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Yeast strains ,1278b and Harden and Young, which synthesize only an

internal constitutive form of L-asparaginase, do not grow on D-asparagine as a

sole source of nitrogen, and whole cell suspensions of these strains do not
hydrolyze D-asparagine. Strains X2180-A2 and D273-1OB, which possess an
externally active form of asparaginase, are able to grow slowly on i)-asparagine,
and nitrogen-starved suspensions of these strains exhibit high activity toward
the 1)-isomer. Nitrogen starvation of strain X2180-A2 results in coordinate
increase of 1>- and L-asparaginase activity; the specific activity observed for the
D-isomer is -20% greater than that observed for the I-isomer. It was observed,
in studies with cell extracts, that hydrolysis of D-asparagine occurred only with
extracts from nitrogen-starved cells of strains that synthesize the external form
of asparaginase. Furthermore, the activity of the extracts toward the D-isomer
was always higher than that observed with the L-isomer. A 400-fold purified
preparation of external asparaginase from Saccharomyces cerevisiae X2180-A2
hydrolyzed r-asparagine with an apparent Km of 0.23 mM and a Vmax of 38.7
,umol/min per mg of protein. D-Asparagine was a competitive inhibitor of L-
asparagine hydrolysis and the Ki. determined for this inhibition was approxi-
mately equal to its Km. These data suggest that D-asparagine is a good substrate
for the external yeast asparaginase but is a poor substrate for the internal
enzyme.

The occurrence of an externally active aspar-
aginase in certain strains of Saccharomyces
cerevisiae was recently reported by our labora-
tory (6). The data we presented suggested that
there are two classes of Saccharomyces. The
first class possesses two forms of asparaginase:
an externally active enzyme that is derepressed
during nitrogen starvation and an internally
active asparaginase that occurs constitutively.
The second class of yeast possesses only an
internal, constitutive form of asparaginase.
During the course of our investigation of the

yeast strains that synthesize the external en-
zyme, it was found that mutants having a
greatly reduced ability to transport L-aspara-
gine could be obtained by selecting cells capable
ofrapid growth on low levels of D-asparagine as
the sole source of nitrogen (6). These mutant
strains were given the temporary designation
of i>asparagine resistant (D)AsnR). Since it had
been previously reported that Saccharomyces
cerevisiae is incapable of utilizing D-amino
acids as the sole nitrogen source (11, 13), we
decided to investigate this phenomenon more
extensively. The present communication pre-
sents data that establish the metabolic basis for
the growth of Saccharomyces on D-asparagine
and demonstrate a correlation between the

growth response of various strains and the oc-
currence of the external form of asparaginase.

MATERIALS AND METHODS
Organism. The origin and characteristics of the

wild-type yeast strains used in this investigation
have been given previously (6). Mutant strains lack-
ing the general amino acid permease (gap-i) and the
specific ammonia transport system (amt-1, ammonia
transport deficient; formerly designated MeaR) were
derived from strain X2180-A2 by methodology that
has been reported elsewhere (6, 12).
Growth conditions and methods of cell prepara-

tion. The standard minimal medium contained (per
liter): 20 g of D-glucose, 2 g of yeast nitrogen base
(Difco) (without amino acids and ammonia sulfate),
and a nitrogen source as given in the text. The
conditions for the growth ofS. cerevisiae on minimal
ammonia medium and for the preparation of un-
starved and nitrogen-starved cell suspensions have
been reported previously (6).
Measurement of asparaginase activity. The hy-

drolysis of I-asparagine by cell suspensions and cell
extracts was measured using a spectrophotometric
assay for ammonia through coupling with L-gluta-
mate dehydrogenase (EC 1.4.1.3) or a spectrophoto-
metric assay for -aspartate through coupling with
L-glutamic oxalacetic transaminase (EC 2.6.1.1) and
L-malic dehydrogenase (EC 1.1.1.37) as previously
reported (6). The hydrolysis of D-asparagine was
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monitored using the spectrophotometric ammonia
assay. Activities are reported as nanomoles of sub-
strate hydrolyzed per minute per milligram of cells
(dry weight), nanomoles per minute per milligram
of protein (crude extracts), or micromoles per min-
ute per milligram of protein (purified enzyme).

