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- DISCLAIMER

This document was prepared as an account of work sponsored by the United States -
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
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assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of -
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. ,
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L-Asparagine Degradation in Saccharomyces cerevisiae: Genetic

. Control and Biochemical Properties of Yeast L-Asparaginase
" Gary Edward Jones
ABSTRACT .

Yeast L-Asparaginase is a multiméric enzyme for which onlv
a single structural gene (aspl) has been found. The gene is located

18 centimorgans from a gene controlling tryptophan synthesis (trp4)

on Fragment 2 of the Saccharomyces cerevisiae genetic mép. ‘The
‘monomers tha£ comprise the multimeric enzyme ha&e.a molecular weight of
not less’ than 8,500 to 10,000.

Fourteen mutants deficient in asparaginase were isolated.
Extracts of 12 of these mutants did not contain'detéctébiy active
'asparaginase; extracts from th¢ other two COntaihedv;ctivity equal ﬁo
five tg’ten per cent of that foﬁnd'inbwild-type éells; Wild-type cells
'con;ainéd S x 10-2 to 10 x‘10-2'1nternationa1 Units. of asparaginase
activity (uﬁole;‘of ammonia eriQea per minute per.milligram of pfot-«
einj. 5Léck of asparaginase‘activity,‘determined.biochgmically, was
cortglated wiﬁh the presenqé in cells Qf én asparaginaée mutation.

The pH optimum for yeast asparaginase activity is 8.5,

v

although the enzyme is active over a wide range of pH values. Act- o '

ivity of the enzyme in crude extracts is insensitive to ionic strength
over the range 7/2 = 0.05 to y/2 = 0.48 and is not affected by buffer
QlO for the asparaginase reaction is about 2 from 10 C

constituents.
to 30 C but declines slowly above 30 C.
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in crude extracfé,vyeast asﬁéraginase is'relatively stable
at phy§iologica1 temperaéureé;‘less than 10 per cent of its activity
is lost when extract is held at'30 C for six houfs. Activity rehainé
constant for months when e#tract is frozen at ;25 C in b.lvgvpot-
assium phosphate buffer at pH 8.0.

The apparént Km for the aspafaginase reaction is about
2.5 X IO-é M at pH 8.0. Cofactors are not requifed for asparaginase
aétiVit&. Agtivity of the enzyme is not appreciably affected by
dialysis of extracts or by the inclusion in reaction mixtures of amino
acids, a-keto acids, or potential activators of inhibitors, with one
éxceptibn.' Yeast asparaginase is inhibited by p-chloromercuribenzoate.
This inhibition is reversed By reduced glutathione. ' Neither its sub-
strate nor the products of ité activity (aspartate and ammonia)
inhibit the enzyme.

| The specific activity of aSparaginasé in yeast celié does
not vary by more. than a factor of about two regérdless of conditions
Qnder'which cells are grown or of the medium in which they are grown.
Even when asparaginase activity provides thé sole supply of nitrogen
for cell metaboiism, the specific activity of the enzyme is not in-
creased by more than a factor of about 1;5.

Active asparaginase is requirgd for the use of asparagine
as the sole source of nitrogen in cellular metabolism. Asparagine
cannot be used as a sole carbon source.

Asparaginasé and glutaminése activities appear.tO'Ee indep-
eﬁdent in yeast: glqtaminése.activity isﬂretained in asparaginase-

deficient mutants.
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INTRODUC TT ON

Discovery of asparaginase
The ‘enzyme L-asparaginase catalyzes the hydrolysis of L~

asparagine to L-aspartic acid and ammonia:

- -

Coo : ' Coo
| o |
HIN-CH 1O "N-CH
3 —2 ' + NH
4 > . : .
Py : e &
,CONHZ , Ccoo
Asparagine = . Aspartate Ammonium ion

The research sﬁmmarized in this dissertation cbncerns the biochemical
characteristics of L-asparaginase and the control of its synthesis and

activity in the yeast Saccharomyces cerevisiae.

Asparaginases were detected in animal tissues as early as
1904 (52). Clementi (18)'studiéd the digtribution éf.asparaginase in
animal tissues and fouﬁd that the enzyme occurs in many tissﬁes of a
variety of herbivorous animals, the blood of guinea pigs being espec-
ially riqh in the enzyme.. Asparaginase is detecﬁable only in the
livers of omnivdres'such as pigs and rats, and not at all in tissues
from amﬁhibians, répfileS,'carniVoroué mammals, monkeyé, and:man;

Other workers have discovered asparagine-hydrolysis activity in.

~ bacteria, yeast, molds, and higher plants (30, 49, 124). The first

detailed reports on biochemical properties of yeast asparaginase were

published in 1928 (30) and 1932 (31).



Asparaginase as an antitumor agent

- In 1953, Kidd (47, 48) demonstrated that the growth of certain
lymphomag is_suppreséed and regfeésion of certain established tuﬁors
occurs whén_guinea pig serumvis injected into mica and rats.carrying | N
the tumofs. Interest in asparaginasés was stimuiated when it Qaslfound
to‘be the'tumor—suppressing agent in guinea pig serum'(Z, 6, 7, 8, 10,
14, 63, 113). |

v Many types of ﬁalignant cells have been shownrto be deficient
in the enzyme asparagine»synthetase, which, in ﬁammalian célls, catalyzes
the synthesis of asparagine from aspartate and‘glﬁtamine'(lo, 12, 40,
86; 87, 92). To grow, the deficient cells require as exogenous suppiy'
of asparagine (35, 85, 110). When asparaginase is injected into animals
carrying 5usceptib1e tumors, it degrades asparagine in the bloodétream
and deplétes other tissues of the amino acid (11). The asparaine- |
dependen£ cells cannbt grow and eventﬁally die, AsPafaginaée causes
regression of many tumors in a wide va;iety of animals (10). Réts,

: mice, and dogs have been cured 6f.certéin tumqrs By treatment with
asparaginasé (2, 6, 11, 13, 38, 47, 48, 63, 64; 80;-81, 89, 97, 108;
113, 120). Acommon:feature of cells from thésé tumors is their
Vréquifeﬁén; for exogenOQS'asPérégine., ; |

'vExactly why tumor cells die when deprived of asparagine is
not known. In mice, regression of tumors is preceded by a marked in-
crease in élkaline ribonuclease activity in thé'post-mitochondrial cell
fraction of'the tumors; acid ribonﬁclease actiQity increases.greatly'in
the same cell fraction during regression (65). Although the relation-

ship, if any, between increased ribonuclease activity and tumor-cell

.i:
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death.is not underétood; Mashburﬁ‘and Wriston (65) suggest that ésparagin-
ase migﬁt rémové an inhibitor of ribbnucieaée. Theﬁ; because ribonuc-
lease plays a role.in. the regulation éf proteinvéynthesis, the increase

in its 5q£ivity Eouldviead'to ﬁnbaléﬁced protein éynthesié'and”cell death.
| _Né significant chaﬁges odcur in ribonuclease éctivity in
ndrmaliceilé-or in tumor cellsvthat are not seﬁsitive to‘aspéréginése.
Asparaginase does cause changes'in‘normal cells; but they-aré.usuaily'
transitory and not deleterious (1, 10, 11). For éxample, asparaginase
inhibits early waves of mitoses-that occur ih rat liver after partial
hepétectomy, but 1aﬁef‘mitoses are unaffeéfed (i);

: Whether a given asparaginase preparation is effective in
reducing tumor growthvdependé strongly upén the Soﬁrcevof the enzyme,
Asparaginases that cause tﬁmor fegression have been found in guinea big
liver (113).and'blbod sérum (47, 67), and in the sefa of some related

rodents (81).

The bacterium Escherichia coli synthesizes two different asp-
araginases, only one of which causes tumor regression (13, 64, 97, 108).

Asparaginases from three other bacteria, Serratia Marcescens (104),

Erwinié_carotovora (117), and Erwinia aroideae (89) also inhibit tumor

growth. but that from Bacillus coagulans does not (64), Clinical trials

with human patients are now being carriéd but with asparaginases
from E. coli (38, 78, 79) and E. carotovora (89).

| Broome (9) has reported that partially purified asparaginase
from ”compressed.baker's yeast" is ineffective in'thevtreatment of a
mouse 1ymphoma that is sensitive to guinea pig serum asparaginase. A
possible explanatiqn (9) for the ineffectiveness of yeast asparaginase



is discussed below.

| SeQeral 1aborétories are engaged in seafching for organisms
that mighﬁ'serve.as potential sources of asparaginasé for lafge-scéle>
use inntherapy, but.the screenings have been restricted mainly to
bacteria (90, 97). Lérge quantities of highly purified bactérialnprep-
arétions ére expensive and difficult to manufacture,vhowevef;.énd part-
ially purified extracts are toxic in some circumstances (13, 79, 96,
106). . The use of yeast asparaginase in tumor therapy might alleviate
these problems, because yeast are easy to grow in large qughtities,
and partially purified yeast preparations migﬁt not elicit the éevere
antigénic or cytotoxic reaétions produced.by impure bacterial pre@—
aratibns (22). Knowledge of the biochemical characteristics of yeast
asparaginaée might indicate ways in which it céuld be modified to be
useful in therépy; knowing how the'synthesis and activity bf the enzyme
are cbntrdlled would permit growing cells under condifions leaaing to

op timum ptoduction of the enzyme.

Properties of asparaginases

Mammalian aéparaginases: Asparagine.degradation in rat liver
homogenates ié stimulated by phosphate and O-keto acids (70). When
. homogenates are heated to 50 C, loss of activity_occurs that is re-
stored upon addition of G-keto acids. The heat—labile,'pﬁosphate-
activated aéparaginase is called asparaginase I. The.asparagiﬁe-degtéd—
ing activity that is relatively heat-stable and requires Q-keto acids

was originally called asparaginase I1. However, Meister, et al. (70)




showed tﬁat>"asparaginase".II aéfivity doéé not result from the action
of a frue asparaginase, The dégradation isbactually due to two seq-
uential enzymatic reactions. The first is transamination_betWeen
asparagine and an Q-keto acid, resu1ting in the formation of G-keto-
succinamaté'and»a diffefent aminq'gcid (reaction lé'in Figure 1, pg.16 ).
-Ketosuccinamate is then deamidated by'én w-amidase, producing amménia
and an Q-keto acid.(reaction 17 invFigure'l).

Guinea pig liver asparaginase has been studied by Suld and
Herbut (113). vThe pH optimum for the enzyme is betwéenv8;6 and 9.6;‘
Fifty-fold purified extraets arebstable for at least 20 dgys when stored
at 4 C, The enzyme is not iﬁhibited or activated by 10‘mM L-glutamine,
5 mM Q-ketoglutarate, 5 mM pyruvate, 10 mM sodium:fluoride, 5-10 M
sodium phosphate, or 5 mﬂlsddium sulfate.

THe biochemical-properfies.of purified guinea pig serum asp-
araginase have been extensiveiy investigated (63, 67,.113, 116, 12Q;
121). Tﬁe enzyme becomes increasingly unstable as it is purified
(63, 113, 116), and the addition of cysteine or glutathione to various
purified fractions does not stabilize it (113). The mqlecular weight -
of the enzyme is about 138,000 (121), and preparations that were homo-
geneous By severalvcritérié have béen prepared (126; 121). The enzyme
is highly specific: only L-asparagine is efficiehtl& hydfblyzed.(67,
116). D-Asparagine and a few other amino acids arévhydrblyzedvby the_,‘
purified enzyme, but the rates of hydrolysis of'fhese‘compéundé are
only 2-10 per cent of the rate of hydrolysis of Liasparagiﬁé. L-Giu—

tamine is not hydrolyzed. .The'pH fqr‘optimum écti?ity is about 9.6 (116):



A value of 7.5-8.0 was reported earlier (67), but in the earlier study,
activities at higher pH values were probably depressed by the high ionic

strength of -the buffer that was used. At pH values greater than about

8.0, high ionic strength buffers (y/2 greater than 0.4) depress the f

activity'of-guinea pig serum asparaginase§ the effect is ﬁotvnotice—
able below pH 8.0 (116). The apparent Michaelis constant for the enzyme
3

M (116), and this asparaginase is not inhibited or

)

is about 2.2 x 10~

++ S
, or most. sulf-

activated by O-keto acids, phosphate, Mg++, Mn++, Ca
hydryl inhibitors, alkylating agents, or oxidative metabolism inhibitors.
p-Chloromercurisulfonate, HgCl,, and zn"" do inhibit the enzyme (116).

- Guinea pig serum and 1iver asparaginaseé differ in sevéral
properties (113). Serum asparaginase is two to threé times as effective '
as iiver asparaginase in causing tuﬁor regression. ;Also, the two |

enzymes have different pH 6ptima and are eluted from DEAE-cellulose

columns in different effluent fractions.

Bacterial asparaginases: Two asparaginases are found in

Escherichia coli (16,'13, 15, 16, 97; 108). They differ in several
'propefties,'perhaps_most markediy in their affinities for asparagine
(10, 108), Thé enzyme with ;he greater affinity.(épparent Km =

1.4 x 107> M (10)); called asparaginase II.in E. coli K12 (15), causes-
régression of tumors, but the asparaginase with the lower affinity’

3 M (10)) does not. Schwartz,

(asparaginase I; apparent Km =1.9 x 10°
et al. (108), and Cedaf and Schwartz (16) have demonstrated that the two

activities are distinct. When the enzyme is incubated at 55 C for 10

minutes,_87 per cent of the asparaginase I activity is lost, whereas
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only 36 ﬁer“cent-of the asparégigaSe I1 éétivityfis lést dﬁring the
samé:treatméht. " The "two énzymés arelaISO sepaféble‘by preciﬁitation
with ammonium sulfate.

' Eﬁzymes go#erning the syﬁtheses bf the two E. coli asparaf
ginéseé reépdnd diffefently to the'enVirbnmént.in Whiéh the cells are

grown (16, 108). 'SynfhéSié ofvasbaraginaéé I is unaffected by conditions

of cell growth, but the rate of synthesis of asparaginASe‘Iibdépeﬁds

’ gréatlyfupoh the conditions undér WHich_thexceils are grown. Wheﬁ'cells

érévgrown aﬁaerobically.in media éontaining highycénCentfations of a
variety of"'ami’no acids, 100 €0 1000 times more. asparaginase II is
pféddéedzihan when cells are grown aefdbically.-'ﬁo éingle amino acid,

f L : o . s (
inclﬁding'asparagine; specifically induces theVSYﬁthesis of aépéraginase

'II. Even when asparagine is the only nitrogen source in the growth

medium, the specific activity of asparaginase II is no higher than if

another amino acid and nitrogen source were used. The presence of’

sugéfs.fépfesées the syﬁthesis of ééparaginase'll;fgldcose being the

most repressive. Galactose causes much less repression than glucose

. (16). 'TheAgreatest‘amount of-asparéginése'li is pfoduced'in E. coli K12

cells when they are grown anaerdbically'in‘medium containing a rich

.source of amino acids..

E. coli asparaginase II i§ not inhibited by 10 mM. quantities

of p-hydroxymeréuribénzbate, iodo§cetaté, iodoacetamide, or N-ethyl-

‘méleimide;(lé, 108). Iﬁ is stable even when highly purified.

Cells of E. coli strain B produce about three times as much

.aéparaginQSe as.cells of strain K12 (16),‘bﬁ£ formation of the enzyme

is enhanced by anaerobic grbwth to the same extent in both:Strains.



- from M, smegmatis. pH optima for the;enzymes are 8.5 in both TRIS.
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been examined (64, 77, 82, 89, 90, 96, 104). Peterson and Ciegler (90)

screened'123:species of  bacteria and conCluded that Erwinia aroideae

holds promise as a source:of.asparaginase for cancer therapy. Only one
asparaginaSefis present in this species, and it exhibits optimum act~-

. o . i . . . _’3
ivity at pH 7. 5 The apparent-K for the enzyme.. is about 3 x 10 " M

The one asparaglnase found in Erw1n1a carotovora has been crystalllzed

(77). The molecular we;ghtjof the enayme at protein concentratlons
ranging from 0.05 mg/ml'to_3.5 mg/ml Qas 128, 4Q0 to 145,060. Rowley
andawriStonk(loé) partially_purified an.aSparaginase from éerratia;
marcescenshthat causes tumor regression in mice. Cells groWn in aerated
liquid hedlum do not prodoce a satisfactory-asparaginase. Partially
porifieolen2yme‘from this species is not‘etable to prolonged dialysis
or refrigeration{l- |

| ‘ASparaginases.from'tWO.Specieafof'mycohaCteria have‘been in-

vestigated (82),_hut their effects on tumors were not determined. The

enzymes from M. tuberculosis and M.smegmatis differ in that éxtracts

from M, tuberculosis usually contain more asparaginase than extracts

and'histidine,buffers.. The apparent Km for M. tuberculosis asparag-

'inasegis 1.6 x 10--3 M, whereas that for M. ameggatis enzyme is about

-4

7.4 x 10 M, ‘When extracts from the two,species are dialyzed against
:.dlst1lled Water, some act1v1ty is lost that cannot be restored by addlng

phosphate, pyrldoxal phosphate, or a-keto ac1ds to the reaction mlxtures.

Ne1ther cnzyme is 1nh1b1ted by a w1de varlety of potential 1nh1b1tors
(including p-chloromercuribenzoate), with one exception: D—asparagine

competitively inhibits the enzyme.

Y
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An asparagine—hydrolyzing preparation from a strain of
Pseudbménéé (species not specifiédj~hés been ﬁurified several hundred-
fold By Ra@a&aﬁ; et al. (93,.94).7 The preparation exhibits both aép-
araginasé.and giutaminase activities that are not separéblelby a variety
of procedures. The molecular weight of the ehzyﬁé:is about 25,000,-and
it can be Stabilized:aﬁd‘kept‘frozen for long periods éf time in-a
borafefacetamide—glycerol buffer. The pﬁ optimﬁm fof glutaminase_

activity is about 6.6, although high activity obtains over a broad pH

‘range (pH 5 to pH 8). Asparaginase activity is highest at about pH

8.2. Ammonia and aspartate have no effect on the asparaginase activity,
but ammonia and glutamate competitively inhibit the glutaminase act-

ivity. Both activities are increased by a variety of divalent cations;

++ +t -
-Fe and Hg - are inhibitory. Effects of the Pseudomonas enzyme on tumor

growth were not investigated.

Yeast asparaginase: Geddesvand Hunter (30) déscfibéd the pre-
paration of ektracts of "..;béttom yeaét, fresh from the Brewery...”
that were capable of deamidating asparagine. They.purified it three-
fold by precipitation from 50 per cent glyéerol wifh safranine (gn |
azine color base). The amount of asparagine‘hydrolyzed was approx-
imately proportional to the amount of enzyme in their reaction mixtures,

and the pH optimum for the reaction was pH 8. They found that the

enzyme is '",.. exceedingly labile to destruction or inactivatiom....
Grassmann and Mayr ~(31) studied the specificity of brewery
yeast asparaginase and measured the effects of'sbme'inhibitors on the

activity of the enzyme. Of the latter, 10-5 M AgCl or HgCl2 inhibit
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activity‘almOSt 100 per cent,v10—3 M,CuClzﬂabout 75.pef cent, aﬁd
0.185 M'HCN'about 45 per cent; Béth Geddes and Hgnter and Grassmann
and Mayr'fdund theif prepérationé to bé very specific.for asparagine
degradation. A large numBér_of-amidés, peptides, amino'acids, and
asparagiﬁé analogs wére teéted as substrates. Only L-asparagine,‘DL-
aspartié acid‘diamide; and, in the extracts prepared by Geddes and
Hunter, giutamine,.were found to be degraded. L-Glutamine was not
deamidated‘by the preparations used by Grassmann and Ma&r, who prepared
extracts by*autolyzing yeast in thevpresence of toluene., Extracts
preparédvby Ged&es’and ﬁunter probably contained glutaminase aé é con-
taminant. | |

Broome (9) purified yeast asparaginéserand tested ité effectiveg
ness as an antitumoral agent. Yeast asparaginase becomes increasingly
‘unstablé as it is purified, and numerousrpreparationé_of "compressed
baker'é.yeast” asparaginase were without effect‘on’tumor growth. The
time'éourseldf the aé;ivity'df yeast and gﬁiﬁeavpig asparaginaées in.
the'bloodstreams of ﬁice were followed. Yeést aéparaginasé is cleared
at é very rapid rate from the blood.. Guinea pig serum.aSParaginase
activity'can be found forbas 1ong'as three days after injection, but
yeast‘aSParaginase disappeafs almost cémpletely within an hour of in-
'jection. |

Broome attempted to measure the moleéular weights of the two
enzymes by sedimenting them in sucrose density gradients in an ﬁltra-
centrifuge.  Guinea pig sérum éSpanginase sediments in a rather well
'definedApeak whose position in tHe gradient indicates that the molecular

weight of the enzyme is about 150,000. Yeast asparaginase, on the
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contrary, does not sediment in a well defined peak. Higher activities

were found at a point in the gradient to which proteins with a mole-

cular weight of at least 800, 000 éediment, but some'activity sedimented .

even faster than this. Broome suggested that yeast asparaginase aggre-
gates eitherewith.itselfeor with bther proteinslaufing purification
aﬁd'thaf‘the aggregates“are heteregeneeus in size. He attributed the
rapid e}eerance,of yeasteaspefaginase from the blood of mice to the.
action of the reticuloendotheliai system. Aggregates of this size
would_be fépidly phegocytized aqd‘digested by RTE cells and weuld.not
have tiﬁe:to deplete asﬁaragine from the bloodstream.
‘vBroome:foundfno loss of yeast;asparagiqase activity when the
enzyme'ﬁas incubated_ig vitro in fhree;volumes of mouse blood or
serum for one to five hours; This finding'again suggests that some

component of circulating blood is reSponsible for the rapid rate of

clearance of yeast asparaginase from the bloodstream.

