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SUMMARY

I. The localization of some phosphatases lias been studied in veast cells that
were either fragmented by shaking intact cells with glass heads or by hvpotonic o
isotonic disruption of protuplasts prepared from intact cells,

2. The non-specific acid phospliaiase with ontimum activity at pH between
3 and 4 was shown to occur in the cell wall of commercial baker's yeast. As soine
substrates of the enzyme can only enter that part of the cell volume corresponding
to the cell wall and the activity is not increased by freezing and thawing the veast,
it was concluded that all the enzvine is located here.

3. The highly specific a-glycerophosphata~e is entirely present in the unstrac-
tured cytoplasm of a 17-h culture of Saccharomyces carlsbergensts (No. 74).

4. 5. carlsbergensis {No. 74) contains only one non-specific alkaline phosphatase.
The distribution depends upon the age of the culture: In a culture aged 17 h two-
thirds of the enzyme is bound to particles sedimenting from 3000 X g to 100 000 ¥ g,
and one-third is soluble. In a culture wged 24 h 70-85%; of the enzyme is found in
the soluble fraction, and onlyv a smail amount is p... ticle bound.

INYTRODUCTION

Many phosphatases have been reported to occur in veast, enzymes of low as well
as of bigh substrate specificity. But it is not at all clear from the literature whether
cach enzyme wili always be found in every tvpe of yveast and under all circumstances
of calture and age.

Very little is also known about the location of phosphatases within the yeast
cell. Such knowledge would seem to pe of prime imp«rtance for a better under-
standing of the role the different phosphatases play in the metabolism of the yeast
cell. Therefore we have attempted to localize some of the better described phos-
phatases by means of fractionation and analysis of yeast cell components.

It is still very difficult to achieve a satisfactory fractionation of the components
of the yeast cell by applying the procedure which has worked so well for animal

Abbreviations: e-GP. a-glveerophosphate: 8-GP, f-glycerophosphate; pNPhel. p-nitro-
Phenyl phosphate; Phel, pheny! phasphate; TPP, thiamine pyrophosphate.
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454 G. j. M. TONINO, E. P. STEYN-PARVA

tissues, namely desintegration of the cells, followed by differential centrifugation. To
begin with, rough treatment is necded to distupt the yeast cell with its tough wzll,
nisking damage to some pariicles. Recently this problem has been successfully
circumvented by Eppy Axp WiILLiaMsoN], who made use of a discovery by Giaja?
in 1913 that the gut juice of the snail Helix pomatia contains enzymes capable of
dissolving the yeast cell wall. Under suitable osmotic conditions, and using sus-
ceptible yeast strains in the logarithmic phase of growth, nearly all the cells can thus
be converted into intact yrotoplasts, which desintegrate very easily. Starting from
such protoplasts. attempts have becen made to separate various particles of the
yeast cell, but here our very incomplete knowledge of the properties of these particles
has been a hindrance, making it difficult to ascertain their integrity and the purity
of the fractions obtained.

Within the 'imitations imposed by these circumstances we have examined the
location in the veast cell of two phosphatases of low substrate specificity: the acid
phosphatase with optimum activity at a pH between 3 and 4 and the alkaline phos-
phatase (optimum activity at a pH between g and 10), and one highly specific phos-
phatase: the a-glyccrophosphatase.

MATERIALS AND METHODS
The veasts

For the experiments concerning the acid phosphatase a commercial baker’s
yeast (Saccharomyces cerevisiaz; vich iv. this enzyme was used ('Koningsgist’,
Delft). The other experiments were performad with Saccharomyces cavisbergemsss,
No. 74 from the British Nationai Coilection of Yeast Cultures. This yeast was grown
in Wickerham’s malt extract medium?, in 1-1 bottles each containing 500 ml medium,
inoculated with 0.z m! of a mature culture and s:cken overnight during 17 h at

26 to 26.5°. The cells were collected by centrifugation and washed three times with
distilled water.

Yeast preparations

Frotoplasis. Protoplasts wer. prepared from a 17-h culture of S. carisbergensis
according to EDDY AND WILLIAKSON!, but nsing 10%, manniteol instead of o.55 M
rhamnose, a3 2 10 mg/ml of the snaii enzyme preparation. The latter was obtained
by centrifuging, dialysing, and freeze-dring the gut juice of Heltx pomatia. After
about 1 h in a water-bath of 30° all the cells are converted into protoplasts. These
are centrifuged {5 min at 2000 X g) and washed three times with ice-cold o.o1 M
acetate bufier (pF 6.0) containing 109%, manmnitol.

