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Structural Gene for the Alkaline Extracellular Protease of
Saccharomycopsis lipolytica

PAULA C. SIMMS AND DAVID M. OGRYDZIAK*
Institute ofMarine Resources, University of California, Davis, California, 95616

Mutants of Saccharomycopsis lipolytica temperature sensitive for alkaline
extracellular protease production, but not for growth, were isolated. Thirty-three
isolates were temperature sensitive for protease production, and one (xpr-32)
produced a temperature-sensitive protease. Genetic analysis indicated that xpr-
32 was located in gene XPR2, and allele xpr2-7 was found to also produce a
temperature-sensitive protease. None of five independently isolated xpr2 muta-
tions affects the production of extracellular ribonucleases and acid protease(s).
Diploids with zero, one, or two active alleles of the XPR2 locus were constructed,
and the XPR2 locus was shown to exhibit a gene dosage effect on alkaline
extracellular protease synthesis (enzyme activity/cell protein). These results
suggest that the XPR2 gene is the structural gene for the alkaline extracellular
protease of S. lipolytica.

Yeasts which are amenable to a combined
biochemical and genetic approach can be useful
organisms for the study of secretion in eucary-
otes. In Saccharomyces cerevisiae, 23 comple-
mentation groups required for post-translational
events in the secretory pathway have been iden-
tified (10). Genetic studies of extracellular pro-
tease production by Saccharomycopsis lipoly-
tica have established that mutations (xpr) in at
least 16 genes result in reduced ability to pro-
duce extracellular protease (14; R. D. Mehta and
R. C. von Borstel, Genetics 91:s80-s81, 1979).
Biochemical studies indicated that under con-
ditions used for the genetic studies a single al-
kaline and no neutral extracellular proteases are
produced (unpublished data). The xpr muta-
tions might be located in the alkaline extracel-
lular protease structural gene, regulatory genes,
or genes involved in post-translational modifi-
cation (processing) or secretion of the protease.
To characterize some of the xpr genes, mu-

tants temperature sensitive for appearance of
extracellular protease activity, but not for
growth, were isolated. Mutants producing a tem-
perature-sensitive protease and mutants tem-
perature sensitive for protease production were
found. A mutation resulting in production of a
protease with altered thermal stability is often
considered a structural gene mutation (6, 16, 17),
but it could also be a mutation in a gene involved
in post-translational modification ofthe protease
(3, 5, 9). Mutations in genes regulating protease
production or in genes affecting secretion would
not be expected to result in a temperature-sen-
sitive protease but could result in the production
of the protease being temperature sensitive. In
S. cerevisiae, mutations in genes affecting secre-

tion resulted in temperature sensitivity for pro-
tein secretion and cell growth (10, 11).
To determine whether the mutants producing

temperature-sensitive extracellular protease
were structural gene or processing gene mutants,
gene dosage effects were examined. A structural
gene would be expected to exhibit a gene dosage
effect (6, 17), whereas in most cases, a processing
gene would not (3, 5, 9) (because its product is
present in excess). Additive gene dosage effects
were found, suggesting that the mutations were
in the structural gene for the alkaline extracel-
lular protease.

MATERIALS AND METHODS
Strains. The strains used are listed in Table 1. The

parental strain CX161-1B was developed in R. Morti-
mer's laboratory by inbreeding Candida lipolytica
YB-421 and YB423-12 obtained firom L. Wickerham.

Media, culture maintenance, and scoring of
genetic markers. Cultures were maintained onYMS
and YM agar as described previously (12). Procedures
for preparation of synthetic minimal, synthetic com-
plete, and omission media and for scoring auxotrophic
and uvs (UV sensitivity) genetic markers and mating
type were as described previously (12). SKM plates
(14) contain 1% skim milk, yeast nitrogen base without
ammonium sulfate and amino acids, adenine, and ura-
cil at pH 6.8. SKM+ plates were prepared by supple-
menting SKM plates with 0.05% ammonium sulfate
and 0.2% glycerol. SKM-azide plates are SKM plates
containing 625 mg of sodium azide per liter. Glycerol-
proteose peptone (GPP) medium was prepared as
described earlier (14) except that the phosphate buffer
concentration was 40 mM.