Aspargginase as an adjunct to ihtefmeaiafy metaBoliem

_Asparaginase is interesting for reasons other than its use
in cancer- therapy. ‘When-aSparaginase hydrolyzee.asparagine, the prod-
ucts are ammonia and aspaftate; Thus,. asparaginase not only'can-bro-
Vide free aﬁmonia in the cell, but it also isvone.route by which.asp-
ertate can be synthesized. Aspartate is a key intermediate in the
synfhetic pathways of several other amino acids and of the pyrimidines
(32, 103), and it functions as a link between aﬁinq aeid metabolism
and the citric acid cycle (33, 105).

An outline of the major pathways of which aspartate is a mrt
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is shown in Figuré 1. The relationship of asparagine and asﬁaragihase
to these pathways 1is obscure. Certain tumor cells contain high levels
of aspéragine synthetase, thebenzyme tﬁat catalyzes the synthesis of
gsparagine frbmvaspartafe aﬁd an émmonié source (reaction 14 in Fig-
ure 1); Meiéter (68) has suggeéﬁed that, in these tumor cells,.asp_
aragine might pafticipate in amide nitrogén‘transfer reactions of the
type known'io occur with the'amide group of glutamine in normal cells.
(In normal célls and in most other orgahismé, the amide group of
glutamine is utilized in the synthesis of'a.large number of compounds
(68).) Why asparagine amidé nitrégen shéuld be of.parficular value
in tumor-cell metabolism is not known, but twb pfeviopsly mentioned
observations are provocative: some tﬁmor cells synthesize no asp-
aragine, but other tumor cells can'synthesize an apparent ekcesé
of the amino acid. A third ébservétion emphasizes the iack of under-
standing.ofvasparagine metabolism; soﬁevnormal cglls are devoid of
ASparagine synthetase activity but aré nonetheleés resistant to the
action éf asparaginasev(IO). How the aspafagine necessary for pro-
tein synfhesis'is maiﬁtained in thése cells is not known.

| ,:Little is knownvaboﬁt the controihof asparagine metébolism
in yeast. .Although yeast and otﬁér organisms pfobably métaboiize
the amino acid in.different ways, knowledge of how aspgragine degrad-~
ation is controlled in yeast could indiéate way; bfﬁattacking questioné
about the phyéiological roles of asparéé;ﬁe and asparaginase in other

types of cells,

W
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Figure 1. Outline of aspartate metabolism in yeast. Reactions

" represented by dashed lines are of unknown physiological signi-

ficance in yeast. Enzymes that catalyze the numbered reactions

-are listed in Table 1 and Appendix I. Abbreviations are defined

in Table 2. .
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Table 1. Enzymes involved in aspartate metabolism

Reacti§n , | Enzymeafbw
number ' -
(1 - S Aspartate amindtransferase
2) - : Aspartatevkinaée'
(3 o Aspartate semialdehyde dehydrogenase
(4) . Hdmoseriné‘dehydrogenase
(5) .Homoserihe'transacelylase
" (6) | Homdéysteine‘synthetase
@) . '.Homéserihe kinase
(8) o | Threbniné synthetase
(9f . Tﬁfeonihévdehjdfataéé (thréénine deaminase)
(10) ) ~Aceto hydroxyacid synthetase.
Cany oW e e
(12) ' Glutaminase
(13) , Asparaginase
(14) . Aséaragine synthetase
(15). | | Giutamine—keto acid amihotfansferase
(16) . Aspafaginefketo acid aminotransferase
an v - w-Amidase
(18)v. ' >Aspartéte ammonia lyage (aspartase)
19 - Aspartate carbamoyltransferase

(20) ‘ Carbamate kinase
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Table 1 (continued).

Reaction S IR Enzymea"b Lk
nﬁmb.er.'_ | E
:

(21) ' . Ornithine carbamoyltransferase Y ?ﬁ
(22) A Argininosuccinate éynthétase'

(23) - e © Sulfate adenylyltrénsferase‘

(24) , Argiﬁiﬁosuccinate lyase‘ | ‘
(25) . Dihydfo-orotase ]
(26) . ' Dihydro-orotate dehydrogenase

(27) »v CE Orotidine-5'-phosphate pyrophosphorylase

(28) o Orotidine-S'-phosphate decarﬁoxyiése

a. ifivialvnames adopted ffom (1255, 2
b. Systematic names of these enzymes are listédvin Appendix I. E




-

&

&

-19-

Table 2. List of abbreviations;

Abbrey- Definition
iation . :
AcHS Q-acetohombseripe
a:AHE : a-acetQhYdroxybu£Yratef
a-AL a-acetoléctate
ALA alanine
APS adeﬁosiﬁe-S'—phosphosulfate
ARG arginine
AS. afgininosuccinate
ASAF aspartate-B-semialdehydé'
.AéN ' aspafagine
_ASP éspértate
.ASP-PO4 B-aspartyl phosphate
ATP adenosine-S'-triphésphate
C-PO4 carbomyl phosphate
‘CTL citrulline
CYS 'cystéiné
DHO dihydréorotate
_EDTA eth?lenediaminetetraacetate_
FﬁMv  fumarate | |
GLN glutamine
CLU 'glutamate'
- GLY

glycine -
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HS or HOMOSER
,Hs-Poa
ISOL

oMp
ORN
PAPS

PCMB

Table 2. List of abbreviations (cont.)
Abbrev- . Definition
iation
HC , ~homocysteine
HCOé bicarbonate ion
HIS histidine

hémoseriné
gfphoéphohomoserine
isoleucine
International Uniﬁ
a—ketobutyfate
a—ketdglﬁtarate
a-ketosuécinimate
leucine

1ysiﬁe,

methionine :
non-parental ditype
orotate
oxaloacetate
opticél density
orotidine—S'-monophbsphate

ornithine

: 3'—phospho-adenosine-S'-phosphosﬁlfate"v

p-chloromercuribenzoate

4
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Table 2. List of abbreviations (cont) -

Abbrev- Definition
iation
PD ,  pafeﬁtal ditype
PHA o phenylaianine
?Pi inorganic phdsphéte
PRO ﬁroline
PRV . pyruvate
PYR S - pyrimidines
R . roentgen |
S o survivor
SER _ | serine
T e o S tetraﬁype
THR | B _ .- threonine
TRP ’ ' : tryptophan
TYR ‘ § v ‘tyrosine
ﬁMP_ o o | uridine-S'—monopﬁosphatei
URA ' : uracili |
: ﬁS » ‘ S ‘v ureidosuccina;e
urp o uridine-S'—ﬁriphésphatev(
VAL .' : | .'  .; 'vaiine |
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Control of enzyme svnthesis in yeast

General mechanisms of énzyme control: Most models explain-
ing How enzymes are controlled have been derived from studies with
bacteria; In many bacteria, structural genes governing the synthesis Y
of_enzymes’in a reaction pathway are often incorporated into an operon
(41) iq which the genes are adjacent to each other on a Chromoéome.
Synthesié of the enzymes is controlled at the level of transcription
by a single operator gene in the operon. When.greatef quantities of
enzymesfiﬁ.the paﬁhway are requifed, more polycistronic messenger-RNA
molecules carrying the information in the éperon are sYnthésized.

This kind of coordinate induction (or rebreésion) of énzymes
requires'that structurai genes associated with the enzymes be adjacent
on a chfomosome. Many examplés of bacterial operdns are known in which
énzyme.syﬁthesis is controlled in thié way. Bacteria, however, are
more simpiy orgénized than yeast cells‘or.the cells of.other eucaryotic
organisms; Bacteria contain only avsiﬁgle chromospmeg and the chromo-
some'is not énclosed in a nuclear membrane, The comple#ity of eucary-
~otic cells might allow grééter fiexibility in enzyme control and, at
the same. time, might require more sophisticated mechanisms for coordin-
vating celluiar metabolism, for example,vincreaéed flexibility in-the'
cénprol Qf enzyme synthesis might result from differentiél rates of
'bassage'of messenger~-RNA molecules from the nuc}eus into the cytopléém.
A more sophisticated cobrdinating mechanism mighf'be required because
structural genes associated wiﬁh bathways are usually ﬁistributed over

several chromosomes in these more complex cells. This has been fqund




»

-23-

to be trﬁe of structurai genes controliing'the syntﬁesis of enzymes in
most metabolic pathways of yeast. vWith,few‘excepfioﬁs (23, 29, 98),
genes confrolling the'synthesis of enzymes in yeast are not’incorporated
into opérbns and are not controiied by coofdinaté induction or repres-
sion. |

-An alternate pattern of coordinate enzyme'synthésis haé'béen
discoveied'in yeasf and in some-baCteria. In pathways‘controlied in this
way, the synthesis of some enzymes is induced specifically by products
of preceding enzyme reactions in the pathway. This form of control
is.called sequential induction. Sténiéf (112)'described_sequehtial

induction of the enzymes in the mandelic acid synthetic pathway of

Pseudomonas fluorescens. Lacroute (50) found a similar type of control
mechanism in the synthesis of pyrimidines in yeast (see below). Seq-

uential . induction may occur in the mold Neurospora crassa (34) and in

mammalian,Cells (91). in fact, sequential induétion may operate in
diVersé orgénisms in which genes of synthetic pafhwaysbare distributed .
over several chromésomeé; | | |

Although the ways in which the synthesis of enzymes is conﬁ-
rolled may differ in detail in yeast and Bacteria, the molecular mech-
anisms by which the control is achiéved are.prgbably similar (41):
that ié, the synthesis of messehger-RNA is controlled by an opefatof
gene responding to a régulator molecule tﬁatvis-activated Qr'inactivated
by Specific molecules. Inrinduction of enzymé symthesis, thé regulator
molecule complexes with the iﬁducer and_cannot bind to the pperatof

region of the operon or gene. Therefore, the structural gene(s) can

participate in messenger-RNA synthesis, In repression of enzyme syn-
¢ ’ e
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thesis,'théirepréssor coﬁpigxes with‘the reguiétor molecule'whiqh oﬁly

then can bind to the operator region. When the complexed regulator

molecule binds to the opefator:region, the strﬁctural gene(s) assoc-

iated_witﬁ the 6pérator né longer participate in meséenger—RNA synthesis. o
" The éynthesis of some enzymes is unregulated (constituitive

synthesis),ythe quantity'of enzyme in acell being nearly coﬁétant.
Enzyme.activitz is probably controlled in muéh the éamé way

in most bliving orgénisms, inciuding yeast;vthe activity of an enzyme

is controlled by changes occurring in its terﬁiary structure when an

inhibitof holecﬁie binds to ﬁhe enzyme (71). Tﬁé ﬁinding siteof the

inhibitor molecule is separate from fhe;active site of the enzymé.

The separétion of the active and inhibitor-binding sites allows mole-

cules nof resembling the substrate of the eﬁzyme to abt as inhibitors.

Such aliosteric inhibition (71).controis ;he activity of many enzymés in

diverse 1iving organisms, Mény enzymes are inhibited by términal end-

products of;pathways of which they'are a:part,'even though‘the inhibitor

molecules bear little str;ctural fesemblance to the subs£rates of the

eQZymes‘tfeedBack inhibition (71)). Some enzymes are also inhibited by

the immediate products of their oWn aéfivitym(pro&uct inhibition).

Control of enzymes in aspartate metabolism: Because asparaginase

-aétivity-results in the production of aspartate? control 6f thevactivity
“and syntﬁesis of the enzyme might be accomplished by intermediates or
end-products of_aspartafe metabolism or by aspartate or ammonia, the
products of asparaginase acﬁivify. A summary of control mechanism$
invdl&éd_in aspértate metabolism will indicate ways in which asparaginase

could be affected by intermediates and end-p?aduéts of these pathways.
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(A more detailed review of these and other pathways has been published
recently (74)).

The enzyme aspartate kinase catalyzes the first step (reaétion'

2 in Figure 1) in the sequence leading from aspartate to homoserine

rand,ultimately, to threonine, methionine, and isoleucine (3, 4, 5, 99,

101). The control of the synthesis and activity.of this enzyme have
been extensively studied (46, 99, 111, ‘114). Threonine and homoserine
repress the synthsis of aépaftate kinase and inhibit its activity.
Lysine represses synthesis of the enzyme even though aspartate is not
thought to be‘a precursor of lysine synthesis in yeast (99)., ihe

activity of aspartate kinase is usually insensitive to lysine and

.methionine, but the enzyme synthesized by cells grown in the presence

of methionine is partly inhibited by both. Homoserine in the growth
medium increases the sensitiﬁity of the enzyme to inhibition by hémo-
serine, but lysine in the growth mediuﬁ leads to the synthesis of an
aspartate kinase that is less sensitive to homoserine inhiﬁition.

De Robichon-Szulmajster and Corrivaux (99) suggest that at least three

aspartate“kinase isoenzymes can be syﬁthesized by Saccharomyces,

All are sensitive to threonine, but each has a site of inhibitioﬁ that

accepts a>different inhibitor molecule. The relative quantities of

the fhfée isoenzymes ﬁresent in cellé depend uponbthe médium in which the

célls»are grown. | | | |
Homoserine is a branch-point in the pathways leading from asp-

artate to several end?éroducts. As such, its synthesis and activify

are likely control points in the pathways (71). The enzyme homoserine



-26-

dehydrogenase, which cénverts aspartic semialdehyderto homoserine
(reaction 4.in Figure 1) ﬁas been investigated by Kafassevitch aﬁd de
Robichonszuimajster (46). Methionine represses the synthesis of
homoserihe,dehydrogenase, bﬁt tﬁreonine, énother end-pfoduct, does not.
Both methionine and threonine inhibitfthe activity Qf the enzyme.‘ The
investigators'concluded thatvhomosérine dehydrogenase'and aspartate
kinasevafe ihdependently reguiated by products of the pathways. The
regulation.is compléx and allows for considefable flexibility in the
cells' responsive abilities.

Thrednine.dehydratase (deaminaée)“cafalyzes the syntheéis of
CG=ketobutyrate from tﬁreonine‘(reaction 9 in Figure 1), a—kétobutyrate
being a precursor in the synthesis of.i301eucinev(100). Complex mech-
anisms regulaﬁe the synthesis and activity of this enzyme. Fdr example,
at a concentration of 0.1 mM, isoleucine stimulates the activity.of the
enzyme, but at higher cohcentrations, it is inhibitory. The concen-
tration of isoleucine that promotes maximum activity is pH*dependent.
Valine reverses the inhibitory effect of isoleucine and also incfeases
the affinity of the enzyme for its substrate, threonine.

vThe synthesis of valine is carried out by thé same set of -
enzymes as thé synthesis-of isoleucine.‘ Pyruvate, rather than O-keto-
butyrate,ié the first precursor in thevpathway. Acetohydroxy acid
synthetaSe,“the first enzyme common to both pathways, catalyzes the
conversion Af a-ketobutyrate to a-acétohydroxybutyraﬁe as well as the
synthesis of Q-acetolactate from pyruvate (45, 56) (rea;tiéns 10 and:li
in Figure 1). Valine strongly inhibits a part of the aétivi;y of the

enzyme, the degree of inhibition depending upon the pH of the incub-

Vi
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ation mixtﬁre. vIsoieucinevgndvleuéiﬁé.have no effect on the activity of
thisvenzyme (57). |
The isoleucine-valine pathways provide 5n example of‘linked

metabolic sequences that ére' controlled not only by their end-products
but also by avphyéiéal feature (pH) of the environment in which the
enzymeé_functionf | | |

' Cheresﬁ,’g£ gl;v(l7), have described géne;ic and regulatory
aspects of thé synthesis 6f methioniné from aspartate and sulfatg.in
S. cereviside. Four enzymes in the‘pathways (reactiénslh, 5, 6, and
23 in Figure 1) are :épressed by methionine. Two of these enzymes
(catalyzing reactions 5 and 6) are simultaneously derepressed in strains
carrjing.a muﬁant gene (gghg) that conveys resistance to a methionine
analog, ethionine. Regulation of the othef two énzymes is not affected
_by‘the présence 6f‘the mutant gene, Structural genes controlling the
synthesis of the two enzymes affected by the eth2 gene are unlinked,
and neither of the genes is linked to gﬁhg. Therefore, although both
enzymes are affected by a mutation in a third gené, they are not in-
corporéted into an operon. The authors propose tﬁat the gene eth2,
in its wild-type form, “...is responsible fbr the synthesis of a
pleiotropic methionine repressor..." and suggest that at least tﬁo

different methionine repressors exist in S. cerevisiae.

In SacCharoﬁyces cerevisiae, pyrimidiﬁes are synthesized by
a séquence of steps Eeginning with the formation ofvcérBomyilkthSphate
from'biéérbonate ion an& glutamine (reaction 20 in Figuretl) (51).
This reéction is catalyzed by carbématé kinase. Carbomyi’ phOSphaté is

linked to aspartate to form ureidosuccinate (reaction 19), which is



28~

ultimately transformed into the various pyrimidines (50). Carbomyl
phosphate is also a precursor in the synthesis of arginine (51).

Ornithine and carbomyl: phosphate are joined to form citrulline (react-

ion 21), which is then joined to aspartate to form argininosuccinate o

(reaction 22). 'Argininosuccinate is split, yielding arginine and
fumarate (reaction 24), Lacroute andhcé—workers (51) h;ve shown fhat,
in'yeast, ﬁwo different enzymes catalyze tﬁe synthesis of carbomyl
phosphate from glutamine and bicarbonate ion. The two enzymes can
be épecificall?'affected by independent mutations; and they differ in
their responses to arginine and pyrimidines. One of theﬁ.is repressed
and inhibited by uridine-5'-triphosphate; the other is repressed by;
arginine.-'The synthesis of carbomyl phosphate is independently control-
led by the two end-products, but once formed, it is.freelf available
to eithér:pathway;  Aspartate carbomyltransferase, which catalyzes the
linking of carbomyl phosphate and aspartateb(reaction 19), is sensitive
to feedback inhibition and repression by UTP. |

Lacroute (50) found that some enzymes in the yeast ﬁyrimidine
pathway are sequentially induced. The first two énzymes (reactions
19 and 20 in Figure 1) are both represéed and inhibitéd by a pyrimi-
diﬁe and, in fact, seem to form an eﬁzyme cémplex. Whether the struct-
ural genes of the two enzymes form an operon is ﬁof known (50): an
_alternative explanation is that the complex is really a single enzyme
with sites of activity for both reactions (50). At least two enzymes
that control later steps in the pathway (reactions 25 :and 26 in'Figufe 1
are each induced by their specific substrates and are insensitive to

repression by pyrimidines. These enzymes are apparently controlled by
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-sequential'inductioﬁ.

- Aspartate is directly or’indirectly involved in all the
metabolic-pathways discussed above.. Because asparagine can be ﬁséd'
as a source of’aspaftate in yeast (see below), the;synthesis and/or
"activi;y of asparaginase might be controlled by intermediates ér éndQ
products‘of_aspartate metabolism. I have tested these possibilities
with many of the compounds represented in Figure 1 (the key intermed-
iates and~éﬁd-produ§ts) and‘with other compounds (mainiy émiﬁo acids)
not directly associated with aépartate met#bolism. The effects on
asparaginasé synthesis and activity of ammonia, fhe other immédiate

'product of the asparaginase reaction, were also tested.

.Scope of the present study

.The research summarized in the following chapters had four
generai-objectives:

(). to provide a study of genes governing the synthesis of
yeast asparaginasé;

(2). to determine how the activity of tﬁe‘enz§hé is inflﬁ-
enced by the conditions of.assay; |

(3). to determine how the synthesis of the eﬁzyme is affected
by conditions of cell growth;

"and (4). to suggest éossible physiological funcgipné of‘yeést

asparaginase,

Many questions about an enzyme and the genes governing its

synthesis can be answered by using mutants that are deficient in the:
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enzyme.  ‘Such mutants are usually isola£ed by selecting colonies of
cells tﬁat are unable to ﬁtilize a substraté of the enzyme for growth.
Forvéxampie,.aspaéaginase mﬁtants might be isolated by Selecting cells
that will not grow when exogenously supﬁlied.asparaginé is the only
avéilabie source of asPartate.for use in cell metabolism.