The protoplasts can be kept .n this medium at 0—-4° for 48 h without microsco-
pically visible changes or changes in phosphatase content and distribution. The
number of protoplasts in a suspensior, was either determined turbidimetrically,
uvsing a calibration curve previously obtained by measuring the turbidity of sus-
pensions in which the number of cells had been determined by counting them in a
counting chamber, or, when greater accuracy was desireqd, by direct counting in a
counting chamber.

Frozen and thawed yeasi: A suspension of intact cells, in a thin layer in an
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LOCALIZATION OF PHOSPHATASES IN YEAST 455

aluminium beaker (10--20 m! wpread out over a bottom g cm in diameter) was im-
mersed in a mixture of dry ‘ce and acetone (temperature approx. --80") for 45 sec,
and thawed by running tap water along the wall of the beaker. This treatiment was
repeated 4 to 5 times.

Desintegrated cells: Intact cells were ldesintegrated by shaking 2 veast sus-
pension with glass beads, ~ither in the apparatus of Nossatt or that or MERKEN-
SCHLAGERS, In the first case about g g of yeast (wet, packed weight) were suspended
in water to 15 ml, 17 g of Ballotini beads No. 12 added, the mixture cooled to o” and
shaken in a steel capsuvle for 20 sec a2 number of times, with intermittent cooling,
because the femperature rose to 13 in 20 sec. In the second case the veast har-
vested from 11 of growth medium was suspended to 10 mi in the desired medium
in a 50-ml glass bottie, 25 g of Baliotini beads No. g were added, the mixture cooled
to 1° and shaken for 2 min. In this time the teinperature rose 5° and 6u%, of the cells
were disrupted. Intact cells were removed by centrifuging for 30 min at 1000 x g.

Desintegrated protoplasts: Protoplasts were cither desintegrated hypotonically,
by suspending them in a hypotonic bufier, in which they swell and burst, or is~{onic-
ally, by homogenizing a suspension, in a medium containing 109, mannito;, in a
Potter-Elvehjem tissue homogenizer with close-fitting perspex pestle. Three move-
ments up and down with the tube along the rotating pestle (500 rev./mun, eacl
taking about 2z min) sufficed to disrupt practically all the protoplast membranes.
Any intact protoplasts remaining could be removed by centrifuging ar 250 x g
for 10 min. Also after hypotonic desintegration the suspension was homogenized in
the Potter-Elvchjem apparatus, moving the tube up and down ance, to suspend the
cell particles which had clumped together. The tube of the apparatus was always
surrounded by a jacket with crushed ice during homogenization.

Determinations of enzyme aclivily

For each phusphatase the optimum conditions werc determined under which
the amount of substrate hydrolysed wis a measure for the amount of cnzyme present.

All determinations ‘were performed in 12 ml centrifuge tubes that were shaken in a
water bath of 30°.

Acid phoshhatase: Reaction mixture of 0.05 M #-GP in o.1 M acctate (pH 3.3).
0.5ml; 0.1 M acetate {pH 3.5), 1.5 ml; yeast preparation, 2.5 ml. Incubation for
30 ndn; r- ction stopped by adding z.5 mrl 10°%; trichloroacetic acid. After centri-
fuging, Py was determined according to SUMNER® in an aliquot of the :upernatant.
The value obtained was corrected by subtracting the Py found in blank determina-
tions, lacking either substrate or veast preparation.

a-Glvcerophospha’ase: Reaction mixture of 0.2 M «-GP in M35 veronal-acetate
buffer (pH 6.5), 1.0 ml; o..5 M MgSG, in the same buffer, 0.4 ml; 2 mixture of ¢.1%
Triton X-100 and oot M EDTA in the samc buffer, 0.t ml; yeast preparation,
0.5 ml®. After incubating for zc min the reaction was stopped by adding 2 ml 10%
trichloroacetic acid. P, was deterinined in the supernaiant after centrifuging, and
corrected for blank values as above.

Alkaline phosphatase: Three different subsirates were used: f-glycerophosphate,
P-nitrcpheny! phosphate and phenyl phosphate.

With g-glvcerophosphate the reaction mixture was as fullows: 0.08 M 8-GP in
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0.1 M glycine-NaOH (pH g.2), 0.§ ml; glycine-NaOH (pH 9.2), 1.0 ml; yeast pre-
paration, o.5 ml. After incubating for zo min the reaction was stopped by adding
2 m! 109%, trichloroacetic acid. Py was determined ir the supernatant after ceniri-
fuging and corvected as mentioned above.

With p-nitrophenyl phosphate the reaction mixture contained o.1 M pNPheP
in 0.05 M Tris~Hg80, (pH 10.0), 0.1 ml;, o.05 M Tris-H,S0, (pH 10.0), 0.3 ml;
veast preparation, o.x ml. Incubation lasted 15min; then 8 ml 2N NaOH were
added to stop the reaction. After centrifuging, free p-nitrophenol was measured 1n
the clear vellow supernatant in a Beckman DU spectrophotometer at 400 myr (see
ref. £), and corrected for blank values as raentioned abeve®.