Chemicals. The D-asparagine utilized in these ex-
periments was obtained from Sigma or Calbiochem
and was identified as being chromatographically ho-
mogeneous by the manufacturers. Three additional
criteria were used to verify the purity of the D-
isomer. (i) Measurements of optical rotation indi-
cated that the compound was 97% + 3% D-isomer
(literature value, [a1l = -33.2 in 3 N HCl; observed
value = -32.3). (ii) The compound was tested as a
substrate for L-asparaginase II from Escherichia coli
(purified enzyme provided by J. B. Howard) and was
hydrolyzed at 6% the maximal rate found with the L-
isomer. This corresponds to values given in the liter-
ature (3). (iii) Under conditions where D-asparagine
was highly active in the coupled assay for ammonia,
no release of .-aspartate could be detected in the
coupled assay for i-aspartate using L-glutamic
oxalacetic transaminase and L-malic dehydrogen-
ase.

RESULTS

Growth of S. cerevisiae strains on L- and D-

asparagine. The strain-specific growth re-
sponse to L- and n-asparagine is shown in Table
1. All of the yeast strains tested grew with a

doubling time of approximately 2.5 h on the L-
isomer. Strains ;1278b and Harden and Young,
which synthesize only the internal constitutive
form of asparaginase (6), did not grow in me-
dium containing r.-asparagine as the sole
source of nitrogen. These results are in agree-
ment with the findings of Rytka (13) that D-

amino acids are growth inhibitory and do not
serve as metabolizable nitrogen sources for
Saccharomyces. However, strains D273-10B
and X2180-A2, which synthesize an external
form of asparaginase in response to nitrogen
starvation as well as a constitutive internal
form (6), grew slowly with D-asparagine as the
sole nitrogen source, exhibiting doubling times
of 3.9 and 5.2 h, respectively. In an effort to
determine the mode by which these strains uti-
lized the D-isomer, the growth response to
asparagine was examined in three mutant
strains (derived from X2180-A2), which were
deficient in their ability to assimilate n-amino
acids. Strain NR 202 (formerly designated
AsnR2) was selected on the basis of its ability to
grow rapidly on n-asparagine as described pre-

viously (6). Strain AR 101 was selected for the
ability to grow on minimal proline medium in
the presence of n-alanine according to the
methods of Rytka (13). Strain LR 402 was se-
lected for the ability to grow on minimal proline
medium in the presence of 10 mM L-lysine. All
three strains lacked detectable activity for the
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TABLz 1. Growth response ofyeast strains to L- and
D-asparagine

Generation time at 21 C (h)
Strain (S. cerevisiae) L-Aspara-

gine DAparagie
11278b (wt)c 2.4 NDd
Harden + Young (wt) 2.1 ND
D273-1OB (wt) 2.5 3.9
X2180-A2 (wt) 2.7 5.2
NR 202 (gap-1)e 2.7 3.1
AR 101 (gap-lY 2.6 3.2
LR 402 (gap-i)" 2.6 2.6
MR (gap-, amt-1)h 3.0 ND

a Determined in standard minimal medium con-
taining 10 mM L-asparagine as sole source of nitro-
gen.

b Determined in standard minimal medium con-
taining 10 mM D-asparagine as sole source of nitro-
gen.

c wt, Wild type.
d ND, No detectable growth after 48 h of incuba-

tion.
e Derived from X2180-A2; selection based on abil-

ity to grow in standard minimal medium containing
2 mM D-asparagine as sole source of nitrogen.

' Derived from X2180-A2; selection based on abil-
ity to grow in standard minimal medium containing
5 mM L-proline plus 10 mM n-alanine.

" Derived from X2180-A2; selection based on abil-
ity to grow in standard minimal medium containing
5 mM L-proline plus 10 mM L-lysine.

h Derived from AR 101 (gap-i); selection based on
ability to grow in standard minimal medium con-
taining 2 mM L-glutamate plus 200 mM methyla-
mine hydrochloride.

general amino acid permease (gap-i) and com-
plementation tests revealed that the three mu-
tations were allelic (data not shown).
The growth response to D-asparagine was en-

hanced to a similar extent in each of the three
mutant strains with the 5.2-h generation time
reduced to a value close to that observed with
the L-isomer. These data suggested that growth
on D-asparagine was enhanced in the mutants
because they retained a normal ability to trans-
port ammonia released from D-asparagine by
the external asparaginase but due to mutation
had a reduced ability to transport the growth-
inhibitory D-amino acids (n-asparagine and its
hydrolysis product, D-aspartic acid).

