pex16p, from the ER. Both Pex1p (59) and Pex6p (39) are
members of the AAA protein family of N-ethylmaleimide-
sensitive fusion protein (NSF)-like ATPases, which are essen-
tial not only for peroxisome biogenesis (25) but also for homo-
and heterotypic fusion events required for the assembly of
other organelles (12). Furthermore, temperature-sensitive mu-
tations in two other proteins, Sec238p and Srp54p, which are
essential for the exit of pAEP from the ER caused a delay in
the exit of Pex2p and Pex16p from the ER at the restrictive
temperature. These data indicate that the delivery of proteins
to the extracellular medium and the trafficking of some pro-
teins to the peroxisomal membrane occur via the ER and
require the activities of several components in common.
Therefore, in Y. lipolytica, the secretory pathway can play an
essential role in peroxisome biogenesis. A role for the ER in
the trafficking of membrane proteins to peroxisomes in mam-
malian and yeast cells has also been suggested by some recent
observations (2, 7, 17, 60).

It should be noted that not all components essential for the
exit of secretory proteins from the ER are required for the
trafficking of Pex2p and Pex16p via the ER. While the exit of
pAEP from the ER was prevented by the pex2KO and pex9KO
mutations, the trafficking of Pex2p and Pex16p via the ER was
unaffected by these mutations. Furthermore, while mutations
in the SEC238 and SRP54 genes abolished the trafficking of
pAEP via the ER at the restrictive temperature, both muta-
tions caused a delay in, but did not prevent, the exit of Pex2p
and Pex16p from the ER. Sec238p and Srp54p may represent
dispensable components of the machinery involved in the traf-
ficking of some peroxisomal membrane proteins via the ER
and, possibly, can be substituted, at least in part, by Pex1p
and/or Pex6p. Taken together, these data suggest that secre-
tory routes that function in protein secretion and the delivery
of some proteins to the peroxisomal membrane not only have
several common steps but also have distinct steps. Thus, these
two secretory routes can diverge at the level of the ER.

Despite Pex2p and Pex9p not being required and Sec238p
and Srp54p being redundant for the exit of some peroxisomal
membrane proteins from the ER, all of these components are
essential for the assembly of functionally intact peroxisomes.
What roles these proteins might play in peroxisome biogenesis
is currently being investigated.

Five of the six components involved in the exit of secretory
proteins from the ER are also required for the export of a
subset of plasma membrane and cell wall-associated proteins
specific for the mycelial form of Y. lipolytica. The sec238A,
srp54KO, pex2KO, pex6KO, and pex9KO mutants affected in
these components are deficient in the dimorphic transition
from the yeast to the mycelial form. Based on this observation,
we speculate that similarly to the export of proteins into the
extracellular medium, the delivery of mycelial-form-specific
proteins to the plasma membrane and to the cell envelope may
occur via the ER and that both of these routes of protein traffic
require several components in common. On the other hand,
not all components essential for the exit of secretory proteins
from the ER are also required for the delivery of plasma
membrane and cell wall-associated proteins specific for the
mycelial form of Y. lipolytica (and vice versa). The pex1-1 mu-
tation affected the exit of secretory proteins from the ER but

did not impair the export of mycelial-form-specific proteins to
the plasma membrane and cell envelope. In contrast, muta-
tions in the SEC14, PEX5, PEX16, and PEX17 genes abolished
the delivery of plasma membrane and cell wall-associated pro-
teins specific for the mycelial form but did not prevent the exit
of secretory proteins from the ER and their export to the
extracellular medium. Furthermore, in the wild-type strains,
the rates of secretion of mAEP and other proteins into the
extracellular medium significantly exceed the rates of delivery
of plasma membrane and cell wall-associated proteins specific
for the mycelial form. These data suggest that secretory routes
that are involved in protein export to the extracellular medium
and in the delivery of mycelial-form-specific proteins to the
plasma membrane and cell envelope have several distinct steps
which may proceed with different rates.