With phenyl phosphate the reaction mixture contained o.12 M PucP in v.025 M
ethanvlamine-veronal buffer (pHog.4), o5ml; o0.025M cthanolamine-veronal
{(pH g.4). 1.2 ml; yeust preparation, 0.3 ml. Incubation during 15 min; reaction
stoeped by adding 2 ml of the reagent of FoLiw axD CiocarTEU? in a three-fold
dilation. After centrifuging, free phenol was deterinined according to KING AND
ARMSTRONG by adding 3 ml 5%, Na (O, to 2 ml of the supernatant, heating in a
water buth of 60° for 10 min and measuring the absorbancy of the blue color in the
Heckman DU spectrophotometer ot 760 mu.

With all thrce substrates the relationship between tlie rate of substrate hvdro-
Ivzis and the amount of enzvme was not linear over the whole range of #nzyme con-
centrations tested: at the lowest concentrations the increment of activity per unit
of enzviue increased gradually, until at higher concentrations a linear celationship
was reached (see Fig. ¥). This proved tc be due to a co-factor of the alkaline phos-
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iig. 1. Relationship Letween enzyme concentration and activity of alkaline phosphatase in
S. carisbergensis. Substrate: pheny! phosphate. Enzyme prepzaration: (desintegrated intact cells
or protoplasts. Actlivity determined as described above.

* This substrate was no longer used after we discovered that in its presence varicus anious,
e.g. Cl-, have an anomaious effect upon the activation of alkaline phusphatase by Mg2+.
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COCALIZATION OF PHOSPHATASES IN YVEAST 457
phatase, present in the veast preparations, which becomes limiting in high dilutions.
In dialysed preparations this co-factor can be replaced by Mg+, and the relationship
is then linear over ihe whoir raage of rnzyme concentrations used, When Mg?: is
added to undialysed prepoerations the relationship alse becomes linear with low
cnzyme caoncentrations. but at higher conventrations Mg?- has an inhibitory action.
Undialvsed preparations were alwaye tested withont oddded Mg* - as the relation-
ship between ensyme concentr-tion and activity proved te be extremely repro-
ducible, and the measured activitics were translated into (arbitrarily chosen} units
of alkaline phoxphutase with the aicd of a carefully estublished calibration cueve, uy
shown in Fig. 1.

Chemicals and other materials

All chemicals used were »f analytical reagent grade. Disodium a-glycerophos-
phate was obtained from Light and Co. (Ureat Britainy; disodium g-glvcercphusphaie
{max. content of w-isomer 9.1%,) fvom Eustman Kodak Co., New York; phenyl ai-
sodium urthophosphate from Merck, Darmstadt; p-nitrophenyi disodium ortho-
phosphate from British I)rue Houses, London, thiamine pyrophosphate from
Hoffimann-1.z Roche, Basle; malt extract and veast extract from Difco Lab., Detroit;

peptone from Oxo Ltd., {{ireat Britain); Ballotim beads from English Glass Ca.,
Leicester.

ENPERIMENTS AND RESUL TS
Acid phosphatase

It is very likely that the non-speciic acid phosphomoenoesterase with optimum
activity between pH 3 and 4 will be iocated in the cell wall, as intact veast cells possess
this activity?-15, and all the radioactive phosphate liberated from [32P ATP bv
intact cells is recovered in the medium?!®.

A comy arison of the acid phosphatase activity of fresh baker’s yeast and frozep
and tliawed veast showed that both preparations hydrolyse §-GP at the same rate
(24.C pug Py/10 mg veast/30 min versus 33.2 pg). Therefore in intact cells the substrate
has access ta all the enzyme. This observation is in favour of the conception of a-
exclusive location of the enzvine in the cell wall, as phosphate esters can only pene-
trate into the interior of a yeast cell after it has been trozen and thawed.

This conceéption might be confirmed by transforming veast cells into protoplasts
according to EDbY AsD WiLLIaMsoN!: as the cell wall dissolves the enzyme will
pass into solution.