In support of this hypothesis, it was found
that strain MR, derived from strain AR 101,
which is defective in ammonia transport (amt-
I) as well as in the general amino acid per-
mease (gap-i), grows poorly on D-asparagine.
The growth of this double mutant strain on L-
asparagine results from the transport of L-as-
partate by the low-velocity specific transport
system for dicarboxylic amino acids (9), since
the activity of this system is not affected by
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either the gap-i or amt-1 mutations (R. Roon,
unpublished data).
Hydrolysis of L- and D-asparagine by cell

suspensions of S. cerevisiae. Cell suspensions
of the wild-type yeast strains were examined
for the ability to hydrolyze D- and L-asparagine.
Strains 11278b and Harden and Young had no
detectable external asparaginase activity for
either isomer, whereas strains X2180-A2 and
D273-10B had high levels of activity toward
both isomers after nitrogen starvation but low
levels ofactivity prior to starvation (Table 2).
The time dependency for the appearance of

external asparaginase activity was examined
in cell suspensions ofstrain X2180-A2 with both
isomers as substrates (Table 3). Little activity
was detectable for either isomer in unstarved
cells or in cells starved in the presence of 10 mg
of cycloheximide per liter (not shown). The spe-
cific activity toward both isomers increased in
parallel with time of nitrogen starvation, with
that observed for the D-isomer appearing 10 to
20% higher than that observed with the L-iso-
mer at all time points tested.

Hydrolysis of L- and D-asparagine by cell
extracts of S. cerevisiae. Crude extracts of the
various strains were also examined for the abil-
ity to hydrolyze both isomers (Table 4). In
strains 11278b and Harden and Young the con-
stitutive internal asparaginase was active to-
ward the L- but not the D-isomer. Similarly,
extracts prepared from unstarved cells of
X2180-A2 and D273-1OB exhibited activity to-

TABLz 2. Hydrolysis of L- and D-asparagine by cell
suspension of S. cerevisiae

Asparaginase activity (nmoVmin
Strain (S. cerevisiae) per mg of cells [dry wt])

L-Asparagine D-Asparagine

X2180-A2
Starveda 60.0 80.0
Unstarvedb <5.0 <5.0

D273-1OB
Starved 47.0 52.0
Unstarved <2.0 <2.0

£1278b
Starved <2.0 <2.0
Unstarved <2.0 <2.0

Harden + Young
Starved <2.0 <2.0
Unstarved <2.0 <2.0

a Cells were incubated in nitrogen-free medium
(20 mM potassium phosphate buffer [pH 7.0] and 3%
glucose) for 3 h prior to assay.

b Ammonia-grown cells were suspended in me-
dium and assayed immediately.

TABLE 3. Appearance of external asparaginase
activity of S. cerevisiae X2180-A2 as a function of

time of nitrogen starvation

Incubation time in Asparaginase activitya (nmol/min
nitrogen-free me- per mg of cells [dry wt])

dium (min) L-Asparagine D-Asparagine
0 <2.0 <2.0

30 3.9 4.7

60 22.0 26.0

180 62.0 75.0

a Cells were incubated in nitrogen-free assay me-
dium for the times indicated prior to assay.

TABLz 4. Hydrolysis of L- and D-asparagine by cell
extracts of S. cerevisiae

Asparaginase activity (nmol/
Strain (S. cerevi- min per mg of protein)

siae)p
L-Asparagine D-Asparagine

X2180-A2
Starved 71.0 92
Unstarved 16.2 3.2

D273-1OB
Starved 37.1 36.8
Unstarved 13.5 <0.5

11278b
Starved 5.0 <0.5
Unstarved 6.6 <0.5

Harden + Young
Starved 9.8 <0.5
Unstarved 10.6 <0.5
a Crude extracts of nitrogen-starved and un-

starved cells were prepared as described in the text.

ward the i- but not the D-isomer. In contrast,
extracts prepared from nitrogen-starved cells of
the latter yeast strains exhibited a high level of
activity toward both isomers.

