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Asparaginase II of Saccharomyces cerevisiae: Positive Selection of
Two Mutations That Prevent Enzyme Synthesis
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A positive selection method, D-aspartic acid 3-hydroxamate resistance, was used to isolate Saccharomy-
ces cerevisiae strains lacking the ability to synthesize asparaginase II. Of 100 such mutant strains, 93
exhibited mutations which were allelic with asp3, a previously characterized mutation. The other seven

strains carried a new mutation, asp6. The asp6 mutation segregated 2:2 in asp6 x wild-type crosses and
assorted from the asp3 mutation in asp6 x asp3 crosses. All seven asp6 mutant isolates reverted at a

relatively high frequency, whereas the asp3 mutant isolates did not revert under the same conditions.
Various independent asp3 isolates were mated to give heteroallelic diploids, which when sporulated and
spread on D-asparagine medium yielded no recombinant strains.

Asparaginase II is a yeast exoenzyme which is secreted
into the cell wall in response to nitrogen limitation (5-9, 11,
12, 15-17, 20-22, 25). The genetics of Saccharomyces cere-
visiae asparaginase II have been previously characterized
with wild-type S. cerevisiae strains which either fail to
synthesize the enzyme or exhibit a reduced synthetic capaci-
ty (5, 11, 12, 20). Yeasts carrying the asp2 mutation can
synthesize only 20 to 30% of the normal enzyme levels.
Strains with the asp3 mutation do not synthesize the en-
zyme. Yeasts with the asp4 mutation have a greatly reduced
ability to synthesize the enzyme when growing exponentially
on ammonium ion but exhibit normal enzyme levels when
starved for nitrogen.
The mutations described above were isolated from the

genetic background of various wild-type S. cerevisiae strains
with no mutagenesis being employed. We wanted to deter-
mine whether other asparaginase mutations could be ob-
tained through the use of chemical mutagenesis. In this
study, we used ethanemethylsulfonate (EMS) mutagenesis
and a positive selection method to isolate S. cerevisiae
strains with a reduced capacity to synthesize asparaginase
II.
The strain designations and source or method of deriva-

tion are given in Table 1.
The standard chemically defined medium contained, per

liter: 30 g of D-glucose, 2 g of yeast nitrogen base (without
amino acids and ammonium sulfate), 1.32 g of ammonium
sulfate and 1.69 g of L-glutamic acid (monosodium salt). The
cells were harvested by centrifugation after growth at 23°C
for 12 to 16 h when the absorbance at 660 nm was 0.1 to 0.2.
The harvested cells were used immediately.
The derepression medium contained 3% D-glucose and 20

mM potassium phosphate buffer, pH 7.0. Cells were sus-
pended in derepression medium to an absorbance of 0.4 at
660 nm (ca. 0.12 mg/ml [dry weight]) and allowed to incubate
at 30°C for 4 h.

Whole-cell suspensions were assayed at 30°C for the
ability to convert L-asparagine and hydroxylamine into L-
aspartic acid ,B-hydroxamate as described previously (6).
Whole-cell asparaginase II activity is reported as nanomoles
of the 3-hydroxamate synthesized per minute per milligram
of cells (dry weight).

Genetic analysis was performed by the methods of Morti-
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mer and Hawthorne (18). Diploids were obtained by mixing
strains of opposite mating types on yeast extract-peptone-
dextrose plates. After 4 h of incubation at 27°C zygotes were
isolated by micromanipulation. Sporulation of diploid strains
and tetrad analysis were conducted by using published
methods (18).
For the selection of spontaneous revertants of asparagi-

nase II mutants, yeast strains carrying asp3 or asp6 muta-
tions were grown to the late exponential phase on the
standard minimal medium and then plated on minimal medi-
um containing, per liter: 30 g of D-glucose, 2 g of yeast
nitrogen base (without amino acids and ammonium sulfate),
and 5 mM D-asparagine to 5 x 107 cells per plate for asp3
mutants or 1 x 106 cells per plate for asp6 mutants. The
plates were incubated at 27°C for 7 days and scored for the
appearance of visible colonies.

Selection of asparaginase II mutants. S. cerevisiae strains
exhibiting greatly reduced levels of asparaginase II activity
were isolated from parental strain DJ2-23c (MATot gapi
aspl). The parental strain can synthesize high levels of
asparaginase II but lacks the ability to synthesize asparagi-
nase I, the internal form of yeast asparaginase (5, 11, 14). In
addition, it cannot transport D-amino acids because of the
gap] mutation which inactivates the general amino acid
transport system (26).