Isolation of temperature-sensitive extraceilu-
lar protease (xpr) mutants. Mutants were induced
by UV irradiation at a dose of 480 ergs/mm2 at the
surface of the plates. This treatment resulted in ap-
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proximately 20% survival of cells. The treated cells
were plated on SKM" medium and incubated at 300C
for 72 h. Colonies that exhibited no surrounding zone
of clearing were selected. These isolates were trans-
ferred toYM plates, which were incubated at 230C for
24 h. The YM-grown isolates were inoculated onto
SKM plates by making a small stab with a toothpick
and were replica plated onto SM-plus-adenine plates.
Duplicate plates were incubated at 23 and 340C for 48
h.

Isolates which produced zones of clearing (indica-
tive of protease activity) significantly smaller than
wild-type zones at 340C but comparable in size at 230C
were selected as possible xpr(Ts) mutants. Only thQse
isolates which grew on the SM-plus-adenine plates at
340C were characterized further.

Characterization of xpr(Ts) mutants. An agar
diffusion assay was used to distinguish between mu-
tants that were temperature sensitive for protease
production and mutants that produced a temperature-
sensitive protease. Isolates were grown in GPP me-
dium at 230C on a rotary shaker, and the samples
were collected during exponential growth. Cell density
was determined with a Klett-Summerson photoelec-
tric colorimeter with a green filter. One gram (dry
weight) of cells per liter yielded a value of 250 Klett
units. Cells were removed by centrifugation at 10,000
x g for 10 min, and 35-pl aliquots of the supernatants
were deposited into 6-mm wells made in SKM-azide
plates. Zones of clearing produced after 48 h at 23 and
400C were compared. Isolates producing wild-type
zones of clearing at 230C but reduced zones at 400C
produced a temperature-sensitive protease.
Thermal stability. Isolates that produced a tem-

perature-sensitive protease were grown on a rotary
shaker in 50 ml of GPP medium in 500-ml baffled
flasks at 230C. Supernatant samples were taken during
exponential growth and diluted in 0.03 M phosphate
buffer (1 mM CaC12, pH 6.8), heated at 520C for 0, 5,
15, and 30 min, and then diluted further in 0.03 M
borate-KCl buffer (1 mM CaC12, pH 9.0). The protease
activities remaining in the heated supernatants were
measured by using a modification of the casein hy-
drolysis assay described previously (13). The modifi-
cations were a change from pH 6.8 to 9.0 (20 mM
borate-KCl buffer with 1 mM CaC12) and a change of
incubation temperature from 40 to 250C.

Genetic analysis. Genetic procedures have been
described (12). Haploid strains used for construction
of diploids for gene dosage studies contained comple-
menting auxotrophic markers so that the prototrophic
diploids could be selected on synthetic minimal me-
dium plates after mating. Diploids were confirmed by
sporulation on YM.

Complementation analysis of newly isolated xpr
mutants was performed as described previously (14)
except that protease production of diploids containing
an xpr(Ts) mutation was examined on SKM plates at
23 and 340C. Mutants from 13 xpr complementation
groups were used as tester strains. All diploids were
confirmed by sporulation.
Gene dosage. Diploids constructed for gene dosage

analysis were grown in GPP medium, and supernatant
samples were collected during exponential growth by
centrifugation at 10,000 x g for 10 min. Samples were