Hydrolysis of L- and D-asparagine by puri-
fied external asparaginase from cells of strain
X2180-A2. The reaction kinetics of the hydroly-
sis of L- and D-asparagine were investigated
using a highly (400-fold) purified preparation of
the external asparaginase from S. cerevisiae
X2180-A2 (purification procedure to be pub-
lished elsewhere; P. C. Dunlop and R. J. Roon,
manuscript in preparation). Substrate satura-
tion data for both asparagine isomers with the
external enzyme are shown in Fig. 1. Analysis
of the data by the method of Lineweaver-Burk
(5) yielded an apparentKm of 0.23 mM and Vma,
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ties observed are presented in Table 5. The data
show "classical" mixed substrate velocities (5),
which fall within a range that is between those
observed for either substrate alone. Had the
hydrolyses been due to two different enzymes,
the observed rates should have been the sum of

/ the separate rates. The ratio of the affinities of
the enzyme for the two isomers, as defined by
the equation KD/KL = VD - VM/VM - VL, where
VD and VL equal maximum velocity attainable
with D- and L- asparagine, respectively, and VM
equals the maximum velocity attainable with
an equimolar mixture of r- and L-asparagine,

o' was 1.07, indicating similar binding affinities.
The ability of i-asparagine to inhibit the hy-

drolysis of L-asparagine by the external enzyme
was tested using the coupled spectrophotomet-
ric assay for L-aspartate. The data (Fig. 1) show
that D-asparagine is a competitive inhibitor for
Lasparagine hydrolysis. From the apparent Km
and KmI values for the uninhibited and in-
hibited reactions, an apparent Ki for D-aspara-
gine was calculated using the equation: Ki =
[iI1([Km' = Km] - 1). The Ki values thus calcu-
lated for D-asparagine were: 0.40 mM ([i] = 1
mM), 0.5 mM ([i] = 0.6 mM), and 0.79 mM ([i] =
0.3 mM). The variation observed inKi values is

6 to be expected for a system in which the "inhibi-
tor" simultaneously serves as a substrate, for at
any time, t, the finite concentration, as well as

FIG. 1. Lineweaver-Burk plot for the hydrolysis of
L- and D-isomers of asparagine by purified external
asparaginase from S. cerevisiae strain X2180-A2.
The hydrolysis ofL-asparagine at21 C in the absence
(a) and in the presence ofD-asparagine (initial con-
centrations: 0.3 mM [0], 0.6 mM [A], and 1 mM
[X]) was observed with the L-aspartate direct-couple
spectrophotometric assay. The hydrolysis ofD-aspar-
agine (0) at 21 C was observed using the ammonia
spectrophotometric assay.

of38.7 ,umol/min per mg ofprotein for D-aspara-
gine and an apparent Km of 0.22 mM and V.ax
of 29 ,umol/min per mg of protein for L-aspara-
gine.
From the above results, two alternative hy-

potheses were formulated. Either the enzyme
was nonspecific for the two isomers, with one
active center involved for both substrates, or
two enzymes existed which had co-purified,
each with a specificity for one isomer. Two ex-
perimental approaches were undertaken to re-
solve this question.
The enzymic hydrolyses of substrate concen-

trations composed of varying proportions of L-

and D-asparagine were observed using the glu-
tamic dehydrogenase-coupled assay to monitor
total ammonia produced. The reaction veloci-

TABLE 5. "Mixed substrate" velocities observed for
external asparaginasea with asparagine isomers

Substrate (concn, 1 mM) Velocity (Mmol/min
per mg of protein)

100% L-asparagine 27.8b

80% L-asparagine 30.0
20% D-asparagine

60% L-asparagine
40% D-asparagine 31.6

50% L-asparagine 32.3
50% D-asparagine

40% L-asparagine 33.260% D-asparagine
20% L-asparagine
80% D-asparagine35.2
100% D-asparagine 37.1d

a Enzyme preparation was purified 400-fold. Glu-
tamic dehydrogenase-coupled assay was used to
monitor ammonia production.

b,c.d Velocities involved in the calculation of the
ratio of affinities of the enzyme for the two isomers:
KD/KL = (37.1 - 32.3)/(32.3 - 27.8) = 1.07.