However, neither our commercially available baker’s yeast, nor a 17-n culture
of the same, both iich in this acid phosphatase, proved to be susceptible to the
treatment with snail enzyme. The intact cells of a 17-h culture of S. carlsbergens:s
{No. 74), which can easily be converted int: protoplasts, do not yet show any acid
phosphatase activity. The enzyme is present in a 40-h culture of this yeast, but
then the cell walls cannot be dissolved without affecting the integrity of the proto-
plasts. A 17-h culture of a hybrid of several species of Saccharomyces (No. 303-3
from the Carlsberg rollection), from which the wall can ve “peeled off’”, does possess
acid phosphatase activity, but is less suitable because a pH-activity curve of the
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458 G. J. M. TONINO, E. P. STEYN-PARVE

intact cells shows a second optimum, close to the first, at pH 4.7. So we had tc con-
fine our eperiments to mechanically desintegrated commercial baker's yeast.

When a suspension of baker's yeast was shaken in the Nossar. apparatus, even
for short periods of time (10-40 sec), in which many cells still remain intact, a con-
siderable part of the enzyrne was no longer sedimentable upon centiifuging for 1 h
at 100 000 x g. Thus, even if all the acid phosphatase were oriignelly located ip the cell
wall, the greater part would seem to be so loosely bound that it is easily dislocated
when the celi breaks up.

It was possible to demonstrate that the enzyme is indeed preseny in the cell
wall by preparing a fairly pure cell wall fraction from the desintegrated yeast. To
carry out an adequate fractionation we had to start with a yeast preparation con-
sisting mostly of large cells. The smaller cells vere removed from a sample of fresh
baker’s yeast by suspending the yeast in 209, glycerol and centnfuging for 3 min
at 600 x g. The sediment, mainly comprising the larger cells, was treated twice
more in the same manner. It was then desintegrated in the NussarL apparatus. The
material! sedimenting from the desintegrate after 10 min at 1000 X g was suspended
in 10%, glycerol and a fraction mainly composed of large cell wall fragments col-
lected by alternate centrifuging at 250 X p (5 min) and 600 X g (3 min), seven
timcs in all. Finally the glycerol was removed by washing the ccll walls scveral
times with water, the number of fragments and intact cells in the fraction were
ccunted and its acid phbesphatase activity determined. The results obtained with
varying times of desintegration are shown in Table L.

TABLE I

ACID PHOSPHATASE ACTIVITY OF CELL WALLS ISOLATED
FROM BAKER'S YEAST

Preparation of cell wall fractions described in text: activiiy determined with §-GP (see 0. 455).

L
Desantegration No. of inlact No, of ceil P ——

time ceilsju_ g ml tralis}o.§ mi dweraled pglio min
fsec) susfeRsIon SuspImLioh 14730 min)  10* cells or
bl watls

« £.2'10% — ah.7 q0.6

10 2.2 10% 0.9 10% g1 1o.8

20 2.3 10°% 1.7-10% 17.9 10.5

3o 5.1+ 10° 4.I-10° 46.3 [n.2

40 6.2-10° 2.3-10° 21.7 9.3

As can be seen, all cell wall fractions possess acid phosphatase activity. The
contribution to this activity from intact cells still present can be calcuiated and is
at most 0.2 ug P. Assuming that the size of the fragments corresponds o a more
or less ‘‘complete” cell wall, the figures show that about 259, of the total enzyme
activity remains bound in the cell wall upon desintegiation of the yeast cell.

Additional evidence that not only a part, but all the acid phosphatase activity
is present in the wall of the intact yeast cell was obtained in an entirely different
manner, py determining the ‘‘apparent free space’” of baker’s yeast for two sub-
strates of the enzyme, f-glycerophosphate and thiamine pyrophosphate, according

Biochim, Blophys. Acta, 67 11903) 453-469
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to CoNnway AnND DOWNEY's methodl”. The “apparent free space™ R is that part of
the voiume of the yeast c=ll into which a substance can readily penerrata.

We determined R for various pH values at 277, using washed und centrifuged
baker's veast. When TPP was the substrate under investigation 10 * M codium
molybdate was alsn added to inhibit the phosphatese!®18, With 8-GP some of the
added substrate was deconmposed by phosphavase action during incubation, but as
the reaction products were included in our Jetermination of §-GP the error thus
introduced proved to be very small. The results are given in Fig. 2.

o2t ,
i
y /
g oir
&
2 k] 4 Y 6 7 8 9

pH
Fig. 2. Relationship between pH and R valu: in fresh baker's yeast. @—@. §-GP. 5 g baker's
yeast, washed and centrifuged, mixed with 5 ml 0.2 11 3-GP, incubated 5 min; 8-GP determined

1. dry weight brfore and after :nixing with e yeast. >— . TPP. 5g baker's yeast mixed

with 5§ ml c.0047 «f TPP, containing 10-* M sodium molvhdate, incubated 5 min; TPP determined
manometrically befors an.l atter mixing!®.