In yeast,.however, asparaginase is not predominantly reép-
onsible for synthesizing éspartate under normal growth conditions,
Aspartate‘is'normally formed by trahsamination between glutamate and
the G~keto acid oxaloacetate, an intermediate in the citric aéid
cycle (101, 105) (reaction 1 in Figure 1). If-asparfate can be synth-
esizea by the transaminafion reaction, asparaginase-deficient mutants
cannot be identified by their inability to use asparagine as a soufcé
of aspartate; sufficient aspartate for growth'is supplied by the trans-
amination reaction. |

‘Mutants deficient in.aspartate ahiﬁotrénsferase, the enzyme
that catalyzes the transamination reapfion, have been .isolated (73,
101). In strains cafrying‘the mutant form df the gene that codes: for
aspartate aminotranéferase (denoted asp5), growth occurs if aspartate
ié éupplied exogenbusly. These strains also grow well if asparagine
is substifuted for aspartate ih the growth medium. i attempted to
isolate'éspafaginase—deficient mutants By selecting aminotransferase-
deficient cells that are unable to utilize asparagine in'place‘of asp-
artate. ‘N ‘ - o
The asparaginase-deficient mutants were used to answer‘thé-

following questions:
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(1). how man&_genes are involved in fhe synthesis of
_yeast asparaginase?

(2). where are. the genes 1Q¢ated>on the*genetic.linkage
map? |

(3);; is yeast asparaginase made up of.more than one
'polypeptide subunit (that is, is it a multimerié
enzyme)?

and (4). what is the minimum size of monomer (s) that make up

the active enzyme?

The effecté qn.wild-type asparaginase of severalifactofs
known‘to‘affeét the activity 6f enzymes (21) were invesfigated..
Among these factors were substrate coﬁcentfatidn, buffervconstituents;
pH, temperature of assay, exposure td'high temperatures,.and the.pre-
sence in:reaction mixtﬁfes_of a variéty of metabdliteé, cofactors, or
other molegﬁles that might act as inhiBitors or‘aqtivatoré.
| Factors thét could:affect the Synthésis of.the enzyme were
invéstigatéd as well, Among these were growth medium, oxygenation of
cultures during growth, and growth phase of cultures;
©-An attempt to learn Something.about the physiblogical'rolé
of ‘asparaginase was made by‘testing thexability of éells ﬁith wild-
type or mutant asparaginase to grow when asparagine is the only source of
carbon or nitrogen in the growth medium.
Finally, I attempted to demonstrate that active but physiéally
mddified asparaginase can be obtained: I tested the heat-lability.
of hybrid asparaginase produced ip'diploid cells containing complem-

enting asparaginase mutations.
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MATERIALS AND METHODS

Yeast strains

Source and life cycle: All yeést used in this study were

heterothallic strains of Saccﬁaromyces cerevisiae obtained from Dr.

Robert K. Mortimer, University of California, Berkeley; or derived
from sffains in his collection. The life cyclé of such stfains has |
been descfibed (28, 74). Vegetative growth of haploid Strains océﬁrs
by budding, mitotic assortment of'chrdmosomes, nuéléar divisioﬁ,.andr
separatiqn of the two daughtér cells.._When haploid cells of opposite
mating types (deéignated a andig) are péired,.fusion occurs, and a‘
zygote is fbrmed. After the two nuclei fuse (karYogamy), the resulting
diploid céll can be propagated vegetativeiy for long periods of time.
If restrictive culture conditions are imposéd uponvthe diploids, spor-
ulation occurs; During sporulation, créssingiovef and meiotic aséort-
ment of chromosomes také‘piace, and four haﬁloid qures'are formed
in an asCﬁs. When separated, these four sﬁores can be germinated by
culturing”them on enriched medium. The reéultihg'haploid strains can
be propagéted vegetatively almost indefinitely.

- All strains were stored on agar siants (YEPAD,vsee below)
at 4 C. (Excess adenine was used in slantagar for reasons not related
to the present research.) The slénts were transferred not more than
once in four months., A permanent stock of a newly isolated strain waé
started from a single-colony isolate of the Strain. |

Strains carrying known genetic markers were used to deterﬁiﬁe

the presence in other strains of sPeéific genetic loci. Lack of »
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complementation between a known mutation and an unknown mutation indic-

ated that the two were allelic.

Nomenclatufei Cenetic markers and.éheir symbols are listed in
Appenﬁix'li. The symbols are those.proposed at thé Osaka Yeast Gen-
etics Conference, Osaka, Japan, 1968 (75). Two ﬁumbefs are used inv
the nqtation; the first numbervfo11owing a symbol designateé the
particula; gene fepresented by the_sy@bol; ~the éecond.numbef'desigé

nates the particular allele of the gene to which the symbol refers

(for exampie: aspl-15).

Media
YEPD: In one liter of distilled water: Yeast extract (Difco),
10 gm;' Bacto-peptone (Difco), 20 gm; dextrose, 20 gm; and

agar (Difco), 20 gm. Liquid YEPD contained no agar.

§yﬁthetic'Comp1ete (C): In one liter of distilled water: Yeast

Nitfogen Base without Amino Acids (Difco),_6¢7 gm; dek;rose,'

20 gm; adenine, 20.mg; - L-arginine (ffee basé), 20 mg; L-his-
tidiﬁe (free base), 20 mg; L-leucine, 30 mg; L-lysine-HCl, 30 mg;
L;methionine, 20 mg; L—threoﬁine'(allo free), 150 mg; L-tryb-
tophan, 20 mg; and uracil; 20 ﬁg. L-Ihreoniné was filter-ster-‘
ilized and added to the other coﬁstituents,_which were sterilized

by autoclaving.

Omission-Addition Media: Synthetic complete medium with one or

more constituents omitted and/or with other metabolites included.

C-THR+ASP, for example, is Synthetic completevmédium with threonine
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omitted but supplemented with-L-aépartic acid. L-Aspartic acid

and L-asparagine mbnohydrate were added, when needed, to a final

concentration

of 100 mg per liter. Concentrated solutions of
aspartic acid and aéparagine were filter-sterilized and added to ' o

the other constituents, which were sterilized by autoclaving.

Petite Medium (fET): In one liter of distilled water: glyceroi,
301m1;’ dextfosé, 0.25 gm;ﬂYeast extract, 10 gm; Bacto-peptone, _ |
20 gm;' and agéf,'ZO gm. Cells exhibiting the petite phenotype
'(inaﬁilityvto utilize non-fermentable compounds for a carboﬁ

- source) do not grow or grow only very slowly on this medium. -

Pre-Sporulation Medium (GNAP): In one liter of distilled water:
dextrose, 50 gm; Yeast extfact, 10 gm; Nutrient Broth (Difco),

8 gm; Bacto-peptone, 20 gm; and.agar,'ZO gm.

Sporulation Media: - _ \ |

Raffinose Acetate Medium (RAc): In one liter of distilled

water: potassium'acetate, 3.0 gm; raffinose pentahydrate

: (Difco), 0.22 gm; and agar, 20 gm.

chClary's Medium (66): 1In one liter of distilled water:

potassium acetate, 9.7 gm; dextrose, 1.0 gm; Yeast extract, S

2.5 gm; and agar, 20 gm.
. R

Special Sporulation Medium (SP): In one liter of distilled ' ﬁ

water: potassium acetate, 2.5 gm; Bacto-peptone, 5.0 gm;

glycerol, 2.5 ml; Yeast extract, 5.0 gm; L-aspartic acid,

100 ng; and agar, 20 gm. (See RESULTS for discussiqh.)
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Buffers:

Sorensen's buffer: KH,PO, + Na,HPO,, 0.067 M, pH 8

Potassium phosphate buffer (K—PO4): KHZPO4 + KZHPOA’
molarity and pH adjusted as fequired by adding the necessary

‘potassium phosphate.

" TRIS-HC1 buffer (TRIS): Tris-hydroxymethylamino methane

(Mann Research Laboratories, New York, N. Y.), molarity, pH,
and ionic strength adjusted as necessary with HC1 and/or

KC1.

Borate-KC1 buffer: H3BO3 (0.1 M) + KCL (0.1 M), adjusted to

the desired pH with NaOH.,

Minimal Medium with Vitamins;LMV): In one liter of distilled
watér: Yeast Nitrogen Base without Amino Acids, 6.7 gm; dex~

trose, 20 gm; and agar, 20 gm.

Slant Agar (YEPAD): 1In one liter of distilled water: Yeast ex-
tract,vlo gm; Bacto-peptone, 20 gm; dextrose, 20 gm; adenine,

40 mg; and agar, 20 gm.

All media were sterilized by autoclaving for about 25 minutes
at 15 pounds per square inch pressure, 121 C. Shorter times were

used for smaller volumes.
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Induction of mutations and isolation of asparaginase mutants

Asparaginase mutations were induced by treating haploid cells
of strains X2902-21B (& trp4 asp5) and X2902-67B (a trp4 asp5) with

ethyl methanesul fonate (EMS) (54). cells growing on YEPD agar medium

N

were suspénded in 10 ml Sorensen's buffer so that the finai titer at
the beginniﬁg~of'treatment with the mutégén-would be about 107Iper“
miililiter. :1.0 ml of 20'§éfAcént‘deXtrose in distilled water (éterile)'
was added to 8.7 ml of cells in buffer, and the suspension was placed
in a 30.C-water bath for three to five minutes. When the suspension
' had wérméd, 0.3 ml EMS. (Eastman Organié Chemicais, Eastman Kodak Cd.;
Rochester; N. Y.) was addéd, and the tube was transferred to a shaker
in a 30 C incubator. Thétsuspenéion Qas incubatéd at 30 C with gentle‘
sﬁakingbfor 60 minutes. At the end of the hour, 0.2 ml of the'mutégen-
treated Cells!was pipétted into 9.8 ml of six per cent sodium thié- |
sulfate_(sterile;'in distiiied water)vthat.had'been prewarmed to 30 C.
The thiOSﬁlféte'suspénsioﬁ was 1eft-atv30 C fof about ten minutes to
inac'tivé'cg theEMS 6.25 ml of the suspensioﬁ was pipétted. into 19.75
ml pf.éterile distilled Wéter, and 0.2 ml of this final dilution was
pipetted‘énd spread onto.each of 120 to 150 YEPD agaf piates. A comp-
arison of Qiablé titer oanEPD ﬁlates of freated and ﬁntreatedbcells'_
showed that‘aboui 30 ﬁef ceﬁt of the cells survived the treatment.
The cells_weré incubated at 30 C for three days,vaﬁd the colonies that
déveloped Qere replica plated (53) onto MV+TRf+ASN and MV+TRP+ASP média.
Thé*répiicas weré incubated overnight at 30 C. | |

'Colonies_that grew oﬁ MV+TRP+ASF medium but not on MV+TRP+ASN

medium were picked off the original YEPD plates, streaked onto fresh

¥
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YEPD plates and tested,fufther. The réplicas wefe left at-roém temp-
erature (about 24 C) for sevéral days and were again scanned for pre-
sumptive asparaginase muﬁants. Stable clones were selected for lack
of growth on MV+IRP+ASN medium by several.consecutive single-colony

isolations,

Genetic methods

Genetic crosses and tetrad analysis: Crosses were performed

by techniques that have been described (73, 74). They’were begun by
mixing, on a YEPD agar plate, approximately equal portiéns of 24-hour
cul tures of parental haploid strains, The.mixture was incubated at
30 C fof fhree to five hours, after which a small amount was streaked
along one side of a thin YEPD agar élab‘on a rectangular_covefslip.
The slab was inverted over a small plastic chamber, and individual
zygotes, recognizable by their.characteristic "bow-tie" morph&logy,
were séparéted from the mixture witﬁ a glass needle:in a micromani-
pulator and.placed on a clear aréa of tﬁe slab,. Three or féur zygotes
were isolated from each crdss; After the zygotés were isolated; ﬁhe
slab was removed from the cover slip with a sterile spatula and placed,
cells upward, on a YEPD agaf plate., The églls were incubated at 30 C
until visible colonies of diploid cells derived from the‘singlé zygotes
had formed. Cells froﬁ the‘colonies were streaked onto agar slants for
storage. |

Diploid cells were sporulétéd by growing them overnight on
a rich medium (GNAP) and then replica élating cells from the GNAP plate
onto spofuiationrmedia. In the earlier grbsses; diploids weré replica

plated onto each of the three sporulation media described earlier. Use
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of RAc medium was'latef discontinued,.becausé éporulétion waé always
better on'McClary's medium ;r'én SP médium (see RESULTS);

When cells'on the sporulation plates had incubated at 30 C'
for'thréé to fé@r days, portions of the cells were placed onto gla#é
slides aﬁd observed under a microscope. If asci were well'formed;
they were dissected and the haploid segregants isolated as follows k42).

Sporulated cells were éﬁspended in 0.2 ml of Glusulase '
(Endo Labbraﬁofies,‘Iné;, Garden City, New Yérk)‘that had been diluted
1:46 in sterile distilled water. Glusulase, an extract from the crops
of snails,-céntains‘giucuronidase, and enzyme that digests ascﬁs walls
but notrsﬁore capsules. (42). The suspension was inéubated at 30 C
for 30 minutes to an:hour and fhen centrifuged at loﬁ speed in a clin-
ical béﬁéh centrifuge for abouf five minutes. The enzymevsolution was
poured off, and ﬁhevébores and unsporulated:celis were resﬁspénded in
the same volume of aisfilled.water. A small amount of the suspension
wés‘sfréaked aiong bné edgé of an agaf élab on a cd&erslip, an&'Spore
;etradéjwefevdiésecfed udder abmicroséopehéqﬁiﬁpéd'with abmiqrémanipula-

tor. (Yeast spores adhere to each other, and spores from the same ascus

_ are not separated during digestion of the ascus wall (42);) The spores
were separated with avglass needle.and aligned.on the agar slab so.that
séores from the same tetrad could be identified. Fifteen to eighteen
tetrads were aligned on the same slab in a Kactangular-arrayf

 When the dissecfion was completed, thé.slab was removed from
the covefslip and piaced, spores upward, on a YEPD agar plate. The
spores wefé incubated at 30 C.until they had germinated and haploid

colonies had developed. Cells from these colonies were streaked onto

|
|
!
|
{
1
|
I
I
v
i
I
I




"!‘1

=39

YEPD pléteévand grown OVéfnight afvSO;C. The cells on these master
pﬁates were then repliéa plated onto_seléctiﬁe'and again incubated
ovérnight at 30 C. Finaily, the ségregation of nutritional markers
was recorde@ by scoring the growth patterns of the haploid segrégants
on the sélective media.

B The methods by which gene-gene 1inkage.and centromere—linkége
of geneS’Qefe analyzed (tetrad énalysié) have been.déscribed by Mortimer
and Hawthorne'(73). In a cross involving two genetic characteristics,
AB x 2h, tﬁree classes of ésci can be diétinguished: garénﬁal Ditype
(PD), in which the characteristics are-distributed among the four
haploidVSégregants in the arrangement AB, AB, 32,.22; ﬁon-garental
Ditype (NPD), in which the distribution is Ab, Ab, aB, aB; and
Eetrétype (T), in which'it is AB, Ab, aB, ab. 1f the two genes deter-
mining the traits are linked, crossihg over between them occufs less
frequently than between unlinked genes, and the fétio of PD:NPD asci
is significantly gréater than unity. |

| Centromere-linkage'of a parﬁicuiar gene is'determined by
following its segregation relative to known centromere-linked genes (36).
After homélogoué chromosomes pair and form a Quadrivalent during |
meiosis, centromeres segrggate at the firsflmeiotic division 1éading
to spore formation. Genes located near centrOmereé segfegate more
frequenflyfat the first meiot;c division, because»the likelihood:of
crossing ;ver between the gene and its centromere is reduced. Tetra~
type as;i.resuit from segregation of genes at the second ﬁeiotic divi-
sion; theréfore,'the.frequency of tetratype asci is a measufe of the

centromere linkage of a gene. For randomly-assorting'gene-pairs,fthe
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ratids of PD:NPD:T 5sci are expected to be 1;1:4 (73). If one gene is
centromer-linked and the frequency of tetratype asci for - this gené
relative to a second gene is significantly less than two-thirds, the
secénd>gene is considered to be centromere-linked as well, |

-Complementation analysis: Compiementation aﬁalysis to test

'for allelism of mutations (25) was performed by mixing haploid stocks
of opposite mating types oﬁ YEPD medium, allowingvthe mixtures to -
incuBate évernight at 30 C, and replica plating them onto selective
media on which diploid cells would grow only if active enzyme were formed
in them. Streaks‘df cells on the selective media were incubated over-
night at 30 C and scored the next day for growth. As a control, the
master plates (YEPD) were alsé replica piated.onto ﬁon-selective medig.
To ensure that mating of haploid cells occurred in the original mating
mixtures, portions of each mixture were observea under a micr@scope.
Zygotes Wére found three to four hours after haploid cells weré mixed
in ali mixtures in whiéh mating occurredf Mating failed to take.plaée
only &erj.iﬁfrequently. |
__:Beforgutheh§§p§;agiqasg_mu;§g;gg§“coqld'pe tested for allelism,
each mutation had to be preseﬁt in célls of both mating types, Eagh
of the asparaginase mutants was crossed to a strain carrying only the

.asp5 mutation, diploid cells were sporulated, and asci were dissected.
asp2 - P) P s

A haploid segregant of geﬁotype trpsh ASPS aspl and of mating type.
opposite to that of the original asparaginase-deficient ﬁutant was sel-
ected from“each cross. in this way, sfrainsvof opposite ﬁating type
but with identical. (known) genotypes in combination with«each df the

asparaginase mutations were selected. Therefore, diploid cells carrying
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all pairwise combinations of the.ésParaginase mutations could be used
in complementation tests to determine whether the asparaginase mutations
~ were allelic.

Fine-structure mapping:. = The relative»positions of the aspara-

ginasé mutations relative to each other in the aspl gene were déterﬁined
by'induciﬁg; with x fayé,.intragenié, mi?otic recqmbinationvbétween the
alleles. Mahney (60) and Manney and Mortimer (62) showed that the rate
at which x rays induce mitotic recombination events.between hetero-
alleles,iﬁ diploid cells can be used és)a measure of the distance
between the mutaﬁions in those alleles. Each mutation is mapped re-
lative to tﬁo other mutations known to bé well separated‘in the gene;
For three mutation, a, b, and ¢, the distance between a and ¢ (ac)
ié given eitherby ac = ab + Eé or by ac = + (_E-Eg), depending on
whether b is between a and c. The fine-structure map of the asParaginasé
gene was constructed by assuming additivity of distances between alleles
and by normalizing distances betweeﬁ alleleé so that intervals beéweeﬁ
reference alleles weré constant; | |

._ The unit used to expresé X-ray ﬁap distances is the number of
protogféphic cells inducea per rqéntgen per 108 éurining cells.(60, 62).
X~ray doses_usgd in ﬁhé present.experiments were sufficiently Iow
(less than 10 kiloroentgens) that no killing was observed, and the number
of p;ototrophs induced per 108 cells was proportional to the exposure:
dose, Thé_élope of a plot of prototrophs induded.per 108.survivor$ versus
x*ray doéé, then, was the measure of the disfance between sites of
mutation‘in two alleles. | | |

Diploid cells carrying two alleles of aspl and homozygous for
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asp5 were prepared by isolating zygotes from mixtures of the appropriate
strains. In preliminary experiments, alleles were chosen that were
suitable for reference allele—paifs. The pairs chosen were aspl-6:

aspl-14 and aspl-6:aspl-15. Two pairs were used, because the x-ray

mapping technique cénnot be used with complementing alleles. When any
parficulaf allele was to be mapped, it was crossed»to cells carrying
reference alleles with wﬁich it w0u1d not complement. |
‘.vadiploid cells homozygous.for.a particular allele ére irrad-
iatéd; ﬁrétotrophs'are’induced even though.th; molecular lesions iﬁ the
two alleles are presumably at identical sites in the gene.  This rever-
sion can contribute to the rate of appeérance of prototrdphs when
heteroélleiic diploids are x-irradiated (60, 62). To determine the .
rate at which reversion events occurred when alleleé of the asparaginase
gene wefe'ifradiated, diploids homoallelic for.eaéh of the aspl
alleles were grown, plated on selective medim, and irradiéted. Because
reversion of the asp> gene would aiso lead to growth Qn the selective
media (C—THR+ASN oer—THR), diploid.cells homozygous for asp5 only were
also platéd_ané irradiatéd. o | | o
.'Heteroallelic diploid ceils were grown to statioﬁary phasé ip
1iquid YEPD me&ium, washed twice with distilled water, and diluted in
distilled water. About 5 x 105 fo 5 x 106 cells were plated onto C-THR%ASN
‘medium. The cells.were then exposed to x-ray doses in the range zero
to ninevkiioroentgens. About 200 cells were plated on YEPD agar piates
and irréaiatcd at fhe same doses to score survival, |
The cumbincd rate at which homoallelic reversioﬁ-of aspl and
asp5 occu;red was determiﬁed by growing the appropriate diploid cells

in liquid YEPD medium, washing them and diluting them as described above,
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plating 2 x.l(.)7 to 4 x 107'cellé onto C-THR+ASN medium, and irradiating
them with the same doses used in the heteroallelic experiments. The
rate of reversion at the gggé.iocus alone WéS measured by plating

and irradiating diploid cells on C-THR medium.