Strain

CX161-1B

D07

D09

PS2011

P83065

PS6069

PX7-45
PX100

DX266-8B
PX103

PX103-14B
PX103-15B
DX271

DX271-2A
DX272

DX273

DX274

DX275

Description
Parental strain

(from J. Bassel)
UV mutagenesis of
CX161-1B

UV mutagenesis of
CX161-1B

UV mutagenesis of
CX161-1B

UV mutagenesis of
CX161-1B

UV mutagenesis of
CX161-1B

PS2011 x PX7-45

PS2011 x DX266-
8B

PS2011 x PX203-
14B

PS2011 x DX271-
2A

CX161-1B x
DX271-2A

PS2011 x PX103-
15B

CX161-1B x
PX103-15B

Genotype
adel A

adel xpr2- 7A

adel xpr2-9A

adel xpr2-32A

adel xpr2-33A

adel xpr2-34 A

ural xpr2-7B
adel + xpr2-32A
+ ural xpr2-7 B

ural uvs2prol B
adel + +

+ ural uvs2
+ xpr2-32A

prol + B
ural uvs2 xpr2-32 B
ural B
adel + +

+ ural uvs2
xpr2-32 A
xpr2-32 B

ural xpr2-32 B
adel +

+ ural
xpr2-32 A
xpr2-32 B

adel +
+ ural

+ A
xpr2-32 B

adel +
+ ural
xpr2-32A

+ B
adel + A
+ uraiB

diluted with borate-KCl buffer (1 mM CaC12, pH 9.0),
and protease activity was determined at 25 and 330C,
using the modified casein hydrolysis assay described
above. Total cell protein for specific activity calcula-
tions was assayed by the biuret method (7).

Extraceilular RNase and acid protease assays.
The plate assay for RNase production based on the
size of the zone of RNA hydrolysis surrounding the
colony has been described previously (14). The pro-
cedures for determining acid protease production will
be described in more detail (D. M. Ogrydziak and S. J.
Scharf, manuscript in preparation). Briefly, strains
were grown in GPP medium at pH 3.4, the supernatant
was collected at a cell density of 600 to 750 Klett units,
and protease activity was assayed at pH 3.5, using
acid-denatured hemoglobin as the substrate.

RESULTS

Mutant isolation. At the pH of SKM me-
dium the extracellular acid protease of S. lipo-

TABLE 1. Strain list
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lytica is inactive (unpublished data), so the Xpr
phenotype on SKM+ orSKM medium does not
require an acid protease deficiency.
Over 18,000 colonies were screened for re-

duced extracellular protease activity at 300C on
SKM++ plates, which support limited growth of
xpr mutants. The 300C temperature for isolation
ofxpr(Ts) mutants was chosen because recovery
of irradiated cells at 340C (maximum tempera-
ture for growth) on SKM+ plates was low. Five
hundred eighty-seven isolates that showed no
clearing zones on the SKM++ plates were
screened on SKM plates. The wild type pro-
duced clearing zones of 7 to 9 mm at 340C and
12 to 14 mm at 230C on SKM plates. Mutants
were chosen on the basis of smaller zones (0 to
5 mm) at 340C and near-wild-type zone size (10
to 14 mm) at 230C. Isolates were also tested for
growth on synthetic minimal plates containing
adenine at 340C to eliminate mutants that were
temperature sensitive for growth or which had
temperature-sensitive nutritional requirements.
Of the 587 isolates screened on SKM plates, 34
xpr(Ts) mutants and 27 nonconditional xpr mu-
tants were obtained.
The high percentage (-90%) of false xpr iso-

lates selected from SKM++ plates was probably
because, to avoid complete clearing of the plates
by the XPR' survivors, the isolates had to be
selected after only 72 h. After UV mutagenesis
many cells undergo an extended lag period be-
fore resuming growth. At 72 h many of these
late starting colonies, although capable of pro-
tease production, would score as xpr, especially
considering that, compared with SKM medium,
SKM++ medium has a slight repressive effect on
protease production.
The 34 xpr(Ts) isolates were grown at permis-

sive temperature (230C) in GPP medium, which
supports extracellular protease production. The
thernal stability of the protease produced was
screened by comparing clearing zone sizes pro-
duced at 23 and 400C, using an agar diffusion
assay on SKM-azide plates. The supematant
from a wild-type culture at a cell density of 1 g
(dry weight) per liter produced zones of clearing
of about 16 mm at 230C and 18 mm at 400C.
Mutants that produced a temperature-sensitive
protease were identified by substantially smaller
zones (8 mm or less) at 400C. Only 1 of 34
isolates tested, xpr-32, produced a temperature-
sensitive extracellular protease. Use of the same
agar diffusion screening method to determine
thernal stability of protease in supematants
(concentrated by ultrafiltration) from the origi-
nal xpr mutants (14) revealed that xpr2-7 also
produced a temperature-sensitive extracellular
protease (S. Scharf, personal communication).