Strain DJ2-23c was mutagenized with EMS and spread to
ca. 5 x 106 cells per plate on minimal glucose medium
containing, per liter: 30 g of D-glucose, 2 g of yeast nitrogen
base (without amino acids and ammonium sulfate), 5 mM L-
proline and 0.5 mM D-aspartic acid 3-hydroxamate. The D-
aspartic acid 0-hydroxamate can be cleaved by asparaginase
II to D-aspartic acid and hydroxylamine. Because of the
gapl mutation, neither D-asparagine nor D-aspartic acid can
enter yeast cells (26). However, hydroxylamine can enter
the cells via the methylamine-ammonia transport system and
is highly toxic (24). Consequently, wild-type strains which
synthesize asparaginase II produce hydroxylamine and grow
poorly on this medium, but cells with reduced levels of
asparaginase II activity can grow well and after 6 to 10 days
form large colonies. These large colonies were selected,
streaked, and grown to single isolated colonies on a second
3-hydroxamate plate before biochemical analysis.
Approximately 1,000 yeast strains were selected which

grew rapidly on minimal agar plates containing D-aspartic
acid ,B-hydroxamate. About 30% of the total colonies select-

958



NOTES 959

TABLE 1. Asparaginase II mutants fall into two classes, asp3 and asp6

Diploid activity levels"
Relevant Haploid activityHaploids Genotype Source levels (x X2180-1A) (x XE223-1D) (x XE221-2B) (x A-AHRIV-

(wt) (asp3) (asp2) 46)" (asp6)

X2180-1A (MATa) Berkeley collection 71
X2180-1B (MA Ta) Berkeley collection 62 74 35 43 48
DJ2-23c (MA Ta) Our laboratory 65 71 33 43 48

XE221-2A (MATa asp2) Gary Jones; from wild- 9 43 31 11 34
XE221-2B (MA Ta asp2) type strains lacking 11
XE223-1C (MATot asp3) asparaginase II <2 42 <2 31 33
XE223-1D (MA Ta asp3) activityc <2

AHRIV-46 (MA Tot asp6) Our laboratory; by EMS <2 52 32 35 <2
mutagenesis of DJ2-
23C and 3-
hydroxamate selection

AHRIV-1 (MATa asp3) Our laboratory; by EMS <2 56 <2 33
mutagenesis of DJ2-
23C and 3-
hydroxamate selection

a Crosses designated-either do not mate or were not tested.
b Strain A-AHRIV-46 was derived by crossing AHRIV-46 with X2180-1A and selecting as asparaginase Il-negative, MATa segregant.
c G. E. Jones, Department of Biology, University of California, Riverside, Calif.

ed had low asparaginase II activity (<50% of wild type),
whereas the other 70% of the colonies exhibited normal
asparaginase II synthesis. These latter strains appeared to be
hydroxylamine transport mutants, defective in the methyl-
amine-ammonia system (24).
One hundred mutant strains which exhibited <5% wild-

type asparaginase II activity and also gave normal growth
rates on minimal glucose ammonia medium were used for
further biochemical and genetic characterization.

Table 1 gives asparaginase II activity levels obtained with
representative strains of the newly isolated mutants. The
mutants were tested directly as haploids and also as diploids
after mating with previously characterized tester strains.
The new isolates fell in two mutational classes. The majority
(93%) carried a mutation which is allelic with the asp3 (5, 11,
12). The others (7%) carried a new mutation which was
designated asp6.
Both asp3 and asp6 mutations were recessive in diploids

formed by mating with a wild-type strain capable of aspara-
ginase II synthesis. The level of activity in these heterozy-
gous diploids was about 70% of the control activity found in
a homozygous wild-type tester strain. This lowered activity
may result from a gene dosage effect. The asp3 isolates were
identified by their failure to complement an asp3 tester
strain. The new asp3 mutants exhibited complementation
with an asp2 strain (11, 12). The level of enzyme expression
in asp3lasp2 diploids was about 50% of that found with the
diploid wild-type tester. This low activity may reflect both
gene dosage and possibly a suppression of activity due to
factors in the background of the asp2 tester strain. (The asp2
and asp3 testers used in this study gave 60% of the control
activity in heterozygous diploids formed with the standard
wild-type tester strain.)
The asp6 strains complemented both asp3 and asp2 tes-

ters. Diploids of asp6 x asp3 and asp6 x asp2 matings
exhibited 50% of the control activity. These low activity
levels probably reflected the same factors causing reduced
activity in the asp3lasp2 diploid.