X_rays.wefe produced by a beryllium-window fubev(Machlett OEG 60)
operated at 50 kilovblfs with a current of 25 milliaﬁpéres without added
filtration. - The dose rate was 250 roentgens per éecdnd at the position
of the cells (14.¢m from the end of the tube) (59).

| YEPD plates were incubated for three days. at 30 C after which
the visible colonies on them were counted; Cgils on C-THR+ASN and'
C—THR media were incubated one day longer beforé being counted. Surv-
ival and reéombination data were anaiyzed with a'PDP‘8/1 computer
(Digital Equipment Corp., Maynard, Mass,). Rafes'of induction of
prototrophs and standard deviations of the rates were calculated directly
from plate counts and dilution factors by linear regression analysis.
Regressionvlines were fitted to the data by least-squares statisticai
techniques‘(109). In most cases, cells wefe not killéd by the doses of
X rays uééd, aﬁd data from cells of each strain élated on YEPD agar

medium were pooled to provide a better estimate of the number of cells

. spread on selective media. The validity of pooling was tested for each

strain by regression analysis of the survival data.

_Biochemical methods

Growth of cells: Cell growth was followed by reading the .

turbidity of cultures in 22-mm diameter pyrex test tubes in a Spec~

tronic-20 colorimeter (Bausch and Lomb, Inc., Rochester, N. Y.) used

as a turbidimeter. Calibration curves were obtained by diluting and

plating cells from cultures of known turBidity to determine_the viable
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titer and by counting individﬁél célls:iﬁ a haemocytometer.v In néarly
all experiments, late exponential phasé éultures were used, the cell
densitieé being about 108 per milliliter. Occasionally; when a large
amount vaextract was heeded,'cultures at densities of 2 x»108 to

3 x 108'§ells per milliliter were used. (Stationary phase titers for
haploid.yeast cells are normally in the range 4 x 108 cells/ﬁl'to

6 x 108,ce11s/m1.)

Prépgration of cell extracﬁsf Two methédsﬁwere used to disrupt
cells, extrusion through the orifice of a French pressure cell (Amer;
icanvlﬁstrument Co., SilVer,Springs, Md.), and griﬁding with powdéred
alumina (Buehlér, Ltd., Evanston, I1l.). When lafgé quantities of
extracﬁ Wefe ﬁeeded, thé—first'techniqué'was usedf When several separ-
ate extracts were to be prepared, griﬁdiﬁg With alumina was more con-

venient.

Pressure-cell disruption: Cells~ofvthe_appropriate
genotypé were spregd‘onto YEPD agar plates and grown at 36 C over-
night. From these cultures, cells ﬁere suspen&ed.iﬁ distilled water,
in buffer,vor in the medium in which ﬁhey_we;e to be grown. VMedia in
Erlenmeyer flask; or Dulong'flésks were seeded from the liquid susp-

4 to 105‘célls/ml. Flasks were

ensions at cell concentrations of 10
nevef filled to more than half their capacity. The cultures were

then shaken at 325 revolutions ﬁer minute (rpﬁ> in a Psychotherm In-
.cubator (New Brunswick Scientific Co.,,Néw Brunswick, N. J.) at 30 + 0.5 C
or on A‘Ne&.Brunswick Rotary Shaker in a warm room (29 + 1 C). When the

cultures had grown to the desired concentrations, they were chilled and

transferred to plastic centrifuge tubes or bottles. The containers
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were centfifug'ed for 15 minutes at sozoo' rpm (3000 g), 0-4C, in a
Sérvall féfrigerated centrifugé (1. Sorvail, inc., Norwélk, Conn.j.
Pellets were fesuspended in cold bﬁffer and-centrifuged again. A second
wash cycle was ﬁsuaily pérformed, esﬁecially if the concentrationzof
substrate was to be véried in an experiment. The final'pellet was
suspended in 10 to 40 ml of cold buffer,'depending on the nuﬁber éfvceils
being treated, anduthe Sﬁspension wastéxtruded thfeévtiﬁes at a pressure
of 20,000.1bs/sq in through the orifice of the pressurenqell. The -
pressure cell was precooled to 4 C, and all procedures wefe carried out
as rapidly as possible to'keep the extract cold. vLiquid emérgiﬁg from
the pressurévcell was caught in a teét tube in.a beaker filled with ice.
After the cells were rupturéd;-the extract wés éentrifuged
at 0-4 C fof 30 minutes, 10,000 rpm (12,000 g) in fhe Servall centri-
fuge. -The supernataht from fhis finél centrifugation, called cfude
extract in this report, wéé poﬁred into é cold tuBe for_further proces-
sing. When a crude extract was not tb.be used iﬁmediateiy, it was

frozen at ~25 to -30 C in polyethylene vials,

Alumina grinding: ‘Cultures were_grown and washed as
described'fOr pfessure-cell extrusion. Aftef the final wash, ﬁhe~pellet
of cells‘frém a'cﬁlturé was trahsferfed to a‘cold ﬁoftar éontaining
2 gm of pdﬁdered_alumina. Mortars, pestles, and alumina were precooled
in a freezer so thaﬁ the pellet maferial would freeze wheﬁvtransferred
to the mo:tar. About 0.5 ml of cold buffer was added to the_mﬁrtar, ana
the mixture was spread over the bottom of thebﬁortarvwith;the pestle anﬁ
allowed to freeze. The mortar Wasjleft at room temperatufe; ‘just és_

the mixture began to thaw, it was ground vigorously for one to two
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minutes. 'The yield of protein was much greater if cells'were.ground
just befofe and during the thawing process ﬁhan if tﬁawed or unfrozen
ceils'wére ground. After the cells were ground, .about three milliliters
of cold bﬁffer was pipetted into the mﬁrtar,land the mixture was trans-
ferred immediately to cold centrifuge tubes; Unbroken cells and alﬁmina
ﬁeré rémoved=by centrifuging the mixtures for 15 minutes at 3000 rpm
(1000 g), 0-4 C. 'Supernatants from these tubes were centrifuged at high
speed aS’diééussed.above, after which théy were treated as crude extracts.
Much less brotein was recovered by grinding cells with alumina
than by rupturing them in the pressure éell. Pfotein concentrations
in crude extracts prepared by pressure-cell disruption ranged from 5 to
50 @g/ml, depending on the amount of buffer used. This value routinely
corresponded to 4 to 5 picograms of protein per éell in ;he-original
suspension. . Extracts prepared by grinding with_alumina'had protein
concentrations ranging from 0.5 to 5 mg/ml. The lower values were
obtained When thawing had progressedvtoo far before the mixtures were
ground, Although the absolute protein concentrations were different,
specific asparaginase activity (unité_pef‘miiligram of protein) was
the same'wﬁether cells were disrupted liy extrusion from tﬁe.pressure

cell or.by grinding with alumina.

. Determination of total protein: Enzyme preparations were

compared on the basis ofvunitsvof activity per milligram of protein in
tﬁe reaétion mixtures. The method desdribed by Lowry, et 3&.(55);

was used td measure protein concentraﬁions in crude extracts. Extract
was dilu;éd in distilled water tb.a éoncenﬁratiqn aépropriateifor the

assay method (usually 30 to 500 pgm/ml). 0.4 ml of the diluent was
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pipetted into an 1l-mm diémetef'test tuBe ééntaining 2.0 ml of freshly
mixed alkaliné-cqpper reageﬁt 2% Na2003 in 1 N NaOH‘+ 1% CuSO4-5H20
in distilléd water + 2 % sodium tartrate iﬁ.distilied water mixed in the
proportions 50 :‘0.5 : 0.5 just before use. .If alkaline-copper reagent
was allowed to stand.too long, a precipitate formed fhat interféred'with
ﬁhe measurement.), The proteinFaIkalineécopper solution was left a%
room temperature fér 15'minﬁtés; then 0.2 mi.of Fdlin—Ciécalteu phenol
reagent (Haftman-Leddon Co., Philadelphia, Pa., 2N reagent diluted
with an equal volumg of distilled water) was added, and the solution was
mixed immediately on a vortex mixer. (Mixiﬁg must be very rapid-with-
in one second, preferably- because color develdpment.decreésed rapidly
if the protein-alkaline-copper complexes were not accessible to Folin
reagent when it was added to the alkaline solution (55)). The final
solution was left at room-tempefature for at least 30 minutes (I routinely
alloweé an houf), the test tube was inserted into the Spectrdnic-ZO
colorimeter, and the optical density ét.SZO nm ofvfhe solution in
the tube:was read, o
A standard protein éur§e (Figﬁre 2) wasvobtained by diluting

a known concentration ofvbovine serum albumin (Arﬁour Ph;rmaceutical
Co., Chiéégo, I11.) in diéﬁilled water and processing‘éé described.
Manney <S9) showea that using bovine éerumvaibumin for a standard does
not ingroduce error greater than about four per éept over the rangé of
concentratioﬁs used in the present work. |

| _Bécause the calibration curve is not linear and reagents may
change siightly with time, protein standards wefé run with most of the
cell ex;ract-measurementsé All préteiﬁ determinations were within

about 10 per cent of the original calibration curve and showed no con-
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. Figure 2, Optical density at 520 nm developed when

known concentrations of protein (Bovine serum albumin)
were processed by the method of Lowry, et al. (99).

The protein concentrations given are those of solutions
before they were diluted into alkaline-copper reagent.
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sistent varia;ion with age of,reagents; (Tﬁe same reagent stock was
used throughout the :investigation.)

Protein determinations_wete probably not in error by more than
15 per cént. Reproducibility &as somewhat better: simulﬁaneous meas-
uremen ts oﬁ a given sample were usually within about five per cent Qf
each othef.  A11 experiments that,dépended upon absqlute'protein meas- -
urementé'(for example, the kinetic éxperiments) weré done with the
same exﬁract stock if possible. Where.this was not possible, controls

were run to ensure that Valid.intercbmparisons could be made.

_Asparaginase assays: L-A$paraginase assays were performed in

two ways. Whenever several measurements were to be made with cells

grown in the same way, crude extracts were prepared by pressure~-disrupt-~
ing ceﬂé or by grinding them with powdered alumina (see above). When

cells from several different cultures were to be compared, asparaginase

activities were determined using benzene-treated cells (57).

Asparéginase determination in crude extractf Asparagin-
ase'acﬁivitiés in crude extracts were routineiy measured in reaction
mixtures'qf 2.0 ml total’volume. Asparagine monohydrate dissblvéd in
buffer was diluﬁed in;o'buffer in an 11-mm tesﬁ tube and warmedkto,the-
assay temperature in a Water bath equipped,with:a stirrer. An éliquot

of_extféct was added to start the reéction. {(Crude extract was not

 prewarmed., However, the volume bf extract added was usuélly 0.2 ml

or less and was rapidly brought to temperature in the 2.0 ml reaction.
mixture.) .Aftér the desired time had elapsed, 0.2 ml of 50 per cent
trichloroacetic acid in distilled waterr(TCA)_was added to stop the

reaction. The tube was mixed on a vortex mixer and centrifuged in a
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clinical bénch.centrifuge at room temperature for about five minutes
to sediment the precipitated material. The concentration of ammonia
in the TCA supernatant was determined colorimetrically, as described
below.

Reaction mixtures containing buffer without asparagine were

incubated simultaneously with those containing asparagine to determine

the amount of ammonia in the extract or evolved by reactions not using

asparagine as a substrate. This "backgrbund" ammonia was aécounted for
in determining activities in extracts.

The amount of ammonia evolved for a constant reaction time
(30 minutes) was directly proportional to the amount of protein added
ﬁo reactioﬁ mixtures for up to at least 5.0 mg 1in the 2.0 ml reaction
mixture volume (Figure 3). When reaction mixtures containing 2.0 mg
of protein were incubatedbfof different lengths of time, the amount of
ammonia eVolved was directly proportional to the time of reaction for
at least three hours (Figure 4). Background corrections were proport-
ional to the amount of protein in reaction mixtures but'werejindep-
endent of time of reaqtioq. Thg temporal independence indicates that
ammonia-generating reactions not uéing aéparagine as a substrate did
not océur in the mixtures.

Asparaginase specific activities méasured in crude extracts
are reported in International Units (I. U.). or as optical density
developed from ammonia evolved under specified assay comditions. One

International Unit of enzyme liberates one micromole of ammonia per

milligram of protein in one minute.
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‘Figure 3. .Optical density at 420 nm developed from

ammonia evolved in reaction mixtures containing differ-

~ent quantities of yeast crude extract. Asparagine

concentraEion: 10 mM; specific¢ activity of extract:

8.5 x 10 “ 1., U.
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Figure 4. Optical density at'AZO'ﬁmvdeveloped from ammonia
evolved in reaction mixtures incubated at 30 C for various

lengths of time. -Asparagine ggncentration: 10 mM; specific
activity of extract: 8.5 x 10 < I. U. ' '
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Asparaginase assay in benzene-treated cells: Some exp-

ériments‘required that cells grown simuitaneously in manj individual
cultures be assayed for'asparéginése activity. .Becaﬁse of the numbéf
of‘cﬁltﬁres inﬁolVed, extré;tion By pressing or gfinding was inconven-
ient. Mégeevand de Robichon-Szulmajster (57) bfiéfly described a
me thod for measuring activity'of acetohydroXy acid‘syﬁthetase.in yéasﬁ
cells trééted with béhzene to make the cell membrane permeable to small
molecules. This technique‘WOrked well for assaying asparaginase’act-
ivity in yeast.

Cells were grown to the propef phase ofvgfowth; and the

cultures were cooled to 4 C. The cultures were centrifuged at 4 C and

~ the cells resuspendéd in éold buffer. They were washed once again.in

cold buffer'and, finally, were suspended in cold buffer at the pro-

‘per densities. In most experiments, the suspensions contained about

4 X 108 cells per'milliliter. Cell densities were made nearly iden-
tical in all éuépensions.to avoid errors that ﬁight arise from treating
éﬁspengioﬁé at différeﬁt densities with the same.leume of.benzéne.
'Aliquots of thé final suspensions were diluted and plated

onto YEPD égar plates tovdetermine'the titer of viable cells. Also,
thé turbiaity of thé.first dilution_tﬁbe was measuréd to provide a
f#fther baéis forvcémparihg cultures.. After the cells on YEPD platés
had incubated for three déys»(30‘C),véblonigsvwerevcounted, and allv
activity méasuréments were ﬁofmalized to the same number of cells
in fhe reaéfion suspensions.

o 'Tordeﬁéfmine asparaginase~activifies in.ceiis, suspepsions.

were warmed to-room temperature, and an amount of benzene (Allied -
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Chemical and Dye Corp., New York, N._Y.l;:Reagent‘Gréde) équalbto one~-
tenth the volume of the cell.éuspensioné was 1a§érédkopto the Surface>
of each suspension.The tﬁbes were yigorously mixed af room temperature
on a vortex mixer for 30 seconds,.sef in a water bath at 30 C (with-
out agitatién) for 90 seconds, aﬁd then kept at 0-4 C unﬁil dsed.
Asparaginase activity Qas measured by pipetting O.S‘ml of a treated
suspension into an 1l-mm test tﬁbe, wafming the tubes and fheir:con-
tents to 30 c, and adding 0.5 ml of prewarmed substraté to-the.tubes.
Other tubes'containing cell suspension received 0.5 ml of buffer.without
asparagine.b Reaction suspensions were shakenvperiodically during the
incubation period. After the reactions had prqgeeaed as far as was
deéired, 0;2 ml of 50“per cent TCA was added to éacﬁ tube to Sfop the
reactions. The tubes were centrifuged for about five minutes in a:
bench centrifuge, and ammonia concentrations in the TCA supernatants.
were»meaéuredvas_describedhin th¢ foiioying4secti9n;

When 2 xv108 cells were uséd in feactioﬁlsuspensiénsz the amount
of ammonia evolved wés ﬁroportiénal to the time of éeéctidn for>at

least 60 minutes (Figure 5). The evolution of ammonia in a constant

timevinteryal (30 minutes) was proportional to tﬁebnumber'of ce}lg_
‘in a feaqtion’susPeﬁéion up - to abéutw3~x 108 cellsgih,ﬁheﬁl.Qrml‘A__
volume (Figuré 6). Background corrections were propoftiqnal to the
number of cells in reaction mixtures but independeﬁt of tiﬁe of reaction.

.j Ih all experiments in which:this.aSSaybmefhod was used, tﬁe |
number of cells iﬁ reaction suSpenéionéAwaSVZ.S X 108 or less;.react-
ion times were always 30 minutes (except in fhe expériment discusééd

above), and 0.2 ml of TCA supernatant was used to determine ammbnia
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- Figure 5. Optical density at 420 om developed from ammonia -

evolved from benzene-treated ¢ells incubated for various
lengths of time at 30 C. Asparagine concentration: 10 mMj;
Number of cells in 1.0 ml reaction suspension: 2 x 108.
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Figure 6. Optical density at 420 nm developed from. ammonia
evolved from reaction suspensions (1.0 ml total volume) con-
taining various numbers of benzene-treated cells. Asparagine
concentration: 10 mM; reaction time: 30 min. .
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ooncentrations in reaction snépensions; vReoults of these experiments
are expfessed as optical donsity units at 420 nm oer 108 cells in ﬁhe
reacﬁion mixtures (correctéd for ”béckgfound" ammonia). lBocause
constant réaction times and consnant amounts of TCA supornatants
were used in the ammonia titration, all the valuesxare.directly
comparabie.n |

v.In'Table 3 are shown the results of several éxperiments
demonstfating the‘feproducibility oflthé benzene~-treated cell assay.
In Experiment 111, six identical cultures of cells of strain X2902-21B
(@ trp4 §§E§) were grown to ‘late exponential phase, chilled, and assayed.
The moan 0. D. per 108 célls in feaction susPensions was 0;190 with a
standaro deviation of 0.015 (estimated from the range (109)). Variation
among independent experiments was about the same as variation within
this exporiment.v When: an asParaginase-deficient mutant (LAZ21 (O trp4
asp5 aspl-6)) was used for the assay, no acfivity was observed, and no
ammonia waé released into reaction suspensions when cells with nornal
asparaéinase gctivity but not treated with benzeéne were assnyed.
Therofore,vthe release of ammonia in the benzene-treated cell assay
réquirés that active‘asoaraginase be present and that the cell

membrane be made permeable to ammonia.

Ammonia titration: .The concentration of ammonia in standar&
solutions or in TCA supernatanto of reaction mixtures was measured-oy
titration with Nessler'é.reagent (direot Nésslerization)(69, 96).
Between 0.1 mi and 1.0 mi of solution containing ammonia was pipetted

into an 1l-mm test tube containing enough distilled water to make a
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Exper. . Strain, growth conditions, Asparaginase
no. and assay method activigy -
(0.D./10" cells)
100 LA21 (@ trp4 asp5 aspl-6) 0.002 + 0.05
Aerobic growth in YEPD '
Benzene-treated cells
100 X2902-21B (Q trph asp5) 10.17 + 0.01
Aerobic growth in YEPD
Benzene~treated cells
100 X2902-21B 0.005 + 0.015
Aerobic growth in YEPD
Cells not benzene-treated
103 X2902-21B _ 0.200 + 0.005
Aerobic growth in YEPD- '
" Benzene-treated cells
111 X2902-21B 0.190 + 0.015

Aerobic growth in YEPD
Benzene~treated cells

(mean and stand-
ard deviation
of six cultures)
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volume of 3.0 ml. 0.4 mi'of Nessler's reagent (prepared from Sigma
Ammonia Cblér Conpentrate, Sigma Cheﬁical Co., St. Loﬁis, Mo.) was
added, and tHebsolufion was mixed on a vortex mixer. Color was.allbﬁed
to deveiob at room temperatﬁre fof 15 minutes, aﬁa';he 6§tica1 density
at 420 ﬁm7w#s read in the Spect;onic—ZO colorimeter.

A standard ammonia curve (Figure 7) was prepared by dil-

uting known quantities of ammonium sulfate in distilled water and

treating the solUtions.as described. The oﬁtiéal dénsity developed
waé propoftional tb the amount of TCA supernatant in thé 3.4 ml (total
voiﬁme) Neésler fitration tubes (Figure 8). The amount of.color for
a given amount of ammoniuﬁ ion wés the Same whetﬁef the ion was in
distiiied wéter of iﬁ TCA supérnataﬁt (data not.p;esented). The oﬁti;
cal density curves for Nessler color are linear up to an O. D. of at
leést 6.9:

| To account fdr changes in reagents, standard ammonia detérmin~
ations were made concurfent with most experimental‘ﬁeasurements, aﬁd
the same stock of Nessler's reagent was used throughouﬁ ﬁhe investi~
gation. Because time of mixing isbnot so critical with Nessler's re—.
agent, amﬁbnia determinations were considerably mqre accurate and repro-

ducible than total protein measurements. Overall inaccuracy of ammonia

‘determinations was probably less than 10 per cent,.and reproducibility

was uéuéllyvbetter'than 95 per cent. (That is, répeated measurements’
of émmonia.in a given sdlution were usualiy Witﬁiﬁ 5 per cent of each
other).