Thermal stability. The temperature sensi-
tivity of the extraceilular protease produced by
xpr-32 and xpr2-7was confirmed (Fig. 1). Partial
purification of the protease activity from xpr-32
resulted in a slight increase in stability, but the
mutant protease was still significantly less stable
than the wild type.
Complementation analysis. A tempera-

ture-sensitive gene product can be a result of a
mutation in the structural gene itself or in a gene
involved in post-translational modification of
the gene product. To determine whether xpr-32
and xpr2-7 were in the same gene, the diploid
PX100 was constructed. Both xpr-32 (see below)
and xpr2-7 (14) are recessive. The diploid pro-
duced little protease activity on SKM plates at
230C and no detectable activity at 340C. The
lack of complementation indicates that xpr-32 is
located in gene XPR2.
Gene dosage. A mutation in the extracellular

protease structural gene would be expected to
exhibit a gene dosage effect. To examine the
dosage effect, a set of diploids was constructed:

100

50-

z
-5-

0 IS 30
PREINCUBATION TIME AT 52-C(min)

FIG. 1. Thermosensitivity ofalkaline extracellular
proteases. Symbols: (0) wild-type protease from
CX161-IB; each point represents the mean value of
five experiments with differentprotease preparations
(bars indicate ± standard error). One of the prepa-
rations was partialy purified by gel filtration on
Sephadex G-75, and activity remaining after 15 and
30 min was 65 and 35%. (A) xpr2-32 and (0) xpr2-7
proteases partialy purified on Sephadex G-75. Un-
purified xpr2-32 and xpr2-7 preparations had no
detectable activity after 15 and 30 min.
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DX275, homozygous for the wild-type extracel-
lular protease gene; DX272, homozygous for the
xpr2-32 mutation; DX273 and DX274, both het-
erozygous for the allele.
The results in Table 2 show a clear-cut gene

dosage effect and are consistent with XPR2
being the extracellular protease structural gene.
The results for the heterozygous diploids were
close to the values expected for complete addi-
tivity of the gene doses. The absolute value for
protease production of the wild-type diploid
DX275 varied from experiment to experiment
(values at 250C were 179, 113, 118, and 165 U/
mg of cell protein), but protease production (as
a percentage of DX275) by the diploids contain-
ing xpr2-32 was consistent within a given exper-
iment.
Other xpr2 mutations. The 27 noncondi-

tional xpr mutants were tested for complemen-
tation with xpr2-7 and xpr2-9, a nonconditional
recessive mutation (14). Two additional xpr2
alleles, xpr2-33 and xpr2-34, were found. These
strains were grown in GPP medium, the super-
natants were concentrated 100-fold by ultrafil-
tration, and the concentrated supernatants were
assayed at 23 and 400C, using the agar diffusion
assay. No activity could be detected for xpr2-33,
and the protease from xpr2-34 was not temper-
ature sensitive.
Concentrated supernatants from strains con-

taining each of the five xpr2 alleles were exam-
ined by polyacrylamide gel electrophoresis. In
all cases, the band corresponding to the protease
was either not detectable or much less intense
than from the wild type (Ogrydziak and Scharf,
in preparation). No differences in mobility com-
pared with the wild-type protease were found
for the xpr2-32 protease on 6 and 9% polyacryl-
amide native gels and for xpr2-7 and xpr2-9 on

TABLE 2. Gene dosage effect ofxpr2-32 on
extracellular protease production

Protease production'
(U/mg of cell pro-

Strain Relevant genotype na tein') assayed at:

250C 330C
DX275 +/+ 4 100 100
DX274 +/xpr2-32 4 64 ± 5 53 9
DX273 +/xpr2-32 1 59 47
DX272 xpr2-32/xpr2-32 4 10 ± 3 5 2

a Number of experiments upon which the calcula-
tion is based.

b Values were calculated as the percentage of pro-
tease produced compared with the wild-type diploid
DX275 within a given experiment; results are ex-
pressed as the mean (± standard deviation).