At a pH of about 4 the value of R is 0.1g for both substrates. This means that
they can rapidly occupy at most about 1g%, of the total cell volume. According to
ConNway AND DOWNEY?? a number of substanczs readily enter a space corresponding
to 10-20%, of the cell volume but do rot or only very slowly penetrate further into
the cell. They have called this space the ‘cuter region’’ of the yeast cell, and ad-
vanced reasons for the view that this region 1iav be identified with the cell wall.
As the substrates §-GP and TPP do not penetrate any further into the cell, and the
acid phosphatase activity cannot be angmented by ircezing and thawing the yeast,
we may conclude that all acid phosphatase is located exclusively in the cell wall.

a-Glycerophosphatase

a-Glycerophosphatase is a highly specific phosphomonoesterase with a sharp
optimum of activity at pH 6.5 (see ref. 20). It is present in a high conceatration in
S. carisbergensis (No. 74) as compared to the non-specific phosphatases that are also
rapable of decompusing u-glycerophosphate (but with different pH optimum). The

Biockim. Biophys. Acta, 67 {1963) 453—4060
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rate of liberation of P; from this substrate by this yeast at pH 6.5 can therefore be
regatrded as an exclusive measurs of a-glycerophosphatase activity.

The a-glycerophosphatase activity of intact cells is less than 1%, of that of the
same amount of yeast after freezing and thawing (Table II). Neither can intact
pictonlasts decompose a-glyvcerophosphate, in contrast to frozen and thawed pro-

TABLE 11

2-GLYCEROPBOSPHATASE ACTIVITY OF INTACT CELLS AND FROZEN
AND THAWHWD 8 Carisbergensis

17-h veast cult. re, suspended in M/35 veronal-acetare (pll 6.5). frozen and thawed 4 times.
Activity determinations described on p. 455. Yalues refer to 10 my yeast {(dry wt.}.

Py hherated

N I 3
tafe of yeas! celfs fpagian min)

Intact O
Frozen and thawed 813

toplasts (Table II). Thus, removal of the cell wall docs not make the cell accessible
to the sunstrate: it cannot pass the protoplast membrane. Evidently the enzyme
mu:t be located inside the protoplast membrane.

To fuciher 1aallize the enzyae, protoplasts of 5. carlsbergensis were desinte-
graten, vither hypotonically or isotonically, in media varying in composition and
pH, and the distribution of e-glycerophosphatase ascertained between supernatant
and sedim=2nt after centrifuging at 100 000 X g for 45 min. The results of these ex-
periments are assembled in Table IV,

TABLE 1IL

U-GLYURROPHOSPHATASE ACTIVITY OF INTACT AND FROZEN AND TUAWED PROTOPLASTS
OF S. carisbergensis

Iteaction mixture: 0.2 M a-GP in M/35 verunal acetate (pH 6.5), 1 ml; n.o7 M MgS(}, in same
bufier. also contfaining 00035 M EDTA, 0.3 ml; c.45 M mannitol, 0.7 m}; =suspension of proto-
plasts in G.or M acetate (pH 6.0), also containing 0.§5 M mannitol, 6.5 ml,

P ivberated

Slale of pratoplasts {ngls minito®
proiuplusts)
Intact o
Frozen and thawed Ii7

The hgures show that at pH 6 and 7 practically all the enzyme is recovered in
the supernatant, irrespective of the mode of desintegration or composition of the
medium. The small amount of enzyme found in the sediments may largely be attri-
buted t: the supernatant with which they were still saturated, as the sediments
were not washed prior to the determination of enzyme activity. Only at pH 5

Biochim. Biophys. Acla, 67 (1963} 453-409
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TABLE IV

DISTRIRUTION OF t-GLYUFRROPHOSPHATASE KHETWEEN [1G0O QOO > g SEDIMVMENT
AND SUPLURNATANT, OBTAINED FROM DESINTREGRATED BROTOPLASTS OF 5. carlsbergensis

Buffcrs: 0.0t M acetate (pH 5.0 anil 1.0); 0,025 M maleate (ptl 7.0). Isotonic media always con-

tained 109, maunnitol. Crncentrations of additions Mg?: oovco; o.008 M: Ca?t o.o03 M; EDTA

0.0003 M. Centrifuged for 45 min at 100 000 % g, Activity determinations described on p. 455,
— between igures: more than @ experiments. | between gures: & experiments.