‘1In_thevtextvthat foliows, tubes in which ammonia was titrated

are referred to as Nesslerization tubes.
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Figure 7, Optical density at 420 nm developed from kndwn
concentrations of ammonium ion treated as described in the
text. Quantities of ammonia given are the total quantities
- in Nesslerization tubes containing 3.4 ml total volumes.
Dates on which three experiments were performed are given

to demonstrate the reproducibility of the assay.
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Figure 8. Optical density at 420 nm developed from ammonia

. contained in various amounts of TCA supernatant. TCA super-

natant was diluted to make 3.4 ml total volumes in the Nes-

‘'slerization tubes. Asparagine concentration: 10 mM; spec-

ific activity of extract: 8.5 x 107° I, U.
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RESULTS (Geneticé)

Characteristics of asparaginase mutants

Identification: Fourteen stable mutants thatbgrew well
with aspértate (MV+TRP+ASP) but not with asparagiﬁé (MV+TRP+ASN) were
selected (44). Nine of these mutants were selgptéd frém mutagen;treated

cells of strain X2902-21B.(g trp4 asp5); the othér five.were derived
| from cells of strainVX2902-67B (a trp4 asp5). The fourteen mutanﬁs
were selected from a total of about 30,000 clones. Approximately.30
per cent of the cells exposed to EMS survived, and of these, nearly
30 per cent exhibited A nutritional deficiency of some kind.

Each mutant strain was assigned a numbef’preceded by the
letters "LA;" (Each mutanf gggg was temporarily assigned a numbef,.as
wéll.) After‘fhe fourteen mutationé‘were found tovbe éiielic (see
beiow), the'alleles wére designatéd aspl-2 thfdugh asgl—iS.' Strain

numbers and .associated_alleles are listed_in Table 4,

Temperature sensitivity: The fourteen mutant strains Wepe
tested for ability to grow at three temperatures, room temperature
(23-25 C), 30 C, and 37 C. No temperature semsitivity was found

among the strains at these temperatures.

~ Aspartate synthesis in strains carrying the asp5 mutation:
Segrégation of the asp5 gene was followed by testing the ability of
haploid cells to growon C-THR medium. Although this medium can be

used to score segregation of this gene, it is not totally restrictive.
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Table 4. Strain numbers and genotypic designations of aSparaginase
mutants and mutations

Strain .. Derived : aspl allele
number from : » number
LA6 -  X2902-21B 2
LA12 . " 3
LAlS - " o | 4
LA20 | " ' | 5
LAZI | L 6
LA25 o 7
LA35 " 3 8
LA38 " " 9
LA46 " 10
tA156‘ ,  X2902-67B 11
LA158 " 12
LA161 . L B 13
LAL63 " 1

LA165 " - 15
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The asp5 mutation is suﬁpressibie (72), and Suﬁpressible mutations
usually brbduée‘incompiete protéins that are inactive (37;v61).- The
slow growth of asp5 strains is.probably attributable to limited prod-
uction of aspartate by other synthétic pathways or by ﬁhe operation‘
in reversézof enzymes involved in aspartate metaﬁolism. Asparaginase
mutants were selected by replica plating colonies onto MV+TRP+ASP and
MV+TRP+ASN media, which, because they contain fewer metabolites, are
more restrictive than C-THR medium._ Therefore, the selection of asp-
araginase mutants was not affected by the slow aspartate production.
In the genetic studies, however, omission-addition media (see MATER~
TALS AND METHODS) based on C-THR were used as the selective media.

To avoid interference by the slow production of aspartate in cells

plated on these media, growth was scored after the cells had incubated

no longer than 1 to 1-1/2 days at 30 C.

Sporulation of diploids homozygous for asp5: Most crosses

involving the asparaginase mutations_were carried out in cells homo-

zygous.for the asp5 mutation so that the asparaginase-deficient pheno-
type could be easily scored. 'Howéver, most such diéloids failéd‘tb
sporﬁlate‘well 6n the roﬁtineiy used sporulation media (McClary's
medium and RAc medium). When asci did form, spore viability was
usually low, of#en less than 50 per cent. I a;tempted ‘to remedy this
problem by sélecting betfer—sporulating diploids. Two haploid éfraiﬁs
carrying fhe asp> mutation were crossed to strain SZSSCQ:the standard
Qild-type yeast. By repeatedly crossing asp5 segregants to 5288C, I

was able to select two haploid strains that formed bettér-sporulating
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diploids‘when crossed to other gggg haploid ceils;_ These two strains
were XE58-3A (Q asp5) and XE59-12B (a asp5).

- A more promiéing approach to oBtaining better sporulation of
diploid'cells homozygous for 3522 was:suggesﬁed by findings reported‘by
de Robichén-Szuimajstér, EEHél; (102,'115). They‘observed that S. cere-
visiae strains carrying mﬁtationsvét.any‘oﬁevéf_Sevefal genes'in the
. éspartate-fo-homoséfine pathWéy; inclqdiﬁg Qggg (called EEEE in‘theirv
puﬁlicétioﬁ), are defiéiént in cjtdchromé oxidase; This deficiency‘

leads tovpoot spofﬁlation, because active oxidative metabolism, which
'requires.cytochrome oxidase, is necessary for §poru1ati6n (102). The
deficienéy in cytochrome oxidase could.be'partiéliy overcome by growing
“cells on medium qontainiﬁg glycerol insteéd of dextrose for a cérbon
source or'by growing them on medium.containing avhigh con;entration
of thréonihev(102). I‘fouﬁd that sporuiation of'diploid cells homo-
zygous for gggi‘was not improved by growing tﬂémvon pré;sporulatioh
_ ﬁedium containing higﬂ levels of threonine or by'attempting to sporulate
fhem on medium containing threonine. However, if the sporulation
medium contained giycer61 and asﬁartaté, as many as 70 to 80 per cent

of the cells of some strains sporulated, and spore.viébility was often
as high as 100 per cent. This sporﬁlation médium (sp; seevMATERIALS
AND METHODSj was used routinely throughout the‘remainder of thg»inyestf
igation to séorulate diploid cells homozygoﬁs for thev§§2§.gene. |
Although‘sporuiation'was greatly imprbved by this medium, the per cehtage.
sporulatidn'stiil varied améng crosses in which gégzlwas homozygous.
Almost without exception,‘howéver, sporulation wés.better on SP than on’

the other media.
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Petite phenotype of a§paraginase mutants: The fourteen

mutant strains were tested tb determine wheﬁher a petite mutation héd
been inducéd in any of them. AllL the strainé except LA38 gfew well
with glycerol as a carbon‘source_(thaﬁ‘is, on Péfite medium) .

To determine whether the petite phenotype of LA38 ié chromosoﬁaily

determined and, if, so, if the petite gene is linked to the asparaginase

gene, LA38 was crossed to strain XE59-12B (a asp5), the resulting diploid

cells were sporulated, and the segregation of the petite and asparagin-

ase-deficient phenotypes were followed. Segregation of the petite

phenotype relative to the mating-type locus, which is loosely centromere-

linked (36), was also scored. The peﬁite phenotype of strain LA38
segregates in the 2:2 fashion éxpected of chromosomal genes, but this
petite gene is not linked to the asparaginase gene or to the mating-
type 1oéus (Table 5). The petite mutation in this strain did not4intef-
fere with experiments in which the stfain was used and was not investi-

gated further. -

Allelism of the asparaginase mutations

Dipioid celis carrying all pairwise cpmbinations of the 14
asparagihaSé mutationé were tested fér ability_to gréw on C—TﬁR+ASN‘
medium (44). The pattern of growth (complementatién patternj is shqwn
in Figure 9. From the pattern, the complementation map in Figure 10_'
wés dedpced. The complementation pattern is typiéal of intragenic
(interallelic) complementation: six cdmplementation clgsses were %ound,

but one of the classes contains alleles that do not complement any of

the others. Therefore, only one gene‘(functional-uniﬁ) is involved (25).
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Table 5. Segregation of the petite gene in strain LA383’b»

Ascus - Number of asci of given type
type _ for petite gene relative to:
LA38 asparaginase Mating-type
gene . gene
PD | - 6 (3.5) 1 (2
NPD : '3 (3.5) ‘ 2 (2)
T o 12 (14) ' 9 (8

a. Cross XE76: LA38 (¢ trp4 asp5 aspl-9 p) x XE59-12B (a asp5).
b. Numbers in parentheses are those expected if the genes were
segregating randomlvy, ' :
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Allele Number

Allele ,‘ _ B . é
Number . g ST o ‘ ' i

12 - - -

13 - -
- ——— - —— - — e e e i e .. 14 o e s e P ,:
15 | | |

Figure 9. Pattern of growth of diploid cells containing pair-
wise combinations of mutant asparaginase genes (complementation
pattern). "' indicates that diploid cells carrying a part-
icular pair of alleles grew on C-THR+ASN medium. '"-" indicates
lack of growth on that medium. , : ' ' ‘ i
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2,15

4,6,9,1,12,13
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Figure 10. Complementatlon map derlved from the pattern

in Figure 9 Mutations that complement are represented by -
numbers on lines that do not overlap. Non- -compleménting
mutatlons are represented by numbers on overlapping 11nes.»»-
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The gene was designated aé 1, and thé.fourteeh alleies were called
aspl-2 through aspl-15 (see Table 4). |

The ihterpretation of such complémentation.patferns has been
extensively studied (25, 27, 107, 122); Enzymes'that ﬁarticipéte'in
ihterallelic complementation are multimeric proteins cénsisting of two
or more identical polypeptide chains (monomers) (20, 25). In'mutant_
haploid celxs and in non-complementing diploid cells, sﬁructural changes
in the monomers lead to misfolding of the monomefs and, subsequently,
to inactive protein when the monomers aggregate. 1In complementing
diploid cells, aétive enzyme is presumably produced because thevfoidihg
of one type of monomer is partially corrected by the presence in the
aggrégaté'bf an unaltered, corresponding part of a diffeteﬁt mutant
monomer (20). Often the hybrid protein is only partially active and
exhibits physical propertiés different from those of the wild=~-type |
enzyme (25, 26, 27, 84, 107, 122, 12"3-)‘.7 '

The complementation tests indicate, then, that the fourteen

asparaginase mutations were induced in the same gene and that yeast

asparaginase is a multimeric enzyme consisting of two.or more identical ..

subunits.

Mapping the asparaginase mutations

tet

Duri;g the isolation of segféganté Eﬁat éontained:thé asp-
araginase mutations in cells of oppoéite mating type to those iﬁ>ﬁﬁiéﬁ;
the mutations were originally induced, the trp4 gene seemedvto appear
in comﬁinution-with the asparaginase mutations more frequently fhan

would be expected if the two genes were segregating randomly. To test
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this sugges£ed 1inkage,'diploid;cells from these crosses were sporu-
lated, and the segregation of aspl rélative to SERﬁjwas followed. These
data‘aré_sﬁmmariZed ianébié 6. All the ésparaginase mﬁtations are link-
ed'fq_thé ESE& gene, which confirms the conclusion defived.from the
complementation study thatlbnly‘one structural‘gene'for asﬁafaginase
‘ syhthesfékwas involved in the tests. |

Because‘the frequency of non—paféntal ditjﬁe aéci wés‘low,
the distancé, X, in centimorgans between the two genéé can be cal-

culated from the equation (88):
X = 50(T + 6 NPD)/(PD + NPD # T).

PD, NPD, and T refer to thevnumber of PD, NPD, and.T asci resulting
from the segregation of the two genes. The daté for the 14 mutations
can be podled,because the mutations are allelic. The calculafion

shows ﬁhatvthe asparagiﬁase'gene, aspl, isL18.centimorgans from the.
trp4 gene, which has been located on Fragment 2 of the S. cerevisiae
genetic map (73, 74). The centromere of Fragment 2 has not been
mapped, but several other geﬁes in this linkage group have been identi-
fied (73, 74). To map the aspl gene felative to fhese other genes, '

the following cross Was.perfdrmed and analyzed:

XE64: XE61-10A (0 ade8 asp5 leul) x . XE47-10C (a asp5 trphk aspl-2)

ade8, trpk,and aspl-2 are in the Fragment 2 linkage group; leul

is located near the centromere of chromosome VII (36). Segregation of

these four genes was scored (Table 7).



-72-

Table 6. Segregation of aspl alleles with respect to trﬁ

Allelé Number of asci
no. - PD NPD T
2 35 0 11
_ 3 4 0 A
4 9 1 6
5 8 0 7
6 7 0 2 ‘
7 8 0 2
8 9 0 1
9 18 O 8
10 5 0 1
11 4 0 4
12 1 0o 5
13 5 0 3
14 8 0 7
15 — ,,,5 e 0 . _A,,7,,, R —_ -
“"Totals T 136 T 1 68 T
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. Table 7. Segregation. of genes in cross XE64°?

Number of asci of given type

ASCUS
type aspl-2 aspl-2 _ aspl-2 ade8
 trp4 ade8 leul - trp4
PD | 35 (7.7) 10 (6.8) 7 (7.5) 14 (7.3)
NPD - 0 (7.7) 5 (6.8) 12 (7.5) 1 (7.3)
T 11 (46.1) 26 (27.3) 26 (30.0) 28(29.3)

a. Cross XE64: XE61-10A (¢ ade8 asp5 leul)
. x XE47-10C (a asp5 trp4 aspl-2)

b. Numbers in parentheses are those expected if the genes in a pair
were segregating randomly.
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aspl and ade8 segregate randomly (chi-square =.0.36; P
gréater than 0.5), and the segregafion of aégl;Zbrelative to leul

demonstrates that aspl is not significantly centromere-linked (chi~

square = 0.8l; p greater than 0.5). The seqﬁence of three of the genes

on Fragment 2 is therefore ade8~-trp4-aspl (44). Mortimer and Hawthorne
(36) measured ascus~type ratios for the ségregation of ade8 relatiVe.
to trp4; the ratios were 32:0:46 (PD:NPD:T). By combining their daté
with those in Table 7, trp4 can be calculated to be 33 centimorgané.

from the ade8 gene. Assuming additivity of distances, then, ade8

|
1

and aspl should be about 51 centimorgans apart_and would be expected to
segregate randomly (36). | | |
| A map of chromosomal Fragment 2 is shown in Figure 11. The
relative orientations of the bracketed linkage groups has not been
establiéhed (72). That the two groups are on the same chromosomal
fragment was established by scoring mitotic crossing over between
them (43, 76). . . _ T ' o _' T

In accumulating the data in- Table 6, aScifweré included in

which either three_or four spores produced visible colonies when germ-

inated. - Inclusion of incomplete tetrads can lead to erroneous results
if the frequency of gene conversion is.high. However, of ilg.éomplete_
tetrads, only two exhibited segregation typical of gene conversion in
aspl. Therefore, pooling data from complete tetrads with fhose from

tetrads from which only three spores were viable is justified.

Independent scgregation of the asp5 and aspl genes

The aspl mutations were induced in strains carrying the asp>

[N
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40 aroms\ 35 aspl trph ade8
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Figurevll. Map of chromosomal Fragment 2 of Saccharomyces
cerevisiae . Modified from Mortimer and Hawthorne (74).
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gene, thé presence of thch was necessary for séieéting asparaginase
mutants by their inability to grow without exogenous aspartate. A
necéssary,:but notISufficient.éonAition for asserting the indepehdence
of the two genes is.tovshow that an aspl ﬁutatidn is conserved'when it
is carried in a cell that is wiid-type for'gggé;

When a cell of genotype asp5 EERl‘iS croséed to a cell that
is wild-type for both gemes, typeé of asci producing four viable spores
can be diétinguiéhed by using appropriate diagnostic media. The expec-
ted segregation patterns are shown in Table 8. Two of tﬁe asparaginase
mutants‘(LAiSS and LA165) were crossed to strain S288C (wild-type)
(croéses XE101 and X£E102, respeétively). Diploids from the crosses
‘wefe sporulated, and the phenotypic segregation patterns were scored.
The three_pattérns predicted in Table 8 wefe observed. The ratios
of PD:NPD:T asci for the segregation of aspl and asp5 were 2:3:4.v
(both crosses combined). In.tetratype asci from.these crosses, two.

haploid segregéntsicénnot.be distinguished.. .They grow on-all. three

media, and their genotypes éédhof'Be7déﬂﬁéealw"TOEEStabliSh’uneQuivocally s

that ‘a mutant aspl gene was present in one of the two indistinguishable
haploids, those two haploids in a tetratype ascus from cross XE101.
(XE101-1A and XE101-1C) and from XE102 (X£102-5B and XE102-5C) were

crossed to either X2962-21B or X2902-67B:

 XE107: XELO1-1A (a trp4 aspl-127) x X2902-21B (¢ trp4 asp5)

XE109: XE101-1C (@ aspl-12?) x X2902-67B (a trp4 aspd)
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Table 8. Expected segfggation pattern of asparaginase-deficient trait

Ascus Genotype - Growth response

type aspl asp5 : C-THR C-THR =~ C-THR
x +ASP +ASN

Parental - - + e

Ditype )

. - - + - -
+ + + + +
+ + + + +

Non-Parental - + + + +

Ditype

o - + + + +

+ - + + -
+ - o+ + -

Tetratype + + . + L+ +
+ - + + -
- + + + +
- - + - -

a. The cross depicted here is: aspl asp5 x + +
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XE108: XE102-5B (a trp4 aspl-15?) x X2902-21B (O trp4 asp5)

XE110: XE102-5C (@ aspl-157) x . X2902-67B (a trp4 asp5)

{If an indistinguishable hapioid cell contains an aspl allele,
the segregation patterns given in Table 9-A would be observed. TIf an
aspl mutation is not présent, the patterns in Table 9-B woﬁldvbe ob~
served. The patterns exhibited by segreganfs from crosses XE107 thfough
XE11l0 showed that haploid cells of strain XE101-1A énd XE102-5B carried
aspl muﬁations; but XE101-1C and XE102-5C were wild-type for thevéiRl
gene. Therefore, the aspl mutations were conserved in the presence of
the wild-ﬁype asp5 gene,

In crosses XE107 and XE108, the combined segregation ratios
(PD:NPD:T) for aspl relative to asp5 were 6:3:11. The combined ratios
from these crosses and crosses XE10l and XE102 are 8:6:15, which are
not significantly different from thosévexpected if the two genes were
segregating randomly (chi-square = 1.04; p greatef than 0.5 ).

_ A ﬁina} demonsgratgoq gﬁ.the independence of aspl and asp5

involved a biochemical determination of asparaginase activity in haploid

strains from.tetratypé asci from crosses XE1l0l and XE102 (see below).

Fine-structure mapping of the aspl gene
The fine=-structure x-ray mapping technique developed by

Manney and Mortimer (62) was used to determine (1) a_minimﬁm size of

the polypeptide monomers coded for by the aspl gene and (2) the relative:

positions of the asgi mutations within the gene.
Data for the two alleles found to be at 6pposite’ends of the

group (aspl-l4 and aspl-15) are summarized in Figures 12 and 13,



Table 9, Expected segregation patterns when a haploid carrying asp5 but wild—type_fof aspl is

crossed to a haploid that is wild-type for asp5 _and either wild-type or mutant for aspl

Ascus | + aspl x asp5 + O . | f xxasp5x ®
type : ' _ Growth response ) . . Growth response
- Segregant genotype C-THR C-THR C-THR ‘.| Segregant genotype o CATHR;'C-THR C~THR .
‘ “asp5 - aspl _ +ASP +ASN :'_ asp5 aspl . N " +ASP +ASN
PD. + - + o+ - + + ‘ + + +
+ - S+ + + + + + o+ o+
- + + + - - + + + -
- + + + - - -+ + + -
NPD + + 4 + + + + + + +
+ + + + + + + + + +
- - + - - - + + + -
- - + - - - + + + -
T + + + + o+ + + + + +
+ - + + + + + + + +
- + + + - - + + + -
- = + - - - + + + -

-6L-
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| O XE 148: aspi5/aspi-14
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“Figure 12. Dose-frequency curves for xX-ray induc tion of

prototrophs in diploid cells heteroallelic or homoallelic
for aspl-14 and aspl-15 . Error bars represent one standard
deviation above and below means, Where no error is shown,
one standard deviation is within the point on the figure.
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~ Figure 13. Dose-frequency curves for x-ray induction of
prototrophs in diploid cells homoallelic for asp5, aspl-14,
or aspl-15. Cells homoallelic for aspl alleles were also
“homoallelic for asp>. Error bars represent one standard
~deviation above and below mean values. :
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In Figurev12 are preseﬁted dose-~frequency data derived from diploid

cells héteroallélic for aspl-14 and aspl-1l5 or homoallelic fof one of
the two mﬁfations. Data derived‘from'the homoallelic'diploids are shown
on an expanded scale in Figure 13. (All these diﬁléids were also homo-
zygous for the asp5 gene,) Included in Figure 13 are data derived

from diploids homozygous for the asp5 mutation but carrying only the
wild-type éllele of aspl.