Segregation analysis of asp3 and asp6 mutations. Segrega-
tion analysis was performed with the new asp3 and asp6

isolates. Typical results are shown in Table 2. Both asp3 and
asp6 mutations exhibited 2:2 segregation in mutant/wild-type
crosses, indicating that these mutations are the result of
alteration in individual nuclear genes. When segregation
analysis was performed on spores from a diploid heterozy-
gous for both ASP3 and ASP6, we found 4:0, 3:1, and 2:2
(mutant-to-wild-type) segregation patterns in various tet-
rads. This indicated that the two mutations assorted from
each other and thus did not occur in the same or in tightly
linked genes. However, the segregation pattern revealed a
high frequency of 4:0 segregation, suggesting that the two
mutations are weakly linked on the same chromosome.

In a separate study, the asp3 mutation was analyzed for
linkage with two centromere-linked mutations, trpl and
leu2. The data indicated that the ASP3 gene (and thus
probably the ASP6 gene) was not centromere linked (data
not shown).
Attempted identification of structural gene mutations. We

have made a number of attempts to identify structural gene
mutations for asparaginase II. With most enzymes, this can
be accomplished by characterizing a leaky mutation which
alters the structure or function of the enzyme product. With
such a mutation the enzyme may exhibit an altered Km for
one of its substrates or increased temperature lability. We

TABLE 2. Segregation pattern of asp3 and asp6 mutations in
various crosses

No. of tetrads exhibiting seg-
Parental diploid strain tetrads regation pattern

4:0 3:1 2:2

X2180-1A (wt) x AHRIV-46 20 0 1 19
(asp6)

X2180-1A (wt) x AHRIV-1 24 0 1 23
(asp3)

XE223-1C (asp3) x AHRIV- 69 31 (14)" 24 (56) 14 (14)
46 (asp6)
a Mutant:wild type.
b Numbers in parentheses indicate the predicted frequency for

two unlinked mutations.
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have examined over 200 D-aspartic acid P-hydroxamate
resistant S. cerevisiae mutants which are leaky (5 to 20%
control level) for asparaginase II. Using these strains, we
were unable to identify a Km or temperature-sensitive muta-
tion (data not shown).

In addition to direct selection of P-hydroxamate-resistant
mutants, we used a second strategy to isolate leaky yeast
strains. The 100 asp3 and asp6 strains were plated onto D-
asparagine containing medium to select spontaneous rever-
tant colonies which could grow with D-asparagine as a
nitrogen source. Table 3 gives typical results from this
selection procedure. The seven asp6 isolates gave high rates
of spontaneous reversion. Approximately 100 of these rever-
tants exhibiting asparaginase II activity of 5 to 25% of the
control were assayed for enzyme with altered Km or tem-
perature sensitivity. No changes in these parameters could
be detected in any of the revertant strains (data not shown).
With the asp3 isolates, a different pattern was evident.

None of the 93 asp3 strains tested gave any spontaneous
revertants. Treatment with various chemical mutagens also
failed to produce revertant strains. In one further attempt to
reestablish asparaginase II activity in the asp3 isolates,
various independent isolates were mated and then sporulat-
ed to induce meiotic recombination (10). To accomplish this,
12 asp3 isolates were first mated to a wild-type strain; the
resulting diploids were sporulated, and the 12 asp3 muta-
tions were isolated in MATa haploid segregants. From these
12 strains, asp3 x asp3 heteroallelic crosses were made with
the 12 original isolates in MATot strains. The diploids were
sporulated and the spores plated on minimal medium con-
taining D-asparagine as the sole nitrogen source. Although
this procedure has the potential for producing high frequen-
cies of recombination, e.g., between 0 to 5,000 recombinants
per 105 asci were reported for various alleles of the ade8
gene (10), in our study, no recombinants could be detected
after plating 5 x 106 asci from the various asp3 x asp3
crosses.