Actiedy, er coni of talad desintegrate

Tanisity and Additims - - _———
pIE af inedirm lo medium Sediment Ciepermutant :3?;:,:::.”;
Hypotonic 5.0 Mg?: p2-41 11 70 $3-Br
My 3 Caz- Py-2; 170y 74 78
Mgi- + EDTA 17 3% 72
Isotonic 5.0 Myt 10 -39 19 40 013--70
Mgé: | Ca®e 1.} 73 39
Hypotonic 6o n Ny 03
Mg 3 "y 02
Mg2 - | Ca** 3t 43,91 86, g2
Mgz - EDIA 1 718 100
Lsotonic b.o -- 3 a3 9%
Mgi- . EDTA 9 o1 100
Hypotonic 7.0 : [ Ha 034
Mg* 4 a% 97
Isotonic 7.0 Mg?- w 3 93

appreciable but varving amounts of enzyme are found in the sediment. Also at this
PH the recovery of total activity is poor, but a-glvcerophosphatase is known to be
fairly labile at pH 5.

If the distribution found at pH 6 and 7 would redlecy the true situation, the
different distribution found at pH 5 might be caused by iso-clectric precipitation
of the enzvme andfor adsorption of soluble enzyme cnto sedimentable particles.
Further experiments showed that this is indeed the case. When a suspension uf
desintegrated protoplasts prepared at pH 6.0 is brought to pH 5.0 the sedimentable
a-gly ~erophosphatase increases and attains the same values as when desintegration
takes place at pH 5.0 (20- 409, of total activity). Also, when a supernatant obtained
by desintegrating protoplasts and centrifuging at pH 7.0 is adjusted to pH 5.0,
some protein precipitates, carrving a-glycerophosphatase activity, which can be
separated from the supernatant by a second centrifugation. So both causes men-
tioned above can contribute to the partial sedimentation of the enzyme observed
at pH 5.0, which is therefore an artifact.

Thus we may conclude that all the a-glyceruphosphatase is located in the
soluble fraction «: the yeast cell,

Alkaline phosphatase

S. carlsbergensis (No. 74) contains at least one non-specific phosphomono-
esterase with optimum activity in the alkaline region at pH ¢ to 10, judged from
the pH-activity curves e<iablished with various substrates and using cither frozen
and thawed yeast or lv<ed yeast protoplasts (Fig. 3).

Riochim. Riopays. Acta, 67 (1963) 453 -490
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Fig. 3. Dependence upon pH of the activity of alkaline phosphatase in &, carlsbergensis. A, sub-

strate -G P, frozen, thawed and washed veast; B, substrate pNPheP, frozen and thawed ycast:

C, substrate Phcel’, hypotonically desintegrated protoplasts. Activity determined aa cdescribed on

P- 4. The activities towards the dilferent substrates are not comparable as different amounts
of veast were used.

It is not likely that there will be more than one alkaline phosphatase, as with
each of three different substrates (f-glycerophosphate, p-nitrophenyl phosphate and
phenyt phosphate) optimum activity is reached at the same substrate concentration
(approx. 0.03 M), and an identical non-linear relationship is observed between
enzyme concentration and activity (Fig. 1). Also, with two substrates {pNPheP and
Pliel) low concentrations of cyanide and EDTA inhibit the enzyme markedly,
while inarganic phosphate has no effect (but see ref. 21).

The alkaline phosphatase is Incated cntirely within the protoplast membrane,
as neither intact veast cells nor intact protoplasts exhibit any activity towards
pheny! phosphate at alkaline pH. in contrast to frozen and thawed cells or proto-
plasts (Table V). Moreover, frozen and thawed cells treated with the snail enzyme

TABLE V

DEPENDENCE OF ALKALINE PHOSPMATASE ACTIVITY UPON THE STATE
OF YEAST CELLS AND PROTOPLASTS

Yeast cells (17-h culture of S.carisbergensis) suspended in c.o25 M malcate (ptl 7.0); part of sus-

pension frozen and thawed several times. Protoplasts suspended in same buffer, but containing

109, mannitol; part of suspension frozen and thawed once. Activity determined with phenyl
phosphate as a substrate (sce p. 450).

. Phenol tiberuted
Y east preparation A moun (K] 20 min )
Intact cells 2.1 mg dry wt. o
Frozen and thawed cells 2.1 mg dry wt. 14.2
Intact protoplasts 5.5 10? o
Frozen and thawed protoplasts 5.5-107 40.0

Biocchim. Biophys. Aclu. 67 {1963) 433-400
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preparation appeared to have the same activity as frazen and thawed protoplasts
(60.8 and 63.3 ug phenol liberatedizo miny 109 cells, respectively), so there is indeed
no alkaline phosphatase in the cell wall,

Protoplasts of S. carisbergensis were desintegrated either hypotonically or iso-
tonically at varving pH and the distribaiinon of *he enzyme ascertuined between
supernatant and sediment after centrifuging for 335 1o bo min at 100 000 X g. As
Table VI shows, 60-75%, of the enzyvme is alwavs found in the sediment, irrespective
of the manner of desintegration®.