The rate of production of prdtotrophic cells from diploids
heteroalleiic for aspl-14 and aspl-15 was 1.65 + 0.18 prototrophs per
108 sufﬁivdré per roentgen. The réte of induction of protofrophs in
cells hoﬁoailelicvfor both aspl-14 and asp5 was 0.14 + 0.002'pr9to-_
trophs per 108 sufvivors per roentgen, and the rate was 0.027 i 0.004
prototroﬁhs per 108'survivofs per roentgen in éélls homoallelic for

both asPl-IS and asp>5. -The rate of induction of_pfototrophs in cells

homozygdué for asp5 and wild-fypé for aspl wa§.0.013 i'0.001 prototfophs
per 108 survivers per roéntgen. Therefore, homoallelic reversion con-
tribﬁged less than 2.§ér_ben£ of the rate of induction of’brototrophs
in.diploid cells'heteroallelic for aspl-14 and asélF15;' The data also
indiéaté that homoallelié reversion rates in the aspl gene ére simiiar'

to that in the asp5 gene. Better additivity of distances was achieved

by assuming the distance between aspl-14 and aspl-15 to be 1.8 units.
This value is within experimental error of the value determined from the
data in Figure 12. Therefore, 1.8 x-ray mapping unité represents tﬁe
distance between the two most widely separated ééﬂl mutations used in
this study.

The relative positions of the fourteen mutations in the aspl
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;gene:we;é deduced from the rates of inductidﬁ.df prototrophs 1isted in
TablebiO, and the fine-strgcpﬁre map.of the gﬁglrgene is shown in
Figure 14. ‘Because homoallelic.feversion fates (Table'115>were so
low, distances in the map weré not cérrec;ed_fof hoﬁoallélic re?ersion.
Errors associated with the determination of heﬁeroallelic iﬁduction
rates were considerably larger than errors incurred by failing ﬁov
correct for homoailelic reversion. |

' The relative positions of alleles 3,'4, 6, 7, 11, 14, and 15
éré well defined. Alleles 8, 9, and 10 could not be located unambig-

ubusly to the "right" or "left" of aspl-6. Diploid cells heteroallelic

for aspl-lﬁ and aspl-8, -9, or -10=gréw slowly on fhe selective medium,
and rates of induction of prototrophs could not be determined for these

allele-pairs. Diploid cells homoallelic for aép1-9.and aspl-10 also

grew slowly on the seléctive medium, preventing:the determiﬁation of
homoalléiic reversion rates for these mutations..

I do not know why certain diploid celis_darrying aspl-8, -9,
or -10 were able to grow on the selective medium (C-THR+ASN). One
pbssible explanatioﬁ is that weak'complementafion occurred between
aspl-lé.and these three élleles. Complementation was rOutinely scored
éfter only one day of growth of cellé on noh-pérmiséive m¢dium; wéék
complementation between alleles might not have been observable aftér this
time. However, complementatidn is probably notithé only reason for

anomolous growth of diploid cells heteroallelic for aspl-14 and aspl;9 

or aspl-10: cells homoallelic for aspl-9 and aspl-10 also grew slowly
on the same medium. Complementation cannot occur betweeﬁ homoallelic

mutations.
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Table 10. X~ray map,intefvals for heteroallelic diploids

a
Diploid - Alliie pair —~ Prgtptgophs Normalizedb

no. asp a asp | 1085 - R
111 6 2 0.50 + 0.02 : 0.33
112 14 2 2,01 + 0.07 1.33
114 6 '3 1.05 + 0.26 1.00
115 14 3 0.09 + 0.11 - 0.00
117 6 = 4 0.32 + 0.02 0.29
118 14 4 0.80 + 0.15 071
120 6 s 0.61 +0,02  0.91
121 14 5 . 0.05+0.01 . 0.09
123 14 6 0.85 £ 0.13 1.00
124 15 6 0.73 + 0.26 ~0.80°
126 6 7 0.08 + 0.01 0.10
127 15 7 0.71 + 0.18 - 0.70
129 6 8 0.12°¢ 0.03 -
130 14 8 - - -
132 6 9 0.13°+ 0.02 . .
133 14 9 - - -

QJ |
135 6 10 0.08°+ 0.01 -

136 14 10 - - " : -
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_ Table 10 (continued).

Diploid ' a
Eooi - 2iliie45az: — P#o;otrophs Normalizedb
. * aspl PiT 10"s -« R

138 6 1. 0.42 + 0.03 10.39
139 14 11 1.50 + 0.06 1.41
141 6 12 0.01 + 0.00 10.03
42 14 12 0.46 + 0.08 0.97
144 - 6 13 0.22°+ 0.02 -

1450 14 137 - 5.04 +0.11 = -
147 6 14 0.88 + 0.07  1.00
148 15 14 1.65 + 0.18 1.80
150 6 15 0.95 + 0.18 0.80
151 14 15 ©3.34 +0.23 -

a. Regression coefficient + standard error of regression
coefficient.

b. Intervals normalized so that the interval between aspl-6 and
aspl-14 is 0.8 units and the interval between aspl-6 and
aspl-15 is 1.0 units.

c. Not normalized. See text.
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[

Table 11. Rates of prototroph induction in homoallelic diploids.

Diploid * Allele . brototrophs/10° - R
no. " no. C-THR+ASN C-THR

113 aspl-2 0.018 + 0.002 0.016 + 0.002
116 -3 0.021 + 0.003 - 0.020 + 0.002
119 -4 0.030 + 0.005 |
122 -5 0.024 + 0.002 $0.022 + 0.001
125 -6 '0.010 +70.001 0.013 + 0.002
128 -7 0.026 + 0.002 0.025 + 0.001
131 -8 0.013 + 0.010
134 -9 -4
137 :-10 -+ -
140 -11 0.022 + 0.004
143, -12 0.027 + 0.011
146 13 -+ -
149 ~14 - 0.014 + 0.002

S 152 T A5 G027 0700k — — -« — -
153 aspS only 0.013 + 0.001

Diploids homoallelic for asgl alleles

for asp5.

Regression coefficient + standard error of regression
coefficient.

were also homozygous
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Figure ‘14. Fine-structure map of the aspl gene -derived from x-ray
induction of mitotic recombination in diploid cells hetercallelic

for aspl alleles. Intervals are normalized as described in the text.
Distances are expressed in units of prototrophs induced per 10

survivors per roentgen,
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Haploid cells carrying the aspl-8 énd.aSpl~10 alleles were

found to synthesize asparaginase that was slightly active when assayed

in giggg (see below), Althoughvthe strains in whi;h these mutations

were originally isolated do not appear to'be.ieaky when grown on C-THR+ASN
medium, it is possible thatvsufficienﬁ'active aspafaginase for slbw
growth was synthesized in diploid cells carrying the mutations in ' j
a different genetic environment. Slight differencesvin growth betWeen
haploid strains of opposite mating type but Caffying‘the same gégl
mutation were noticéd during the complementation tests. The cells were . %

of identical (known) genotype (except for mating type)vin these casés,

but other (unknowﬁ) genes were probably exerting an effect dn.the
asparaginase-deficient phenotypé.

Although the posifions of the mutations in as 1—8, -9, and -10
could not be unambiguously aésigned, they are brobably’within 0.1 map
unit of asEi-6, as indicated in Figure 1@-@ee Table 10). The mutation
iﬁ 3521;2 was only shown to lie in the "left" ﬁalf_of fhe array. The

‘distancevbetween aspl-6‘aﬁd aspl-2 was not additive with the distance

betweenvasEl?Z and aspl-14. 1In Figufe 14, asgl-vaas placed such that
the distances between it and the two.reference alielés were proportional
to the ﬁeésured distances, The same technique was used to assign the

vpogitions 6f aspi-S and'a521—12. Distances measured between these - ;

alleles and the reference alleles also were not additive.

The position of the remaining mutation was even more difficult .

to deduce. The deviation from additivity observed with diploid cells
carrying this allele (aspl-13) prevents drawing any stronger conclusion

than that aspl-13 is probably nearer to aspl-6 than to aspl-14. On the
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map in Figure 14, asgl-13 waé arbitrarily placed at the measured dis—
tance from asEl-6,:distal to asE1-14;v The rate of homoallelic reversion
of.asEi-13 could not be determined. As observed with two other alleles,
diploid‘cells homoallelic for aspl-13 grew slole on the selective

medium,

Discussion and summary (genetics)

The L-asparaginase from Saccharomyces cerevisiae is a multi~-

meric enzyme the monomers of which are coded for by a structural gene
(aspl) located on chromosomal Fragment 2 of the genetic map. The gene
is 18 centimorgans from the trp4 locus and was estimated to be 51 centi-

morgéns from the ade8 gene. The order of the three genes on the frag-

»mentviS»adeS-trph-aspl.
Fourteen mutants deficient in asparaginase were isolated.

The expréssion of the aspartate-requifing phenotype of the aspl mutants
depends upoﬁ the presence in the cells of a second mutant gene, asp5,
but the two genes segregate independently. The 14.asparaginase mutations
are allelic, which suggests that only a.single structural gene is involved
in asparaginase synthesis. The pattern of complementation of the 14
ﬁutations'is typical of interallelic complemenﬁation, which is ggnerally
thought to occur when a multimeric enzyme consists.of only one kind
of monomer,',Thus, the compleméntation pattern of the mutations also
suggests:the exisfence of only a single structural géné for asparagina§e
syﬁthesis;

| In mapping the relative positions of the asparaginase mutat-

ions ‘in-the aspl geﬁe, the most widely separated (aspl-14 and aspl-15)
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were fophd to be about 1.8 x—fay map units apart. One x-fay map unit
Correspondé.to 43 to 50 amino acid residues between sites of mutation
in the polypeptide chains'ched for by several different génes in g. cere-
visiae (60, 62,.83). If this Qalue applies in ﬁhe.present case, yeast
asparaginase monomers wouldvcontain no.fewer than. 70 to 80 amino acid
residués, aﬁd tﬁe minimuﬁvmolécular Weight of the monomers would be
8,500to 10,000.. |

Estimating monomer size from x;ray mapping data is based én
the assumptioﬁ that most of the gene is includédrin the intérval be-
tween the two moSt distant mﬁtationé bn.the map. To ensure the vélidity
of this assumption, a 1érge number of mutations should be inciuded in
ﬁhe mappiﬁg. Tﬁé‘mutations shouid be induced with a variety of mufa—
gens to avoid the poésibility of aCcumuléting ciustér; of mﬁtations
at sites fhat are particularly SUSceptib1e to iﬁdividual mutagens; Tﬁe
number of mﬁtétions:dséd in the preéentvspﬁdy was rather smali, and all

of them were induced by the same‘mutagen. It is possible for these

rea;on; ;ioﬁe that fﬁe és£imate éf.the”;iéé;éf“tﬂe éspérégin&se-mdhomér§' N
isrldw. It seems likely, however, that the aspafaginase gené is not as
large as might be expecféd if Broome's (9) estimate of the molecular
weight of the enzyme (800,000) were correct. Therefore; ﬁhe estiméte
of the size of thelgﬁgl'gene‘supports Broom's suggestion that yeast.ésp-
araginase clumps to form large aggregates during purification.

| The relativevpositiOns of seven of the 14 mutations in the:éggl
gene were well established by.the x~-ray mapping study, but some ra;hef
serious deviationé from addifivity arose during the mapping of‘some of

the mutations. Although such discrepancies have arisen during the fine-
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sffﬁctufé mapping of other genés'in §.'cefevisiaé (24, 72; 83), the
causes of the variations have not Béén’satisfactoriiy explained.

Parker and_Sherman'(SB)’féund that variatién cén,result from crowdiﬁg
of colonies on selective piateé. 1 found that if'fewerlcells contain-
ing certéin paifé of alleles were platéd ané irradiated; a greater per
centage éf'the cells formed colonies. The incréase Was usually less
than 50 per ceﬁt, howévef, and cbuld ﬁot account for the ﬁbre serious
deviations from additivity.

‘Mortimer (76) has‘suggested another iikely céﬁsé bf.non-
additivity of distances derived by the k-ray finé-stfgcture mapping
.techniqﬁe{ Higher frequéncies of protdtrbphs are obtained if cellé are
able to divide a few times after they are irradiated (72). 'Therefore,
.if certain mutations are slightly leaky, or if»allele-péirs are able.to
Weﬁklyrcomblement,vmore prototréphs would be obtained than for comparable
aliele-pairs that were non-leaky or non~-complementing.  Growth on sel-
ective mediuﬁ due to leakiﬂess or weak éomplementation was observgd'with
several pairs of alleles in tﬁe present study. ‘The worst instance of

non=-additivity occurred with one of these allele-pairs (diploid

number XE145, heteroallelic for.a5p1¥l4 and aspl=13). The diploid
homoallelic for one of these alleles (aspl-13) alsé grew slowly on the

e

selective medium.
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RESULTS (Bioéhemistpy)

Asparaginase activities invasflimuﬁants

Cellé of each of the EiRl mutants were grown in vigorously
aerafed 1iﬁﬁid YEPD cultures. The cells were disrupted by grinding
with alumina, and the spécific activity of asparaginase in each étfain

was meésured. vOnly the mutants‘carryiﬁg the aspl~8 and aspl-10 alleles

éxhibited'signifiéant activity. The activity in strain LA38 (o trp4

2

asp5 aspl-8) was(O.SA + 0.05) x 10°° I. U. The activity in strain.

LA46 (Q trph asp5 aspl-10) was 0.45 + 0.05) x 107> I. U. The acti-

vities in these strains are about 5 to 10 per cent of activities in -

. _ » ) -2
wild-type strains, which average about 8 x 10 I, U,

Correlation of éspl mutant phenotype with biochemically determined
.asparaginase deficiency :

- Asa final confirmation that the aspl mutations are tesponsible

. for lack of asparaginase activity, activities in cells derived from

each of the spores in tetrat?be asci from crosses XE101 and XE102
(see page. 76) were determined by the benzene-treated cell assay. The
data in Table 12 show that the lack of asparaginase activity segregates

wi th asElvmutant alleles. Haploids XE10l-1A and XE102-5B were shown

to be carrying aspl mutations by genetical techniques discussed earlier.

Lack of inhibitor in extracts from‘asParaginasé mﬁtants

‘An altérnative explanation of the corre}ation between lack of
asparaginase activity in the biochemical assay and inability of Ceils‘to
use aspagagihé for growth is that extracts from mutant cells contain én

inhibitor of asparaginase activity. This possibility was ruled out -
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Table 12. Segregation of asparaginase activity with wild-type gene

Haploid - Growth pattern -Activitya’ Genotype
no. C-TIR C-THR C-THR (0.D./10%ells) aspl asp5
: +ASP  +ASN : -
XE101-1A o+ o+ + o . .
-1B + - - v o ) )
-1c + + 4+ | 0.095 L 4
-1D -+ + - ~ . 0.105 + -
XE102-5A + - - . .
-5B i + * . 0 -+
s S+ + + . o100 o+ 4

-5D + + - ' +0.085 + -

a. Means of duplicate measurements. Ranges of duplicates were
less than 10 per cent of means.
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by measuring activity in a mixtufe.of wild~type extract and extract
from an ééﬁéraginése mutant, If an.inhibiﬁor were pfesent in the mutant
extfact, the activity of the wild-type extract shoﬁld be reduced. The
data in TaBle 13 show that this is not the case. Activity‘in wild-

type extréct is the same (within experimehtal errof) whether mutant

extract is present or not.

Effects of physical factors on asparaginase‘activigz_

RE: The activity of asparaginase in.crude extract was meés-
ured at several pH values (Figure 15). The pH 6ptim§m‘is abéut 8.5,
but the breadth 6f‘the peak;and errors in measurements prevent fixing
the value to within better than 0.2 to 0.4 pH unit."The peak is-broéd;
50 per dént of the ﬁaximuﬁ activity beiﬁg obtained at abéut pH 6.8,
The data in Figure 15 also demonstrate that.activity is nét gfeétly
affected by the fype of buffer in which it is measured.

Ionic strength: The concentration.of ions in a reaction

~mixture'affects the activities of some enzyﬁes 2116); Ion effects
are usually presented in terms of ionic strength, v/2, defined as
follows:
v/ 2 ii : _

c; is the concentration of the i-th ionic speeieégﬁahd;éiuisétheéeharge
on the i-th species.

In Figure 16, the activity of asparaginase as a funcion of
ionic strength is shown. In measurements represented by open circles,

ionic strength was varied by adding KCl to TRIS-KC1 buffer with initiél
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Table 13. Activity in mixture of wild-type and mutant ex_tracta

Protein in 2.0 ml

reaction mixture (mg) Net activity
wild-type mutant - (T. U./ 100)
(X2902-21B) (LA38)
0.74 0 8.15
0 . 0.74 0
0.74 0.74 8.03

a. Activities are means of duplicate measurements. Ranges of
duplicate measurements were less than 10 per cent of the means.
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Figure 15. Variation of yeast asparaginase activity at 30 C
; spec-~

as a function of pH. Asparagine concentration: 10 mM
ific activity of extract at pH 8.0: 6.0 x 10-2 I, u.
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‘Figure 16. Variation of yeast asparaginase activity at 30 C,

pH 8.0, as a function of ionic strength of reaction mixtures.
Asparagine concentration: 10 mM; sgécific activity of extract -
at ionic strength 0.2 : 7.1 x 107« 1. U ‘
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ionic strength 0.05. In measurements represented By closed circles,
ionic stfeﬁgth was adjusted by ﬁsing.difféfent quantities of HC1l to
make thé buffer, fhe line fit to the data by least;squaresvlinéar
regressién_analysis has a slope that is not significantly’different
from zero at the 95.per-cent‘confidence level. The slopé is
-3.64 x 10-2 + 1.66 x 10-2 0.D. units for a change in ionic strength
of 1.0. .Ihe T statistic for the slope is -2.19 with seven dégrées of
freedom (p greater than 0.05 but less than 0.10). |

TemEeraturé: To determine the stability of yeast asparaginase
at various temperatures, samples of crude extract in buffer were held
at the'temperatures fof various lengths of time and then assayed at 30 C.
When extract is held at 50 C, activity is fapidly lost, the half-time
for the.loSs Being aboﬁt 24 minutes (Figure 17). The loss of activity.
is proportional to the activity remaining at a given time (that:is,.
exponential with time of equéure).
At 37 C, the rate éf ioss‘of ;;ti&itfli; éréétly reduced,

onl&WZS pér gg;t-being i;;EVEh giéTgédré (Fiéﬂgé 1é).. X£-30 C; ﬁéi.r
loss of activity_is detectable after three hours, and a loss of only
10 pér cent occurs during exposure to 30 C for six hours. wﬁenvextraqﬁ
is held at & C, no activity is lost, and when frozen at -20 to =30 C

in 0.1 M K-PO, buffer, pH 8, extract retains its full activity forat

4

least four months.

The activity of yeast asparaginase was measured at several
temperatures, too. The results (Figure 19) are presented as an Arrhenius

plot (21), in which the logarithm of relative activity is plotted as a
] g )
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Figure 17. Stability of asparaginase activity at 50 C.
Extract was held at 50 C for the times indicated and then

"was assayed at 30 C, pH 8.0. Asparagine was not present

during the exposure to 50 C. Asparagine concentration dur-
ing assay: 10 mM; - initial specific activity of extract
(30 C): 8.5 x 10-2 1. U.
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Figure 18. Stability of asparaginase activity at 37 C.

After being held at 37 C for the times indicated, extract
was assayed at 30 C. Asparagine was not present during

the exposure to 37 C. Asparagine concentration during

assay: 10 mM; initial specific activity of extract: 7.2 x 107
I. U. For comparison, the dashed line shows the loss of act-
ivity when extract was held at 50 C (see Figure 17).
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Figure 19. Arrhenius plot of asparaginase activity at
several assay temperatures., Each temperature (C) is

. shown in parentheses adjacent to the activity obtained
"at that temperature, Asparagine concéntration: 10 mM;

specific activity of extract (30 C): 7.4 x 1072 1. U.
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funétioﬁfdf recibrocal absolute temperature, From 10 C to about 30 C,_'
the plot isI1iﬁear, and Q10 foriﬁhe reaction is‘about 2. (Q10 is the
ratio of.activity.at_a given tempefature to that at a temperature

10 degrees.C highér'orrlower.) From the QlO’ the-éppérentvenergy of

activation of the asparaginése reaction can be obtainéd (89):
E = (RT2 In y/10
= Qo) /H0

With T = 303:KY(30 c), Qo = 2, and R - 1.986 cal/mole-degreez E

(apparenﬁ) is about 12,500 cal/mole. This value is hot unusual: the
hydroleiS'of sucrose by yeast "sucrase," for exampie, has.an appareﬁt_
activétionvenergy of about 11,000 cal/mole; other enzyme reaction
apparenf:acfivétion energiés are in the rénge 52000 to 20,000.ca1/m01e (21).