The exit of the peroxisomal membrane proteins Pex2p and
Pex16p from the ER and the export of mycelial-form-specific
proteins to the plasma membrane and cell envelope share at
least one step but also have at least one distinct step. The
pex6KO mutation affected both of these protein trafficking
routes, while mutation of the PEX1 gene prevented the exit of
Pex2p and Pex16p from the ER but did not affect the export of
plasma membrane and cell wall-associated proteins specific for
the mycelial form. Moreover, while the sec238A and srp54KO
mutations at the restrictive temperature delayed, but did not
prevent, the trafficking of Pex2p and Pex16p from the ER, both
mutations did abolish the delivery of mycelial-phase-specific
proteins to the cell surface.

Another important aspect of this study is the demonstration
of a functional relationship between peroxisome biogenesis
and a specific process in cell morphogenesis, i.e., the dimorphic
transition from the yeast to the mycelial form of Y. lipolytica.
Most of the components essential for peroxisome biogenesis
are also required for the dimorphic transition and for the
delivery of mycelial-form-specific proteins to the plasma mem-
brane and cell envelope. These components include Pex6p,
which is required for the exit of the peroxisomal membrane
proteins Pex2p and Pex16p from the ER; Sec238p and Srp54p,
which are redundant for the exit of peroxisomal membrane
proteins from the ER (see above) but which perform an es-
sential role in peroxisome biogenesis downstream of that pro-
cess; and Pex2p, Pex5p, Pex9p, Pex16p, and Pex17p, which are
involved in the assembly of functionally intact peroxisomes but
which are not required for the exit of the peroxisomal mem-
brane proteins Pex2p and Pex16p from the ER. The essential
role of peroxisomes in the export of proteins for plasma mem-
brane and cell wall synthesis during mycelial growth demon-
strates a novel function for this organelle. This function is
essential even in glucose-containing medium, i.e., under con-
ditions not requiring intact peroxisomes for the utilization of a
carbon source. It should be noted that the functional coordi-
nation between peroxisome biogenesis and a specific stage of
sexual development has recently been demonstrated for the
filamentous fungus Podospora anserina. The peroxisome-asso-
ciated protein Car1p (a structural homolog of Y. lipolytica
Pex2p) is essential for karyogamy (6).

None of the mutations affecting protein secretion, peroxi-
some biogenesis, and/or the dimorphic transition had any ef-
fect on the export of proteins to the plasma membrane and cell
envelope during the yeast phase of growth. Therefore, cell

FIG. 12. Some but not all protein secretion mutants are affected in the dimorphic transition from the yeast to the mycelial form. Wild-type (WT) and mutant strains
were grown in YEPD medium at 22 or 32°C until the late stationary phase of growth (OD600 of 11.0 to 12.0; cell titer, ;6.0 3 108 to 6.6 3 108 cells/ml). Cell morphology
after 24 h of growth is shown.
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surface growth of Y. lipolytica cells in the yeast developmental
form can be served by a secretory pathway that is distinct from
the other three secretory routes. It remains unclear whether
protein trafficking through this distinct secretory pathway oc-
curs via the ER or whether some proteins at least could be
transported via a nonclassical secretory route. The existence of
at least two nonclassical secretory pathways that are not me-
diated by ER-derived vesicles has recently been demonstrated
for S. cerevisiae (9, 10, 33).

It should be noted that mutations in the SEC238, SRP54,
PEX1, PEX2, PEX6, and PEX9 genes not only affected the exit

of pAEP and, in the case of the pex1 and pex6 mutations, of
Pex2p and Pex16p from the ER but that they also compro-
mised the translocation of Kar2p and, in the case of the
pex2KO mutation, of Sls1p into the ER lumen and caused a
decrease in the buoyant density of ER elements. Although
substantial amounts of pKar2p accumulated in the cytosol of
secretory mutants grown at the temperatures restrictive for
secretion, no significant differences in the levels of the mature,
ER-associated form of Kar2p were found between the wild-
type and mutant strains. These data suggest that the levels of
the mature form of Kar2p in the ER lumen cannot be limiting
for protein translocation into, or protein exit from, the ER in