TABLE VI

DISTRIBUTION OF ALKALINF PHOSPHATASE BETWEEN 100 000 < g SEDIMENT
AND SUPERNATANT, DBTAINED PROM DESINTEGRATED PROTORPLASTS
DR CELLS OF S, carlsbergensts

Buffers: o.01 M acetate (pH 5.0 and 6.0); o005 M malcate (pH 7.0 and 7.5). Isotonic media

always vontained 1o0%, mannitol. Urotoplasts desintegrated in Totter Elvelijem tissue homo-

genizer; cells desintegrated in MERKENSCHLAGER apparatui. Centrifuged for 45-60 min at

100 000 X g. Activity determined with phenyl phosphate assubstrate (see p. 456). - between figures:
more than 2 experiments | Letween figures. 2 eXpoerimenty.

Actuiy, per cen! af idal de.ntegrate

I'ctu'a'lva.pd LTI -
PH nf medinm preparahine Sedinens Swferaatent :::f;‘mmr"-"
Hypotonic 5.0 Protoplasts 73 o 75
[antonic  s.o Protoplasts 72 10 Rz
Hyputonic G.o Protoplants s 73 3: '35 gH ; 108
lsotonic 0.0 Protoplasts 39 70 20— 40 gl 110
lsotonic 6.0 Cells 68 75 21-32 Q1-107
Hypotonic 7.0 | o, X .
75 | ['rotoplasts 0o 7t 35 43 g5 100
Isotonic 7.5 P’rotoplasts o 31 95
Isotonic r.0 e
a3 Cuells Hha 70 1421 Y,4--8%
-y

It has not been possible so far to characterize the particles containing alkaline
phosphatase by their sedimentatory behaviour. The enzyme already starts sediment-
ing at forces between 1000 and 5000 = g, and sedimentation is not complete before
centrifuging 45 min at 100 co0 X g (Table VII). When a desintegrate of protoplasts
is centrifuged in a discontinuous sucrose gradieat {10 609}, the activity is spread
diffusely over the length of the tube. Experiments performed in a medium suvitable
for the preparation of ribosomes?? gave the usual sedimentation pattern. A prepara-
tion rich in protoplast membranes® contained hardly any alkaline phosphatase. When
protoplasts were desintegrated in a medium suitable for the isolation of intact
nuclei® (0.0r M acctate {pH 5.0) coutaining 103 M Mg?®*- and 10-*M Ca*), 607,

* The poar recovery at pH 5 will probably be due iv instability of the soluble alkaline
phoaphatasc at this pH. the reasons for the poor recovery upon desintegrating whole cells at
pH 7.0-7.5 are not clear. -
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TABLE VI1I

SEDIMEKTATION OF ALKALINR PHOSPHATASE OF S. carlsbergensis
WITH INCREASING CENTRIFUGAL FORCE

Piotoplasts cbtained from 17-b culture desintegrated hypotonically in ©.01 M acetate (pH b.0).
Centrifugation time 45 min »t cach force indicated. Activity determinest with pheny. phosphate
an substrate (sce p. 459).

Adicity, per cent of

Centrifugal tolal desntegrate
foree 1 x 3; —_——e—— — —

Sodsmend Supernatant
1 oo - 97
5 000 27 63
25 000 57 42
100 000 O3 29

of the enzvme already sedimented at 3000 % g. Bur this did not mean that most
of the enzyme is Jocated in the nuclei, as subsequent experiments showed that Mg+
and Ca?* activate the particle-bound enzyme when added after preparing the des-
integrate, and reduction of the pH from 6.0 to 5.0 increases the amount of enzyme
sedimenting (cf. a-glycerophosphatase). Finally, it was not possible to correlate the
sedimentation pattern of alkaline phosphatase with that of the exclusively mito-
chondrial enzyme succinic dehydrogenase, as our culture of 8. carlisbergensis did not
yet contain measurable amounts of the latter enzyme after 17 hi, aithough it did
appear in older cultures (see also ref. 24).

A number of experiments were performed to ascertain whether the sedimentable

40

~N
(=]

~
PG Phenci iberoled by supevnatant

pe Phencl nberaled by solubized seg:ment

Hours *
Fig. 4. Influcnce of dialvsis upon particle-bound and soluble alkaline phospliatase ufter deaxy-
cholate treatment. Cell fractions of 5. carlshergensis containing alkaline phosphatase prepared
as described in Table VII1. Substrate: PheP. Activity Jetermined as duscribad on p. 456. — O,

0.0 M Mg?* added before determination; @—@. no Mg?* added; , sediment solubilized
with deoxvcholate; - - - -, supernatant with added deoxycholate.
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and soluble alkaline phosphatase are identical . Ta this purpose the following properties
were compared of the enzyme in the fvo 000 > g sediment and the supernatant:
pH-activity curve, behaviour during dialysis, activity towards different substrates,
and thermostability. To achieve the fairest comparison possible the enzyme in the
sediment was solubilized with sodium deoxvcholate. It could then no longer be
sedimented by centrifugation at 100 oo x g. The enzyvme thus solubilized appeared
to be much more strongly activated by Mg?*+ than that in the supernatant (50~100%,
versus 20%, increase in activity). To compensate for this difference the 100 000 > g
sediment obtained from the original desintegrate of protoplasts was resuspended
to the original volume in supernatant inactivated by heating before applving the
deoxycholate treatment. The supernatant was also treated with deoxvcholate.