" Asparaginase activity and stability in extracts from diploid

cells heteroallelic for complementing asparaginase mutations: A goal

of thisvfeéearch was to demonstrate thaﬁ yeast asparaginase with al-
fefed bhysical properties can be obtained. One way.in which a’physically
: altéred enzyme can be produced is by the formation of active enzyme

- from monomers thét are mutant at different sitesv(25, 26, 27, 84, 107;
122, 123). Fofmation of active enzyme in this way is the basis of |
interélielié complémentation (25). To demonstrate‘thaﬁ physically
altered ééparaginase_can be synthesized.in yeast, two crosses were
perférmed,'éiploid cells resulting from fhe crosses werevgrown,.extra;ts
werg preﬁaréd, and the heat stability of thevaSparaginases in them were
détermined. Thevhaploid strains used in one of the crosses were wild-
type for the aséaraginase gene; the strains used in the secoﬁa éross

‘carried complementing aspl mutations. The crosses were:



-103-

XE153: X2902-21B (Q trph asp5) x X2902-67B (a trph asp5)  and

XE154: LA6 (@ asp5 trph aspl-2) x XE72-10C (a4 asp5 trph aspl-5).

YEPD cultures of each of the diploid Strains wefe growﬁ aerobically to
about 5 x 107 cells/ml, and crude extracts wefe prepéféd. Aliquoﬁs-of
éach extract (in 0.1 M K-PO4 bﬁffer,.pH 8.0) Weré'plécéd'at 47 C féf
_Qariéus iéngths of time and were.then aésayed for aébaraginase acﬁiviﬁy
at 30 C. The reSulfs.of the experiment (Figuré'ZO) clearly demonsfraté
that thé hybrid ("complementation') aspaféginase ié more héat—labile
than the wild-type enzyme. Tﬁe initial.specific‘éctivity of asparagin-
ase inthe wild-type extract was abou£‘5.4 X 10_2 iva., but that of the
hybrid asparaginase was only abo;f 1 x 10—2'1; U.; or aboutv18‘pér.cent
of the activity in the wild-type cells. The appérent biphasic nature
of ' the inactivation of hybrid asparaginase is of.doqbtful significaﬁce:
the net optical densities obtained were small when mutant enzyme had
been held at 47 C for longer times (for example, tﬁe net 0. D. measured
in asséying enzyme held at 47 C for 30 minutes waé only 0.010). Be=-
cause of the small values, the activit& measurements at the lower
specific activities might be iﬁ error by as much aé 25 to-SO.per cent.
If the biphasic nature of the inactivation were reai, itAcoﬁld indicate

that multimers consisting of different proportions of the mutant mono-

~mers are inactivated at different rates.

Effects of chemical factors on asparaginase activity

Substrate concentration: TInitial velocities of‘ﬁsparagine
degradation were determined at several asparagine concentrations. Re-

sults of the experiments are presented in Figﬁre 21-A, in which the init-
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Figure 20. Stability at 47 C of asparaginase activity in
extract from diploid cells wild-type for aspl and in extract
from diploid cells heteroallelic for the complementing alleles
aspl-2- and asEl-5. Activity remaining after exposure to 47 C
was measured at 30 C. Asparagine was not present during the
exposure to 47 C. Concentration of asparagine during assay'
10 mM; 1n1t1a1 specific activity of wild-type extract (30 C):
5.4 x 1072 I, U. _Initial specific activity of "hybrid" extract
(30 C): 9.9 x 103 1 U. For comparison, the dashed line shows

the loss of wild- type asparaginase act1v1ty (from haploid cells)
at 50 C (see Figure 17).
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Figure 21-A. 1Initial velocity of asparaginase reaction
at various initial asparagine concentrations. Error bars

represent the ranges of duplicate determinations. Reaction
‘tubes contained 4.0 ml K-PO, buffer, pH 8.0; 5.0 ml asp-

aragine in K-PO, buffer at twice the final concentration;
and 1.0 ml of extract containing 5 mg protein, specific
activity 9.1 x 1072 1. U. At various times after adding
extract, 1.0 ml volumes were removed and pipetted into

tubes containing 0.2 ml 50 % TCA. Nesslerization tubes
contained 0.5 ml TCA supernatant. Initial slopes of react-
ions were extrapolated to 20 minutes to provide a convenient
measure of initial velocity.

Figure 21-B. Lineweaver-Burk plot of data in Figure 21-A.
(Reciprocal initial velocity versus reciprocal initial

~ substrate concentration).
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ial reaction velocity,-vo, is'plOtted_against initial substrate con-
centration, S, The data appear to fit a curve predicted by the.

Michaelis-Menten kinetic equation (58):

Vm'

1+ (K,/S)

v, i§ the iﬁitial reaction velocity, Vm is the maximum velocity obtaingd
at saturating substrate concentrations,lKm (the'apparént Michaglis
constanp) is the initial velocity.whenlvo»= Vm/22 and S is the.initiél
substrate concentration, Because the constants are not conveniently
evalqated from the plot in'Figure ?1—A, tﬁe déta are»presentedviq
Figure 21—B according to ﬁﬁe method of Lineweaver and Burk (58). The

linear curve fit to the data can be described by the equation:

-
]
A
wnir-
o+
<y

The'slope df'the line is equal to Km/Vﬁ, the intercépt on the‘abscissa'

0)

(1/vovéA0) is équal to -l/Km, and_the‘intercept on the ordipate (1/8
is equal to /v . | |

>fhe‘slope of the line fit to the data by least-squares lin-
ear regressioh analysis is 0.763 + 0.043 (5.D.), and the intercep# on

the ordinate is 3.20. Therefore:

v
m

1

1/3.2 (0.D.units / 20 min)

0.312 0.D. units / 20 minutes, corresponding to

a specific activity of 9.4 x-lO:2 I. U,

|
4
!
i
§
i
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7% = 0.763 (m) (20 min / 0.D. unit),
m .
and K_ = 0.238 ~ 0.25 mM = 2.5 x 107 u.

Errors in initial velocity measurements were rather lérge at 1ow
substraté concentrations (Figure 21-A)g the truglvalue of.Km ié pfo—
bably befween 0.2 mM and 0.3 mM; Km is used oﬁly to indicate the
reaction velocity wﬁen the enzyme is half-saturated. No mechanism éf
action ofvthe enzyme is iﬁplied. |
Yeast asparaginase is 95 per.dent saturated at aﬁ asparagine

concéntréfiqn of about 4 mM. Routine assays Qere_performed with a
substrate ééncentration of 10 mM and for timé intervals such that the
amount of asﬁaragine in réaction mixtures did not fall below saturating
1evels’dﬁring the course of the reactions. In the inhibition studies
(see beldw); lower substrate conéentrétions were éoﬁetimes used, but
quantities.df enzyme and time intervals were cﬁosen so that_ratesyﬁére'
cdnstant during the course of the reactiéns. |

- The othaf substrate for asparaginase is water. The conceh-
tration of water was aiways so high that it was nof of concern ih the
analyses, . _ '

_.Diaixéis: In Table 14 are preseﬁté& ﬁhé results of fhreﬁi
sepafate expéfiments in which the activities of asparaginase_in'crude
extracts before and after dialysis were measured. In experimenp 83,

2 ml of crude extract in buffer (0.1 M.K-POQ, pH 8.0) was dialyzed for
23 hours at 4 C against 600 ml of'the_same_buffer. In experiment 87,

10 ml of extract was dialyzed at 4 C against 3 liters of buffer (0.1 M
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Asparaginase activities in dialyzed and undialyzed extracts
Exp. Undialyzed extract Dialyzed extract
no. Total Specific Total Specific
protein activity protein activity
(mg/m1) (1.U./100) (mg/ml) (I.u./100)
83 14.3 8.3 12,6 . 8.4
87 18.5 8.1 17.2 . 8.5
116 4.9 8.0 3.2 6.9
Means of duplicate measurements. Rénges of duplicates were

less than 10 per cent of means.
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_ K-PO4, pH 8.0) for 19 houfs, and in experiment 116, 8 ml of c?ude extract
in Sqreﬁsén's buffer was dialyzéd.for 1.2 hoﬁrs against 700 ml of dist-
illed water at 4 C and then for 15 hours against 5 liters of distilled
water at & C. Oﬁly in the third expefiment was a change in the spec-
ific actiVity of asparaginase observed. The asparaginasé activity in
this'extract’declined by only 14 per cent. Total-prbtéin cpﬂcentiations
were reduéed by dialysis in éll three éxperiments. Ihé reduction was
abdﬁtkIO per cent for the more concentrated extfaéts and about 35 per
cent for the less concentrated one;

In nearly all cases, dialysis of.eXtraéts feducedAthe back-
ground ammonia levels in asparaginasévactivity meésurements to less
than 20 per cent of the value observed with undialyzed extracts. In
experiment 116, howeﬁer, Background was reduced to only 50 per cent of
its origina1 va1ue. It is possible that the slight reduction in.specific
aétivity dgserved in this experiment was due to an anomously high‘béck-
ground.feading in fhe determination of aSparaginase activity in the
dialyzed extract. | |

Amino acids and other metabolites: Asparaginase activities

in dialyzed crude extrécts were measufed in reaction mixtures containing
a vafiety-bf amino acids and oﬁher metabolites (Table 15)? Metabolites
involved in aspartate metabolism were tested singly (excep; arginine,
which could not Be-tésted, because it reacts with Nessler's reagent to
form.a’pregipitate). Ten other amino acids were tested in two'groups

of five e#ch. In these reactién mixtures, the asparagine concentration
was 2,0 mM, and the ratio of inhibitor concentration to substrate'con-

centration was 12.5. Even weak inhibition (25 to 30 per cent) by a -
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Table 15, Effect of amino acids and other metabolites on asparaginese
activity in crude extracts
Metabolite Concen- Specific ° Relative
‘ tration activity “activity
(mi) (I.U./100) (per’ cent)
L-asn enly 2 6.0 100
"o Leasp .25 5.4 90
" + L-glu 25 | 6.3 105
" + DL-homoser 50 5.1 85
" + L-isol 25 " 5.7 95
"+ L-leu 25 5.5 92
" + Lemet 25 5.3 89
" 4 L-thr 25 5.5 92
" + uracil 25 6.4 107
" 4 L-val 25 6.1 102
" + L-asp } L-thr 25 eact 5.0 83
"' + group | 8.0>: 133
o } gtoup 11°¢ c 6.2 103
L-asn Onlyd - 10 7.5 100
"+ NH, 35 7.6 101

a. Means of duplicate measurements.

less than 10 per cent of means.

b. Group I (5 mM each):

glycine, L-lys,

L-pro,

c. Group IT (5 mM each except L-tyr): L- ser,

and L~tyr (saturated

~ 0.1 mM).

Ranges of duplicates were

L-ala, and t;cysft

Qpha, L-trp, L-his,

d. A different extract was used for the experiment with ammonium
ifon.

@

JE Y
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.compound would have been éetectabie.

Tﬁe effectvéf 3.5 mﬁ.ammoniﬁmbion on the asparaginase reaction
(asparagine concentratiqn 10.mM) was alsd_testedi A high substrate
concentrétidn was necessary to.permit accurate measurement of ammoﬁia
evolved in'thé reaction relatiVé to the high "backgrqund" of ammonia
added'tb tﬁé reaction mixtures.

Yeast asparaginasé is not greatly affected by_ény.of ‘these
compouﬁdél Becaﬁée the overall error in thé experiments ié aboﬁt 10
per cent, ﬁbne of the deviatipns from 100 per cent activity are sign-
ificaﬁt, with the possible exception of the apparent acti?ation that
occurred when Group'l aﬁino acids were»included in reaction mixtures.,
However, iﬁ a series of 13 measurements, the singie occurrence of a
deviation of this magnitude 1is not unexpected.

The effects on asparaginase activity”of pyridoxal phbsphate
and of three intermediates in the citric écid cycle were teéted
(Table 16). Pyridoxal phosphate was included in the  reaction mixtures
containing CG~ketoglutarate and oxaloacetate to determiné whether trans-
aminatioﬁ between asparagine and these C-~keto acids could affect meas-
uremehts of aépafaginase activity (see Figure»l),' None of these com-
pounds sighificantly affected the enzyme's activity.'

- L-Glutamine is an analog of asparagine and could have an éffect
on the:aSparéginase reaction. Wheﬁ concentrations of asparagine and
glutaminé-Were equal, the total rate of evolution of ammonia was simply
~ the sum of the rates observed when the two substrates were tested alone
(Table 17)., When asparaginaée was not saturated (asparagine concen-

tration less than 4 mM), the presence of a higher concentration of
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Table 16. Effect of a-keto acids and_pyridoxal phosphate on

asparaginase activity in crude extracts

Reaction mixture
" contalning:

’ a
Specific activity
(I.U./100)

asparagine (10 mM) 6.6

‘asparagine (10 mM) v

pyridoxal phosphate (10 ugm/ml) 6.8

asparagine (10 mM)

pyridoxal phosphate (10 gm/ml)

O-ketoglutarate (10 nd) 6.8

asparagine (10 mM) »

pyridoxal phosphate (10 pgm/ml)

oxalacetate (10 mM) : 5.6
b

asparagine (10 mM) 6.4

asparagine (10 mM)

pyruvate (10 mM) 6.1

a. Means of duplicate measurements. Rénges'of'duplicateémwere

less than 10 per cent of means.

b. Data for pyruvate were obtained with extract from a different

preparation.

St b sl
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Table 17.  Asparaginase activity in the presence of L-glutamine

Asn Gln ' : Specific activitya
conc. conc. . (I.U./100)
(m) . (adD) g
10 0 4.8
o 10 | - . 5.8
10 10 o | 10.5
2 0 2.4
0 2 1.1
2 2 3.7
2 0 2.6
0 10 5.8
2 10 11.6

a. Means of duplicate measurements. Ranges of duplicates wexre less
‘than 15 per cent of means. '
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glutamine (10 mM) resulted in a total.rate of ‘ammonia evolution about
37 per cent greater than the éum of the individdal rates. The signi-
ficance of this increase in activity is difficult to assess: reactién
rates were not as réprodﬁcible at low substrate concentfatidﬁs as at-
the higher concéntrations. Even if thé increased éctivity.were.sign-
ificaﬂt,"its magni.tude is not greaf.

Giutaminase éctivity isvretained in an aSparaginase-deficieht
strain (iAlSB)‘(Téble 18). Thérefore, sebaréteveﬁzyﬁes are probably
responsible for the two activities, but no attempt to physically sep-
arate the two activitiés was made. Althdugh glutamine does not appear
to affect the asparaginase reéction greétly, a more detailed investi-
gation of thevinteraétiohs between asparaginase and glutaminase might
be of interest; The apparent three-fold increase in glutaminase.écti-
vity in the asparaginase mutant is provocative.: Such.a detailed
investigétion was beyond the sc0pé of the present investigatidn.

Qther potential activators and inhibitors: The effects on

yeast éspéfaginase activity of five compounds tﬁat inhibit or activate a
wide variéty of enzymes were tested (Tables 19 aﬁd 20)t 0f these éom-
pounds, only pécﬁloroméfcuribenzoate (PCMB) inhibited asparaginase
activity. The inhibitidﬁ byIPCMB &id not occur when reduced glutathiqné

was included in reaction mixtures. This result is often interpreted

to mean that the enzyme under investigation contains disulfid¢ linkages

the integrity of which is necessary for activity. This interpretation

o

is only weakly supported in the present case, however. Such experiments
are difficult to interpret when they are performed with enzymes in crude

extracts (118). Reactions between the compounds being tested and
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Table 18. ASparaginasé and glutaminasé activities in'wild-type
and asparaginase-deficlent cells

Strain Genotype ’ Asparaginasea' GIUtaminasea
“activity activity
(I.U./100) (1.U./100)
X2902-218 (a trp4 asp5) ' 4,8 5.9
LA158 | (a trp4 aspSvasp1—12). 0 14.7

a. Means of duplicate measurements. Ranges of duplicates were
less than 10 per cent of means. '
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Table 19. Asparaginase activity in the presence of

potential

inhibitors or activators
Inhibitor or : Spécifica‘ " Relative
activator activity activity
' (I.U./IOO) (Per cent)
b ) ' .
None (asn = 2 mM)~ 6.0 -100
Todoacetamide (10 mM) 5.0 84
Glutathione (10 mM) | 5.2 87
Cystathionine (10 mM) 5.8 97
None (asn = 10 mM)® 7.9 100
Ethylenediaminetetraacetate (EDTA)

(10 mM) 7.7

98

Means of duplicate measurements. Ranges of duplicates were

less than 10 ,per cent of the means.

Asparagine concentration was 2 mM except for EDTA experiment.‘

Data for iodoacetamide, glutathione, and cystathionine were.

obtained using dialyzed extract.

Data for EDTA obtained using undialyzed extract.
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Table 20. ‘Inhibition of asparaginase by p-chlorometc’ﬁribenzoatea

PCMB . Without reduced » : + With reduced

conc., - - glutathione » glutathione
G Spec. Act? Rel. Act. Spec. Act? Rel. Act.
(1.U./100) (per cent) (1.U./100) (per cent)
0 4.4 100 : 5.4 123
T 4.4 100 5.5 125
5%107> 3.8 .86 5.6, . 127
1072 2.4 54 5.6 127

a. Dialyzed extract. Asparagine concentration: 4 mM.

b. Means of duplicate measurements. Ranges were less than
10 per cent of means. '

[
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constituents of the crude extracﬁ 6ther fhan thé'enzyme'of interest‘are
difficulf to control or account for. The'experimeﬁt does suggegtlthét '
somevkhowledge of the strﬁcture of yeéast asParagiﬁéée might be_obtéined
By titrating,witﬁ PCMB or a similar compound (118), poséible disulfide N
bon&s in thé purified énzyme. - |

Human blood: A possible explanation for the ineffectiveness
of yeast asparaginase in tﬁmor therapy (see INTRODUCTION) ié that
mammalian blood contains inhibitors of the.enzymé. This poéSibility
was tested by assaying enzyme activity in reactidn mixtures containipg
whole, human blodd. Veinous bloqd was drawn from the author befofe_
breékfést‘and was used within six to seven hours. (It was refrigerated
after being drawn.)  To prevent clotting, éach five milliters of ﬁlood
contained 1 drop of heparin solution. Heparin solution alone had no
effect on asparaginase“activity. 0.5 ml of hepérinized,‘whole blood

was used in 2.0 ml- (total volume) reaction mixtures. No significant

differences were'observed, either at 30 C or‘éi.C; Bé{weén actiQitiéé
measured with and without blood in the reaction mixtures (Table 21),
vThis experiment does not exciude the existence in circulating blood of
ﬁﬁstable inhibitors that are inactivated when the blood is drawn and

stored.

Factors that influence the synthesis of yeast asparagihasea ’"--?~ q,5

Conditions of cell growth: Asparaginase activities were meas-

ured in cells grown both aerobically and anaerobically in liquid YEPD
medium. (Cells were growm andaerobically in a sealed flask ccntaining

medium. that had been purged with nitrogen.) - The mean of duplicate
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Table 21..  Asparaginase activity in the presence of human blood

Net activity (I.U./100)®

Temp.
Wi thout "~ With
blood blood
30C¢ | 5.2 o s
37¢ 6.5 6.1

a. Means of duplicate measurements. Ranges of duplicates were
less than 10 per cent of means. '
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measurements of activity in anaerobically grown cells was 0.155_i 0.005
0.D. units per 108 cells (benzené-treated cell assay). Means of dupli-.
cate meaéufements of activities:in cells grbwn éerobically'in threev
different éultures ranged from 0.115‘O.D.>'units/1v08 cells to 0.190
0.D. units/lO8 cells. The mean of the three means waé 0.160 d.D. units
per 108 cells., Therefore, ﬁhe values for aerobically growﬁ cells are
not significantly differentrfrom that obtained with anaerobically grown
cells, |
Asparaginase activities were generally higher in cultures of
cells gfown to stationary phase than in cultures grown to mid— or iate-
exponential phase. However, asparaginase activities in the two types of
cultures were not differenf by more than a factor of 1.5 to 2 (Table 22),
Specifié'activities of asparaginase (measufed iﬁ_crﬁde extracts) in
exponentially gfowing éells ranged from about 6.5 x 10.2 I.U. to anut

9.3 x 10--2 I.U., but most of the values were between 7.3 x 10-2 I.U.

2

‘and 8.8.x 10” >I.U. The range of activities in«cﬁiﬁures that were

. near stationary phase was from about 9 x 10_'2 I,U.,to'12 x 10-2 I.0.

The highest_specifig activity obtainéd in any experiment:(12.8 X IO;2

1.0.) was in extract from cells grown anaerobically to stationary pﬁéseﬁ

The 10waét, 3.3 x lﬁ—z I.U., was measured iﬁ‘éxtract from cells grown
aerobically to mid~exponential phase in medium containing glycerol'as o .

the primary carbon source (YEPGlycerdl; see Table 22),

Growth medium: To test whether yeast asparaginase synthesis .

is repressed or induced, cells of strain S288C (wild-type) were gréwn
in MV medium supplemented with the metabolites listed in Table 23.