' Cell protein was determined by the biuret method.
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isoelectric focusing and sodium dodecyl sulfate-
polyacrylamide gels (data not shown).
Production of other extracellular en-

zymes. Some of the xpr mutations affected pro-
duction of extracellular RNases (14) and extra-
cellular acid protease(s) (Ogrydziak and Scharf,
in preparation). Neither xpr2-7 nor xpr2-9 had
been shown to affect production of extracellular
RNases (14), and based on the results from RNA
agar plate assays, the other three xpr2 alleles
also do not affect production of extracellular
RNases. All five xpr2 alleles had little affect on
production of extracellular acid protease(s) (Ta-
ble 3).

DISCUSSION
Mutations in several genes affect production

of the alkaline extracellular protease (14; Mehta
and von Borstel, Genetics 91:s80-s81, 1979).
Such genes might include the structural gene for
the protease, genes involved in regulation of
protease production, or genes involved in post-
translational modification (processing) or secre-
tion of the protease. Only a structural gene mu-
tation or a mutation involved in post-transla-
tional modification of the protease would be
expected to cause changes in the thermal stabil-
ity of the protease.
We infer that XPR2 is the structural gene for

the alkaline extracellular protease because (i)
alleles xpr2-7 and xpr2-32 cause production of
alkaline extracellular protease activities with al-
tered thermal stability compared with the wild
type, (ii) the XPR2 locus exhibited a gene dosage
effect on alkaline extracellular protease produc-
tion (enzyme activity/cell protein), and (iii) the
xpr2 alleles do not affect the production of other
extracellular enzymes.

S. lipolytica produces a single alkaline extra-
cellular protease and one or more acid extracel-
lular proteases (unpublished data). At the pH
(6.8) used for mutant isolation and screening,

TABLE 3. Production of extracellular acid
protease(s) by xpr2 mutants

Strain na Acid proteas (U/mg of

CX161-1B 4 31.0 ± 3.6
xpr2- 7 1 25.7
xpr2-9 2 32.5
xpr2-32 1 28.2
xpr2-33 1 29.5
xpr2-34 1 34.7

a Number of experiments upon which the calcula-
tion is based.

b Results are expressed as the mean (± standard
deviation).
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little acid protease is produced and it is not
active, so only alkaline protease activity would
be detected (unpublished data). At the pH (9.0)
used for protease activity assay in the thermal
stability and gene dosage studies, all of the pro-
tease activity is attributable to the single alka-
line extracellular protease (unpublished data).
The frequency of xpr2 mutations (3 in 18,000)

is comparable to the frequency (2 in 6,587) found
in an earlier study (14). That xpr2 mutants grew
on minimal medium under conditions where no
protease activity was produced indicates that
the alkaline extracellular protease activity is not
essential for growth on minimal medium. This
result is consistent with the earlier proposal (13)
that the extracellular protease is produced to
provide low-molecular-weight nutrients from
peptides and proteins in the environment.
Mehta and von Borstel (Genetics 91: S80-S81,
1979) screened S. ltpolytica mutants tempera-
ture sensitive for growth and found that several
were affected for alkaline extracellular protease
production. None of these mutations was in
xpr2.
The wild-type alkaline extracellular protease