Function of the ASP3 gene. In previous reports, we have
suggested that ASP3 might be the structural gene for aspara-
ginase II; at that time, ASP3 was the only known gene in
which mutation could cause the complete loss of asparagi-
nase II activity (5). In addition, asp3 mutant alleles occurred
in many wild-type strains, and it seemed plausible that these
strains lacked the structural gene for asparaginase II. An
alternate possibility, which we thought less likely, was that
these strains had the asparaginase II structural gene but were
silent in its expression because of a regulatory mutation.
At present, it is not clear whether either the ASP3 or the

newly defined ASP6 gene correspond to the structural gene
for asparaginase II. Despite rigorous attempts, we have been
unable to identify any alleles of ASP3 or ASP6 which result
in the production of a modified form of asparaginase II.

Other genetic properties of the asp3 mutations appeared to
be unusual for structural gene mutations. For example, none
of the 93 isolates carrying the asp3 mutation could be
induced to revert. Since EMS mutagenesis was used to
produce these strains, we expected to isolate point muta-
tions as the predominant products. If most of our 93 indepen-
dent asp3 isolates carried point mutations in a structural
gene, at least a few revertable alleles would be expected.
Furthermore, when heteroallelic asp3 x asp3 diploids were

sporulated, we could not recover any recombinants which
expressed asparaginase II activity. The absence of recombi-
nants from independently isolated mutations suggested that
we were not working with single point mutations located at
random along a structural gene, but rather with a more

TABLE 3. Reversion of asparaginase II mutant strains
Revertant Colonies!Strains 5 x 107 Cell Plated'

XE223-1C (MATTa asp3) 0
XE223-1B (MA Ta asp3) 0
AHRIV-46 (MATa asp6) 6.9 x 103
AHRIV-1 (MATa asp3) 0

aCells were plated on minimal D-asparagine medium and scored
after a 7-day incubation (106 cells were plated for asp6 strains; 5 x
107 cells were plated for asp3 strains).

unusual type of mutation which must occur repeatedly in the
various mutant isolates of the ASP3 locus. A deletion
mutation covering an extensive portion of the genome could
account for both the lack of reversion and the absence of
meiotic heteroallelic recombination.
One possible explanation for our results may be that

asparaginase II is encoded by more than one structural gene.
By studying only S. cerevisiae strains that were at least 80%
inactivated for the enzyme, we may have excluded structural
gene point mutations which would cause a reduction in
activity of 50% or less. This hypothesis is consistent with
recent data from our laboratory indicating that purified
fractions of asparaginase II contain more than one protein
band (manuscript in preparation). It is also analogous with
the results obtained with the yeast exoenzymes, invertase
and acid phosphatase, which are known to be encoded by
multiple structural genes and which exhibit protein heteroge-
neity in purified preparations (1-4, 23, 27). Finally, it is
interesting that with maltase, which is the product of multi-
ple structural genes, no structural gene mutants have ever
been identified (19).
To fully understand the behavior of the asp3 mutations, it

will be necessary to compare the gene structure in the ASP3
parent and in various asp3 mutant S. cerevisae strains.

LITERATURE CITED

1. Bostian, K. A., J. M. Lemire, L. E. Cannon, and H. 0.
Halverson. 1980. In vitro synthesis of repressible yeast acid
phosphatase: identification of multiple mRNAs and products.
Proc. Natl. Acad. Sci. U.S.A. 77:4504-4508.

2. Bostian, K. A., J. M. Lemire, and H. 0. Halverson. 1982.
Synthesis of repressible acid phosphatase in Saccharomyces
cerevisiae under conditions of enzyme instability. Mol. Cell.
Biol. 2:1-10.

3. Carlson, M., and D. Botstein. 1983. Organization of the SUC
gene family in Saccharomyces. Mol. Cell. Biol. 3:351-359.

4. Carlson, M., R. Taussig, S. Kustu, and D. Botstein. 1983. The
secreted form of invertase in Saccharomyces cerevisiae is
synthesized from mRNA encoding a signal sequence. Mol. Cell.
Biol. 3:439-447.

5. Dunlop, P. C., G. M. Meyer, D. Ban, and R. J. Roon. 1978.
Characterization of two forms of asparaginase in Saccharomy-
ces cerevisiae. J. Biol. Chem. 253:1297-1304.

6. Dunlop, P. C., G. M. Meyer, and R. J. Roon. 1980. Reactions of
asparaginase II of Saccharomyces cerevisiae: a mechanistic
analysis of hydrolysis and hydroxylaminolysis. J. Biol. Chem.
255:1542-1546.