All cultures were originally seeded with the same number of cells from
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Table 22. Asparaginase activities in crude extracts from cells
~ _grown under different conditions. :

Culture density

Exp. Strain® Growth Specific
no. ‘ medium activity at end of growth
(1.U./100) (cells/ml)
24 XE47-10D. YEPD + ;
‘asn (100 pug/ml) 6.5 3 x 10
38 X2902-218 YEPD 6.4 1.5 x 10°
51 " YEPGlycerol 3.3 3.5 x 10
51 " YEPD - . 8.1 3 x 107
53 " " 8.8 8 x 10
54 " " 6.5 2.3 x 108
60 X " 9.3 1.3 x 10°
68 " " 10.0 3.3 x 108
70 " " 9.2 Greater than 108
70 . §288C " 11.9 " oo
70 ‘"VX2902-67B " 10.3 " " "
81 X2902-21B " 8.3 5 x 107
87 " " 8.1 1.2 x 108
93 " YEPD, anaero-
bic growth to
stationary _ .
phase 12.8 Stationary phase
,104 " YEPD : 7.3 1 x 108

b.

$288C 1s the standard wild-type yeast strain

XE47-10D (a asp5) 1is a segregant from cross:

XE47: X2928-4B (a trpl ura3 asp5) x LA6 (&

used in these studies.

trp4 asp5 aspl-2)

X2902-21B (¢ trp4 asp5) and X2902-67B (a trp4 asp5) are the

strains in which the asparaginase mutations were induced.

Means of duplicate measurements.
less than 10 per cent of the means.

Ranges of duplicates were



Table 23. Asparaginase activities in cells grown in assorted media
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Growth | Doubling Lag - Net_O.D.a Relative
medium time - time 108 cells activity
(min) (hrs) (per cent)
MV 126 4.0 0.072 100
MV + ASN® 122 3.5 0.116 161
MV + ASP 122 3.5 0.102 142
MV + HS 123 6.0 0.066 92
MV + THR 125 5.5 0.082 114
MV + MET 125 7.5 0.112 155
MV + ARG 120 4.5 0.104 144
MV + URA 123 4.5 0.100 139
MV + GLU 120 3.0 0.114 158
MV + GLN 110 5.0 0.132 _' 183 -
MV + TSOL 120 7.0 0.138 192
WY+ LEU 127 - 9.5 0.168 233
MV + VAL 128 2.5 0.098 136
MV + (Group I)¢ 113 5.0 0.090 125
MV + (Group 1T)? 113 6.0 10.110 153
Means 121 5.0 0.106 149
Ranges 110-128 2.5-9.5  0.066-0.168 - 92-233

a. Means of duplicate measurements.

than 10 per cent of the means.

Ranges of duplicates were less

b. Single amino acids were present at concentrations of 10 mM.

Group I (2 mM each): LYS, PRO, ALA, CYS, GLY; (L-amino acids).
Group II (2 mM each): SER, PHA, TYR, TRP, HIS;(L-amino acids).

L 2
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an éxponehfially growing MV culfufé, Growth of the éultures was
Stopped étna.dénsity 6f'108\ceilé per millilitef. iﬁffable 23 are
;ecofdédvthe doubling times‘épd lag times for groﬁth of the cultﬁres as
well as ;sparaginase activifies measured in beﬁzéne-tfeéted‘ceiis from
the.culfﬁrés.

Little difference was observed between asparaginase activities
in cells grown in minimal medium and activities in cells grown in the
sﬁpplementéd media. The averége activity in cells grown .in supplémented
media was a factor of about 1.5 higher than in cells grown iﬁ miﬁimal
medium, but the relétive activities in cells groﬁn in supplemented media

ranged from less than that in cells grown in MV to about 2.3 times the

“activity in cells grown in MV. These relative activities are not correl-

ate& with either doubling time or lag time of the cultures. Two con-
clusiohsbmay be drawn: the synthesis of yeas't aspéraginaée'is not
specifi¢a11y induced or repressed by any of the metabolites tested, but
activity of the enzyme may be slightly higher in cells growﬁ in the
presence of a véfiefy of amino acids or other nitrogenaus compoun&s.

Asparagine as a nitrogen or carbon source: The effects on

the syntheéis of yeast asparaginase of different nitrogen sources were
tested by growing cells of straiﬁ $288C (wild-type) in minimal media
containing ammonium sulfate, asparagine, or both as the nitrogen supply
for ecell metabolism. Asparagine can serve as the only nitrogen source
for cell grqwth (Tabie 24), but even in this situafion, the amount of
asparéginése-in cells is less than 50 per cent greater than in cells
growvn in medium containing'ammbnium sulfate as the nitrogen source.

Absolute activities measured in this experiment were greater than those
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Table 24. Asparagine as a nitrogen or carbon source ‘for cell growtha

Growth Doubling » Net 0.D.° ~ Relative
medium o time (min). | 108 cells . : (aZEiZZEZ)
(Exp. 115)  (Exp. 117) P
MV-NH, 0 - -
MV-NH, +ASN* 122 0.186 o 143
MV+ASN 104 0.188 s
MV 107 0.130 100
YEPD - 83 (~ 0.19; see Table 3)

a. Strain S288C (wild-type)

b. Means of means of duplicate measurements. Ranges of duplicate
measurements were less than 10 per cent of their respective
means. Ranges of duplicate means were less than 20 per cent
of the overall means. '

&

*
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in cells used in the previous experiment. However, relative activities
in cells grown in the presence of asparagine, compared with that in cells
grown in medium containing ammonium sulfate, were nearly identical to

relative activities observed in cells grown with or without a single

. amino acid in the previous experiment.

Cells of strain XE10l1-1A (a trp4 aspl-12) were cultured in

medium in which asparagine was the only nitrogen source, but they did
not grow. Therefore, asparaginase activity isvreséonsible for. the
ability of cells to use asparagine as a nitrogen source. Cellé of
strain S288C (wild-type) could‘not grow in medium in which asparagine
wés the only carbon source, demonstrating that asparagine canﬁot be
used as a sole source of carbon in yeast cell metabolism. A similar

r

finding has been reported for bacterial metabolism (16)_

Discussion and summary. (biochemistry)
Extracts of 12 of the 14 aspl mutants do not contain detect~-

ably active asparaginase. FExtracts from the other two mutants, LA35

(g'trp4 aspb §§p1-8).and LA46 (Q trp4 asp5 a5p1—105, contain aéparaginase
activity equivalent to five to tén per cent of thét found in wildftype
cells (about 8 x 10’.2 I.U.).vbActivity of wild-type asparaginase is not
affected by the p¥esence in reaction mixtures of extract from ceils
carrying an aspl mutationy therefore, the lack of asparaginase. activity
in extfacts of cells carrying aspl mutations is not caused by an inhib-
itor ofvthe enzyme in those extracts. The lack of activity in crude ex-
tracts is correlated ﬁith fhe presence in cells. from which the extracts

were prepared of asparaginase mutations and is independent of the

presence of the asp5 gene.
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In the present inveétigation, the pH optimum fér yeas t asﬁ-‘
aragin#se activity'was found to be 8.5. Geddes éhd Hunter (30) re-
. . : . /
ported the pH for maximum aétivity of breweg‘s yeaét tofbé about 8.0.
Thé_differeﬁce between my reéults’and theirsvcaﬁ be explained in at
least two ways. In my‘exberiments, reactions weréballowed'to run fér
only:BO minutes, dufing which tiﬁe.little loss of activity occurs.
vRéaétions_performed by Geddes and Hunter were aildwgd fo proceed‘fér 20
hours (30).; Pefﬁépé.iess loss of actiﬁity.occurred ét the highér pH.
values in ﬁy ekpefiments. It is élso possible that aSparagiﬁases in
the species investigated actually gxhibitldifferent pH optima.. In
‘my expériﬁenté; assayslwere routingly pérformed at pH 8.0 + 0.1;
Because of the breadth of the'bH resPOnse,'err6rs in activity measure-
ments due’té variations in pH of reaction mixtures werevémall.
.‘AsParaginase activity does not change abpreciably over a Qide
range of ioﬁic strengths of reaction‘mixtutesv(y/Z = 0.05 to y/2 = Q.48);
'Acﬁivify¢QQQSQfements were routinely»made in TRIS-HC1 bufferé of ioﬁic_
strength 0.05 or 0,054, or in 0.1 M K;éo4

approximately 0.3. Thus,vchanges in ionic strength did not affect

buffer of ionic strehgth

my experiments sighificantly. Data obtained during the i@nic stfength

and pH studies also show that the nétufe of thejBﬁffer Qéed did not

cause variation in asparaginase activity. -,  A ‘ Al ‘! _ .. .'_
| ASPa?égiﬁffﬁ.}n crudé-e;t;act is staﬁle at phyéiologicalvf'

températures for:hours and is stable for months Wﬁenbfrozen, The_1§Ss | : s

of activity at physiological temperatures could be d?e either ;6 denét-

iurationqu ﬁhe enzyme or to degrédation of the enzyme by proteaseé:in

the crude extracts. Broome (9) reported that purified yeast asparag—’
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inase is stable for five hours when incubated in mouse blood ét 37 C.
Therefore, the>1éss of activity observed in the‘preseﬁt e#periments
probably was due>to protease activity in the éxtfacts. The exponential
loss of éctivity occurring when crude éxfracts are held at highef
, temperatureé (47-50 C) suggests that the activity of only a single
spécies of'enzyme is meaéured in the asséys. This suggestion is con-
firmed by the fact thaﬁ all activity in an eitfact can be iost as a
result of a mutational event in a single gene.

Qlo_for the asparaginase-cafalyzed reaction is about 2, a
value that applies to many other enzyme-catalyzedvreactioné (21).
AbOVe'a temPerature of about 30 C, Q10 for the reaction may decrease,
possibly because conformational changes begin to océur in the énzyme
at higher.temperatures.

The affiﬁity of yeast asparaginase fofvits substrate is rather
high comﬁared; for example, with that of guinea big serum asparagirnase,

4

The apparent Km for the yeast asparaginase reaction is about 2;5 x 10~ M

(at pH 8 in 0.1 M K-PO, buffer). That of guinea pig serum asparaginase

4

is only about 2.2 x ].0_3 M (116). O0f all the asparaginases discussed

in theFINTRdDUCTION, only the apparent Km of E. coli ésparaginase IT
is lower than that of S. cerevisiae asparaginase.

Of the several potential inhibitors and activétbrs tested, only
p—chloromercuribeﬁzoate inhibits yeast.asparagiﬁase activity. ane of
the amino acids or (-keto acids exert any notable effect on asparaginase
acﬁivity under the conditions of the assay used in.these experiments.
Also, éétivity is nof affected when whole, human bibod is inclﬁded in

reaction mixtures. Free ammonium ion in the mixtures does not affect
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activity. Therefore, yeast asparaginaéé activity, aé determined in_fhe
present investigation, 1is apparently not controlled.by the immediate
products of its activity or by thé ma jor end-products.of aSpértate-
metabolism. (The effects of arginine on the reaction could not be
tested; héwever.) | |

. Yeast aéparaginase does not require co—faétéré féf its acti~
vity. 1Pr§16nged dialysié againét buffer or distilled water doeé not
appreciably affect specific activities in crude ektracts, nor does the
presencé in’reaction mixtures of a chelating agent, ethylenediamine-
tetraacetate (EDTA). The addition of phosphate'or pyridbxal phOSpha;e 
to_feacfion mixtures also does not affect the eniyme's actiVity._

" The spécific'actiyity of asparaginasé‘invyeast cells does not
vary b&Imore than a factor of about two regardless of culture conditions
or medium>in which cells are grown. Cells grown‘ih the pfesénée of a
variétj of amino acidé“or é pyripidine possibly contain 1.5 times as
much asPafaginase as céii;Aéféﬁnggn an unsupplémented minimal mediuﬁ.
Even whén aspaféginasg activity prévides the‘séie.éup§1§ éf nitrbgen
for cell growth, thé activity of the enzyme in‘éells is not increased
by more than a factor of 1.5. Asbaraginéée activity may be slightly .
higher in cells grown to stationary phase'than in cells in exponentially
growing cultures, but the increase is again less than a factor of two. -
Incrgases_due to these changes in culture‘conditiohs are not‘additive;7
Thesé resﬁlts suggest that yeast asparaginase is a constituitive enzymé . -f
the synthesis of which is not greatly affected.by culture conditions
during celi,growth. In these respects, it can best be compared wifh
E. coli asparaginase I, although the two enzyﬁes differ in other_éhar-

acteristics, especially affinity for asparagine.

L ¥
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a Asparagine can be used as a sole soufce of nitrégen for‘celi
metabolism.vaells hust be aﬁlevto'synthesize aétive asparaginése in
order td"ﬁse ésparaéihe in this WAy.A Asparagine cannot be used as the
solevcarﬁoﬁ source for cell growth. The requiremeﬁt for active aspara-
ginase for the use of aspéragine as a nitrogen séufce érovides anotﬁer
means of éeiecting asparaginasé'mutationé. Cells carrying asparaginase
mutations do not grow on MV-NH +ASN'ﬁedium but gro& well on MV+NH

3 3

medium, Differential growth of cells on these media would be a criterion

+ASN

for selecting.asparaginase ﬁutants. _This'sélecﬁion method would not
require the presence of the gégé mutation. VMV-NH3+ASN medium could also
be_ﬁSed to score the segfegation of aspafaginase mutations independenfly
of ﬁhe_gggé gene. This discovery‘waé made too late to be applied in the
present investigation. |

Asparaginase mutations have not been isoiated in bacteria
becéuse of the lack.éf‘mutéﬁts equivaleﬁt to the strains of yeast
cérryingigggi. If bacterial asparaginase functions similarly to

yeast asparaginase, bacterial mutants deficient in asparaginase might

be able to be selected on the basis of inability to use asparagine for

a nitrogen source. Genetic experiments with these bacterial mutants

. could help clarify the role of the eﬁzyme in bacterial metabolism and

in the treatment of tumorous mammalian cells.

Asparaginase and glutaminase activities in yeast appear to

. be independent. = Glutaminase activity is retained in asparaginase-

deficient mutants, and glutamine does not appreciably affect asparaginase
activity.

Data accumulated during the biochemical studies permit a
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comparison of the two assay methods used in the investigation.‘ The‘
average‘O.D. per 108 cells in reaction sﬁépenéionsicontaining benzéne—
treated cells was about O.l9vfor ce11s grown iﬁ 1iquid YEPD.medium.'
Under the conditions of these assays, an~O.D.-ofv0.19'corresPon@s_to'
the evolution of about 4.8 x 10710 micromoles of éﬁmonié

per geli-per'minute. When crude extracts were'prepared from cells
grown under the same conditions, approximately 5 x 10-9 mg of soluble
protein-wés obtained from each cell in the éuspension from which the
extract was prepared. If one assumes thatthis value approximately
fepresenféithe total amount of "soluble" pfotein iﬁ benzene-treated
cells, the'"specific'activity" of asparaginase in-benzene-treated

cells would be about 9.5 x 10-32

"I,U." This calculated specific
activity is well within specific activities measured in crude extracts.
The'calculation supports the validity of comparing experiments in which

the behzene-treated«cell'assay was'uséd with experiments in which

specific activities-of crude extracts were determined.

fhyéioldgical significance of yeast aspafaginase: The sign-
ificapce_bf asparaginase to yeast mutants that caﬁnot syﬁthesize aspartate
by the normal route but that are challanged to gfow on medium containing
aSparaginé—is obvious:  asparaginase is required for_éells to use asp-

aragine as a source of aspartdte. The same statement applies to cells

growing on media containing asparagine as thé omly nitrogen source.

These are rather unusual circumstances, however.. The constituitivity

of yeast asparaginase and its lack of tesponse to'growth conditionsvv

suggest that widely varying demands are not usually placed upoﬁ the

ey - ws
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enéyme iﬁ wild-type ééllé érowing under more normalICOnditions.

At least one possible function of asparaginase in yeast
can be considered; it might control the size of fhe intracellular
asparagine pool. If the characteristics of the enzyme in zizg are
similar to those determined ig'xiggg; a likely meﬁhénism of this control
would be the reéponse of the enzyme to aéparagine'ébncentration. .As
the concéﬁtration-in the cell approached the range of tha'apparept
Michaelis constant (2.5 x 10—4 M), a greater.pér éentage of the amino
acid would be hydfolyzed per unit time, and aspartate»and nitrogen
wouid not iong be held as the less available amide. An inveétigation
of this possibility WOuld involve studying the fluctuations of the asp-
aragine‘pbol as well as a détailed study of asparagine synthesis in
yeast. |

Use of veast aspéraginaée in cancer therapy: I have examined

several characteristics of yeast asparaginase in crude extracts and can
only conclude that none of fhem would prohibitviﬁs use in tumor ther-
apy. The enzyme (in crude extracts) is-stable and active at the

pH (7.4), ionic strength (0.15xvand temperature (37 C) of maﬁmalian
blood. .It is active in the presence of whole, human blood.: The affin-
ity of the'énzyme for asparagine is greéter thaﬁ those of chef asparag-
inases that are effective in tumor treatment. Therefore, ﬁy'resﬁlts
support Brodﬁe's conclusion (9) that characteristics of the purified
enzyme and of circulating blood prevent the use of the enzyme against

tumor cells.
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Appendix I. Systematic namesaof enzymes listed in Table 1
Reaction ,E.C.b - Enzymea ;
number no. ,
(1)‘ 2,6.1.1 L—ASparﬁate:2-ox6g1utafate gminotransferase:
(2) 2.7.2.4 . ATP:sulfate adenylyltransferase -
(3 1.2.1.11 LfASpartate-B-semial&ehyde:NADP
oxidoreductase (phosphorylating)
."(4) 1.1.1.3 " L-Homoserine:NAD oxidoreductase
(5) not listed
(6) not listed _ )
(7). 2.7.1.39 ATP:L-Homoserine prhosphotransferase
(8) 4.2,99.2 0~Phosphohomoserine phospho-lyase
(adding water)
(9 4;2.1.16 L-Threonine hydrb-iyase (deaminating)
(10) not listed
(1) not listed
(12) 3.5:1.2 L~Glutamine amidohydrolase
;(135 _ 3.5.1.1 vL-Asparagine amidohydroiase
'(14) 6.3;1.1 . L-Aspartate:ammoniav1iéésé (ADP)
(15) - 2.6,1.15 L-Clutamine:Z-oxoacid aminotransferase.
(16) 2.6.1.14 | L-Asparagine: 2-oxoacid aminotfansferasé
(7). 3.5.1.3 N w~Amidodicarboxylate amidohydrolase
(18) 4,3.1.1 L-Aspértéte ammonia?lfase )
(19)17 2,1.3.2 | Carbomylphosphate:L-Aépartate
carbamoyltransferase

(20)

2.7.2,2 ATP :carbamate phosphotransferase
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Appendix T (goﬁtinued)

Reaction  E. C. b Enzyme>
number .no.
(21) 2.1.3.3 Carbamoylphosphate:L~ornithine
carbamoyltransferase
(22) ' 6.3.4.5 ' -L-Citrulline:L-Asbartate ligase (AMP)
(23) . 2.7.7.4 ATP:sulfate adenylyltransferase
(24) - 4,3.2.1 L-Argininosuccinate arginine-lyase
(25) 3.5.2.3 4,5-L-Dihydro~orotate amidohydrolase
(26) . 1.3.3.1 4,5-L-Dihydro~-orotate:oxygen
oxidoreductase
(27) 2,4.2,10 . - Orotidine-~5"'-phosphate:pyrophosphate
phosphoribosyltransferase
(28) 4,1.1.23 Orotidine~5'-phosphate carboxy-lyase

a. From reference (125).

b. Enzyme catalog ﬁumber.
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Appendix II. Genes and their associated proteins and phenotypes®

Protein

Gene Phenotype
ade8 requires adenine unpublished
aroml requires aromatic four enzymes involved
amino acids in the synthesis of
aromatic amino acids
aspl inability to utilize asparaginase
‘asparagine as source ’ '
of aspartate or
nitrogen . . - _
asp> requires aspartate aspartate aminotrans-
or threonine and ferase
methionine .
cytl - cytochrome deficiency cytochrome-c
eth? resistance to ethionine
leul ‘requires leucine unpublished
P : petite (inability to ~respiratory enzymes
utilize non-ferment-
able carbon sources)
S sSuper-suppressor: sup--
presses -nonsense codons
thr2 requires threonine aspartate semiéldehyde
' " dehydrogenase '
trpl requires tryptophan N-(5'=-phosphoribosyl)
anthanillic acid isomerase
trp4 requires tryptophan phosphoribosyl transferase.
ura3 requires uracil orotidine-5'~phosphate'

decarboxylase

a. Adapted in part from (74).
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