FIG. 13. The sec238A and srp54KO mutations do not affect the rate of pro-
tein transit to plasma membrane during the yeast phase of growth but do impair
the efficiency of delivery of some plasma membrane proteins specific for the
mycelial form of Y. lipolytica. Wild-type (WT) and mutant cells were grown in
YEPD medium at 32°C until an OD600 of 1.0 to 1.2 or an OD600 of 8.0 to 8.5,
pulse-labeled at 32°C for 1.5 min with L-[35S]methionine, and subjected to chase
with unlabeled methionine. Samples were taken at the indicated times postchase,
and plasma membranes were isolated and analyzed by SDS-PAGE and fluorog-
raphy. Numbers at left indicate the migration of molecular mass standards (in
kilodaltons). The positions of 34- and 43-kDa proteins specific for the mycelial
form of Y. lipolytica are indicated by arrows.

FIG. 14. Effects of the sec14KO, pex9KO, pex6KO, pex2KO, and pex1-1 mutations on the efficiency of delivery of proteins to the plasma membrane. Cells of the
wild-type (WT) and mutant strains were grown in YEPD medium at 32°C until an OD600 of 1.0 to 1.2 or an OD600 of 8.0 to 8.5, pulse-labeled at 32°C for 1.5 min with
L-[35S]methionine, and subjected to chase with unlabeled methionine. Samples were taken at the indicated times postchase, and plasma membranes were isolated and
analyzed by SDS-PAGE and fluorography. Numbers at left indicate the migration of molecular mass standards (in kilodaltons). The positions of 34- and 43-kDa proteins
specific for the mycelial form of Y. lipolytica are indicated by arrows.

FIG. 15. The sec238A and srp54KO mutations do not compromise the trans-
port of proteins to the cell envelope during the yeast phase of growth but do
affect the efficiency of delivery of some cell wall-associated proteins specific for
the mycelial form of Y. lipolytica. Wild-type (WT) and mutant cells were grown
in YEPD medium at 32°C until an OD600 of 1.0 to 1.2 or an OD600 of 8.0 to 8.5,
pulse-labeled at 32°C for 1.5 min with L-[35S]methionine, and subjected to chase
with unlabeled methionine. Samples were taken at the indicated times postchase,
and cell wall-associated proteins were extracted with high pH and were analyzed
by SDS-PAGE and fluorography. Numbers at left indicate the migration of
molecular mass standards (in kilodaltons). The positions of 47-, 51-, and 66-kDa
proteins specific for the mycelial form of Y. lipolytica are indicated by arrows. The
position of a 28-kDa protein highly induced during mycelial growth of the
wild-type strain is indicated by asterisk.
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these protein secretion-deficient mutants. The mechanism(s)
by which these mutations affect the translocation of some pro-
teins into the ER and alter the density of ER elements requires
further analysis. Various mutational blocks in the exit of se-
cretory and peroxisomal membrane proteins from the ER lead
to the accumulation of proteins, normally secreted by wild-type
cells, within the ER lumen. We speculate that such an accu-

mulation of cargo proteins that are unable to exit the ER can,
in turn, cause changes in the suborganellar localization and/or
conformation of components essential for protein transloca-
tion into the ER lumen, thereby affecting protein transloca-
tion.

The results described herein provide evidence for the exis-
tence of four distinct secretory pathways that serve (i) protein
secretion, (ii) export of proteins for plasma membrane and cell
wall synthesis during the yeast mode of growth, (iii) delivery of
proteins for plasma membrane and cell wall synthesis during
the mycelial mode of growth, and (iv) peroxisome biogenesis in
Y. lipolytica. At least two of these secretory pathways function-
ing in protein secretion into the extracellular medium and
delivery of proteins for the assembly of peroxisomal membrane
diverge at the level of the ER. The mechanisms by which these
secretory pathways function are currently being investigated.
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