2 4

S mM-,
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proportionality, of inhibitor to substrate is
changing. Therefore, to determine K{ at infinite
inhibitor concentration, a plot of Ki observed
versus the reciprocal ofthe inhibitor concentra-
tion was done. A straight line was observed,
which intercepted the ordinate atKi = 0.24 mM
(not shown).
The data obtained from these two experimen-

tal approaches support the hypothesis that the
two isomers are both substrates of a single form
of asparaginase.

DISCUSSION
The following conclusions or inferences can

be drawn from the data presented in this re-
port.

(i) There appears to be a positive correlation
between the ability of yeast strains to synthe-
size the external form of asparaginase and the
growth response of these strains to D-aspara-
gine as a sole nitrogen source; i.e., strains that
synthesize the external enzyme are concomi-
tantly able to utilize -asparagine as a nitrogen
source.

(ii) Internal L-asparaginase is inactive to-
ward -asparagine, but both the > and L-iso-
m*s of asparagine appear to be excellent sub-
strates for the external asparaginase.

(iii) General amino acid permeaseless mu-
tants of S. cerevisiae X2180-A2 grow rapidly on
n-asparagine, because the ammonia liberated
from -asparagine external to the cell can be
transported into the cell at a normal rate but
the uptake of D-asparagine and D-aspartate,
which are growth inhibitors, is retarded.

(iv) Because of differences observed in their
substrate specificities, it is unlikely that the
internal and external forms of asparaginase
exist in a simple precursor-product relation-
ship; i.e., the two forms of asparaginase are
probably not enzymes derived from the same
basic protein molecule that differ only in their
extent of postribosomal modification and/or ul-
timate site of action. Rather, it seems more
likely that the two asparaginase enzymes will
prove to be distinct protein molecules or multi-
meric enzymes that contain distinct polypep-
tide chains. An analogous situation appears to
be true for the two alkaline phosphatases of
yeast (16, 17) and may also prove to be true for
the two forms of yeast invertase (7, 10).

Further areas of investigation have been mo-
tivated by the present study. The first of these
is concerned with the substrate specificity of
the external asparaginase. Preliminary evi-
dence suggests that the substrate specificity of
this enzyme is qualitatively similar to that of
the Erwinia L-asparaginase reported by How-
ard and associates (8). However, there are dra-

matic quantitative differences in that various
derivatives of asparagine with modifications of
the a-amino group (e.g., N-acetyl L-asparagine)
serve as excellent substrates for the yeast en-
zyme (P. C. Dunlop, unpublished data) but
function only poorly as substrates for the Er-
winia enzyme (8).
A second area of research prompted by this

study involves the use of D-asparagine as a tool
for selecting yeast mutants with an altered
ability to secrete asparaginase. For example,
since only the external enzyme is able to hydro-
lyze D-asparagine, it should be possible to selec-
tively isolate mutants that lack external aspar-
aginase activity based on their ability to grow
on the I- but not the 1)-isomer. Genetic analysis
of such mutants should give conclusive evi-
dence for the nonidentity (or identity) ofthe two
forms of yeast asparaginase.

Finally, the existence of two distinct enzyme
forms suggests the need for a reevaluation of
the clinical utility of yeast asparaginase. Al-
though bacterial asparaginases have been used
as chemotherapeutic agents against certain hu-
man tumors for a number of years (4), it was
found in earlier studies that yeast asparaginase
preparations were ineffective because of rapid
clearance from the blood (12). However, it is
unclear as to which form of the enzyme was
used in these trials. In addition, since the exter-
nal enzyme appears to be a mannan-glycopro-
tein (P. C. Dunlop, unpublished data), it may
be possible to derive various forms of this mole-
cule with modified carbohydrate content by
presently available genetic (1, 15) and chemical
(14) techniques. Alterations in the mannan
content of the enzyme could result in dramatic
differences in the rates of clearance.

It seems appropriate at this time to suggest
alternate nomenclature for the two yeast aspar-
aginases. The internal enzyme appears to func-
tion as a classical L-asparaginase; thus, it can
appropriately be referred to as L-asparaginase
I. Since the external enzyme shows a higher
catalytic activity toward the n-isomer than the
L-isomer, the designation L-asparaginase is in-
appropriate. Thus we would suggest that this
enzyme be tentatively referred to as asparagi-
nase II (external) without any stipulation ofthe
isomer hydrolyzed. Further investigation may
indicate that the term asparaginase itself is
inappropriate in reference to this enzyme; how-
ever, our preliminary findings suggest that all
of its optimal substrates are derived directly
from the L-asparagine molecule. Unless further
evidence suggests more appropriate nomencla-
ture, the tenns L-asparaginase I (internal) and
asparaginase II (external) will be used to desig-
nate the two enzymes in subsequent reports.