exhibits maximum caseinolytic activity at pH 9
to 10 and 400C (unpublished data). However,
since activities of temperature-sensitive pro-
teases had to be determined in this study, assays
were done at 250C and pH 9.0. Inactivation of
the protease can be caused by thermal denatur-
ation and by self-proteolysis. To limit self-pro-
teolysis as a factor in the thermal stability stud-
ies, the studies were perfonned in the presence
of 1 mM Ca2", which stabilizes the protease (15;
unpublished data), at the pH (6.8) at which the
protease is most stable (15), and at the temper-
ature (520C) that was as high as possible above
the temperature of maximum activity (400C)
but at which the protease was only partially
inactivated. After 15 min of incubation at pH 9.0
at 520C, the wild-type alkaline extracellular pro-
tease was completely inactivated (unpublished
data).

Since proteins can protect proteases from in-
activation (2) and since the protease prepara-
tions used for the thermal stability studies were
not completely purified, differences in thermal
stability of the alkaline extracellular proteases
possibly reflect differences in purity of the pro-
tease preparations. Several results do not sup-
port this interpretation. First, partial purifica-
tion of the protease preparations had little effect
on thermal stability. After the partial purifica-
tion, about 85% of the protein in a wild-type
preparation is protease (unpublished data). Sec-
ond, since the xpr2 mutants all produce less
alkaline extracellular protease protein than the
wild type, the xpr2 protease preparations would

have a greater percentage of contaminating pro-
tein and should be stabilized at least to the same
extent as a wild-type preparation. We conclude
that the differences in thermal stability reflect
differences in the alkaline extracellular protease
molecules.
Mutations that alter the physical properties

of an enzyme, such as thermal stability, have
often been considered as evidence for identifi-
cation of the structural gene for the enzyme (6,
16, 17). But mutations in genes that affect post-
translational modifications can also alter the
physical properties of enzymes (3, 5, 9). The
alkaline extracellular protease is a secreted gly-
coprotein (unpublished data), and several types
of post-translational modifications might be ex-
pected. The protease may start with a signal
sequence (1), and it may exist intracellularly as
a zymogen. Mutations affecting removal of the
signal sequence, zymogen activation, carbohy-
drate addition, or processing could result in al-
tered thermal stability of the protease. Studies
of gene dosage have been used to distinguish
between structural gene mutations and muta-
tions that affect processing of the enzyme. In
most cases, the structural gene mutations show
a dosage effect: the specific activity of the en-
zyme is proportional to the number and type of
alleles present (6, 17). In most cases, processing
activity is in excess and the processing gene
mutations are recessive and exhibit no gene dos-
age effects (3, 5, 9). For a processing gene mu-
tation to show a gene dosage effect, correct
processing must be essential for activity. Then,
in the heterozygote, either the processing activ-
ity is strictly limiting and about halfthe protease
molecules are processed correctly and half are
not processed or, perhaps more likely, the wild-
type and mutant processing activities compete
for unprocessed protease molecules with result-
ing production of about half correctly processed
and half incorrectly processed protease mole-
cules. A possible example of a gene dosage effect
for a mutation thought to affect post-transla-
tional modification ofhuman neuraminidase and
,8-galactosidase has been reported (8). In the
heterozygote the neuraminidase activity ex-
hibited a gene dosage effect but the 8-galacto-
sidase activity did not.

In several cases a mutation in a enzyme in-
volved in processing results in altered properties
of several different proteins (4, 8). Although
several of the xpr mutations affect production of
extracellular RNases and acid protease(s), the
xpr2 mutations do not. If the xpr2 mutations are
processing gene mutations, it seems that they
are fairly specific for the alkaline extracellular
protease.
Although definitive results such as proof of a
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difference in the amino acid sequence have not
been obtained, the above results strongly suggest
that XPR2 is the structural gene for the alkaline
extracellular protease. Since the protease is a
single polypeptide (unpublished data), these re-
sults suggest that only one structural gene for
the alkaline proteose exists in the haploid strain
and the XPR2 is this structural gene. Presently,
we are investigating the xpr mutations to deter-
mine whether they are involved in processing,
regulation, or secretion.
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