7. Dunlop, P. C., G. M. Meyer, and R. J. Roon. 1980. Nitrogen
catabolite repression of asparaginase II in Saccharomyces cere-
visiae. J. Bacteriol. 143:422-426.

8. Dunlop, P. C., and R. J. Roon. 1975. L-asparaginase of Saccha-
romyces cerevisiae: an extracellular enzyme. J. Bacteriol.
122:1017-1024.

9. Dunlop, P. C., R. J. Roon, and H. L. Even. 1976. Utilization of
D-asparaginase by Saccharomyces cerevisiae. J. Bacteriol.
125:999-1004.

J. BACTERIOL.



NOTES 961

10. Esposito, M. S. 1968. X-ray and meiotic fine structure mapping
of the adenine-8 locus in Saccharomyces cerevisiae. Genetics
58:507-527.

11. Jones, G. E. 1977. Genetics of expression of asparaginase II
activity in Saccharomyces cerevisiae. J. Bacteriol. 129:1165-
1167.

12. Jones, G. E. 1977. Genetic and physiological relationships
between L-asparaginase I and asparaginase II in Saccharomyces
cerevisiae. J. Bacteriol. 130:128-130.

13. Jones, G. E., and R. K. Mortimer. 1970. L-asparaginase defi-
cient mutants of yeast. Science 167:181-182.

14. Jones, G. E., and R. K. Mortimer. 1973. Biochemical properties
of yeast L-asparaginase. Biochem. Gen. 9:131-146.

15. Kang, L., M. L. Keeler, P. C. Dunlop, and R. J. Roon. 1982.
Nitrogen catabolite repression in a glutamate auxotroph of
Saccharomyces cerevisiae. J. Bacteriol. 151:29-35.

16. Kim, K. W., and R. J. Roon. 1982. Transport and metabolic
effects of a-amino-isobutylic acid in Saccharomyces cerevisi-
ae. Biochem. Biophys. Acta 719:356-362.

17. Kim, K. W., and R. J. Roon. 1983. Asparaginase II of Saccharo-
myces cerevisiae: comparison of enzyme stability in vivo and In
vitro. Biochemistry 22:2704-2707.

18. Mortimer, R. K., and D. C. Hawthorne. 1969. Yeast genetics in
The Yeasts, vol. 1 pp. 385-460, edited by A. H. Rose and J. S.
Harrison, Academic Press, Inc., New York.

19. Needleman, R. B., and C. Michels. 1983. Repeated family of
genes controlling maltose fermentation in Saccharomyces carls-
bergensis. Mol. Cell. Biol. 3:796-802.

20. Pauling, K. D., J. E. Hann, and G. E. Jones. 1980. Asparaginase
II of Saccharomyces cerevisiae. Characterization of a mutation
that affects expression in rapidly growing cells. J. Gen. Micro-
biol. 119:539-542.

21. Pauling, K. D., and G. E. Jones. 1980. Asparaginase It of
Saccharomyces cerevisiae: dynamics of accumulation and loss
in rapidly growing cells. J. Gen. Microbiol. 117:423-430.

22. Pauling, K. D., and G. E. Jones. 1980. Asparaginase II of
Saccharomyces cerevisiae: Inactivation during the transition to
stationary phase. Biochem. Biophys. Acta 616:271-282.

23. Rogers, P. T., J. M. Lemire, and K. A. Bostian. 1982. Acid
phosphatase polypeptides in Saccharomyces cerevisiae are en-
coded by a differentially regulated multigene family. Proc. Natl.
Acad. Sci. U.S.A. 79:2157-2161.

24. Roon, R. J., H. L. Even, P. I)unlop, and F. Larimore. 1975.
Methylamine ahd ammonia transport in Saccharomyces cere-
visiae. J. Bacteriol. 122:502-509.

25. Roon, R. J., M. Murdoch, B. Kunze, and P. C. Dunlop. 1982.
Derepession of asparaginase II during exponential growth of
Saccharomyces cerevisiae on ammonium ion. Arch. Biochem.
Biophys. 219:101.

26. Rytka, J. 1975. Positive selection of general amino acid per-
mease mutants in Saccharomyces cerevisiae. J. Bacteriol.
121:562-570.

27. Thill, G. P., R. A. Kramer, K. J. Turner, and K. A. Bostian.
1983. Comparative analysis of the 5'-end regions of two repress-
ible acid phosphatase genes in Saccharomyces cerevisiae. Mol.
Cell. Biol. 3:570-579.

VOL. 157, 1984