VOL. 125, 1976



1004 DUNLOP, ROON, AND EVEN

ACKNOWLEDGMENTS

This work was supported by American Cancer Society
Research Grant BC-126.
We wish to thank J. B. Howard for valuable discussion

and encouragement.

LITERATURE CITED

1. Ballou, C. E. 1974. Some aspects of the structure, im-
munochemistry, and genetic control of yeast man-
nans. Adv. Enzymol. 40:239-270.

2. Broome, J. D. 1965. Antilymphoma activity of Laspar-
aginase in vivo: clearance rates of enzyme prepara-
tions from guinea pig serum and yeast in relation to
their effect on tumor growth. J. Natl. Cancer Inst.
35:967-974.

3. Campbell, H. A., and L. T. Mashburn. 1969. L-aspara-
ginase EC-2 from Ewcherichia coli. Some substrate
specificity characteristics. Biochemistry 8:3768-3775.

4. Cooney, D. S., and R. E. Handschumacher. 1970. L-

asparaginase and L-asparagine metabolism. Annu.
Rev. Pharmacol. 10:421-440.

5. Dixon, M., and E. C. Webb. 1964. Enzymes catalyzing
two reactions simultaneously, p. 84-87. In Enzymes,
2nd ed. Academic Press Inc., New York.

6. Dunlop, P. C., and R. J. Roon. 1975. -Asparaginase of
Saccharomyces cerevisiae: an extracellular enzyme.
J. Bacteriol. 122:1017-1024.

7. Gasc6n, S., N. P. Neuman, and J. 0. Lampen. 1968.
Comparative studies of the properties of the purified
internal and external invertases from yeast. J. Biol.
Chem. 243:1573-1577.

8. Howard, J. B., and F. H. Carpenter. 1972. L-asparagi-

nase from Erwinia cartovora. J. Biol. Chem.
247:1020-1030.

9. Joiris, C. R., and M. Grenson. 1969. Specificit6 et
rdgulation d'une permease des acides amines dicar-
boxyliques chez Saccharomyces cerevisiae. Arch. Int.
Physiol. Biochem. 77:154-156.

10. Lampen, J. O., S. C. Kuo, and F. R. Cano. 1973. Con-
trol ofsynthesis and secretion ofexoenzymes by yeast
protoplasts, p. 143-156. In J. R. Villanveva, I. Garcia-
Acha, S. Gasc6n, and F. Urburd (ed.), Yeast, mould
and plant protoplasts. Academic Press Inc., London.

11. LaIRue, T. A., and J. F. T. Spencer. 1967. The utiliza-
tion of D-amino acids by yeasts. Can. J. Microbiol.
13:777-788.

12. Roon, R. J., H. L. Even, P. Dunlop, and F. L. Lari-
more. 1975. Methylamine and ammonia transport in
Saccharomyces cerevisiae. J. Bacteriol. 122:502-509.

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

14. Smith, W. L., and C. E. Ballou. 1974. Immunochemical
characterization of the mannan component of the ex-
ternal invertase (P-functofuranosidase) of Saccharo-
myces cerevisiae. Biochemistry 13:355-361.

15. Smith, W. L., and C. E. Ballou. 1974. The effect of
dithiothreitol on external yeast invertase. Biochem.
Biophys. Res. Commun. 59:314-327.

16. Toh-e, A., Y. Ueda, S. Kakimoto, and Y. Oshima. 1973.
Isolation and characterization of acid phosphatase
mutants in Saccharomyces cerevisiae. J. Bacteriol.
113:727-738.

17. Ueda, Y., A. Toh-e, and Y. Oshima. 1975. Isolation and
characterization of recessive, constitutive mutations
for repressible acid phosphatase synthesis in Saccha-
romyces cerevisiae. J. Bacteriol. 122:911-922.

J. BACTZEtOL.