With both solutions pH-activity curves were obtained with identical! shape
between pH 8.3 and 10.5. and a maximum at pH ¢.4 9.5, using phenyl phosphate
as a substrate. Both preparations lnst their activity at exactly the same rate during
dialysis against 0.025 M maleate (pH 7.0l at 3° and could be reactivated to the
same extent by adding o.or M Mg?- (Fig. 4). The ratio of the rates in which each
preparation hvdrolysed two different substrates, PheP and g-GP, was the same in
both cases (Tabie VIII).

TABLE VI

RELATIVE ACTIVITIES TOWARDS TWO DIFFERENT SUBSTRATES OF PARTICLE-BOUND
AND SOLURLE ALKALINE PHOSPFHATASE AFTER DHEOXYCHO ATE TREATMENT

Protoplaats from a 17-h culture of S. carisbergensis desintegrated hyvpotonically in oco23 M

malecate {pH 7.0) and separated into sediment and suprmatant by centrifuging t h at 100 cuo < g,

Sediment resuspended to original volume in supernatant inactivated by heating 2o min at go®.

Both fractions mixcd with equal volumes of 0.59% sodium deoxycholate in 0.025 M malcate

{pH 7.0), incubated 15 min at 30%, cooled, centrifuged 1 h at 100 000 x g. Both supernatants

dialyscd 50 h against c.o25 M maleate {pH 7.0); tested atter adding Mg?* (o.o1 M}. For activity
duterminations sec p. 130

I Ir
Sluble TV PaeP hvdrolysed JGP hvdrolveed AL
framodes/Ts min)  [pomolesit s o) :
Scdiment o, 74 o 27 2.7
Supernatant o 10 oog 2.5

The experiments on thermostability were performed with a suspension of des-
integrated whole cells (MERKENSCHLAGER apparatus, o.0X M acetate (pH 6.0}} and the
sediment and supernatant obtained therefrom by centrifuging for 1 h at 100 000 X g.
without applving the deoxycholate treatment. All three preparations retained their
alkaline phosphatase activity up to and including heating for 10 min at s0°: they
all lost a little activity after 10 mir 2t 60°. Thermo-inactivation followed il sume
course in all three cases at higher temperatures, resulting in a complete inactivation
after 10 min at 80°.

From all these experiments we may conclude that S. carlsbergensis (No. 74)
contains only one alkaline phosphatase, in part solubie, in part bound to cell particies.

The age of the yeast culture has a prefound influence upon the location of the
alkaline phosphatase. This became apparent upon a comparison of the distribution

Biochim. BiopAys. dcta, 67 (1963) $53- 4€9
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of the enzyme between oo 0ov X g sediment and supernatant obtained from des-
integrates of 10, 17 and 24-h cultures of S. carisdergensis. The experiments were
performed with both hypotonically desintegrated protopiasts and cells disrupted
by shaking with glass beads. To obtain protoplasts from the 24-h old yeast the
cells had to be incubated for 3 instead of 1 h with the snail enzyme preparation.
About half the number of cells are then completely lysed, the other half are in the
prutoplast stage. l'hese protoplasts were washed repeatedly with ice-cold isotonic
malcate buffer to free them from the contents of the lysed cells hefore disrupting

TABLE IX

DISTRIRUTION OF ALKALINE PHOSPHATASE OVER 100 000 X g SEDIMENT
AND SUPERNATANT AT VARIOUS AGES OF A CULTURE OF S. carlsbergensis

Protoplasts and cells desintegrated in 0.025 M malcate (pH 7.0); centrifuged for 1 hat 160000 x g.

Protoplasts desintegratex]l in Potter—Elvebjem tissue homogenizer, <ells in MERKENSCHLAGER

apparatus. Enzyme activity determined with phenyl phosphate as a substrate {scc p. 456).
- hetween figures: more than 2 experiments. ; between figures: 2 experiments.

Activily, per cond of

Age of cuiture Initial lotal desintegrale
rhy preparation e e
Sediment Supernaiamt
1o Protoplasts (311 32
7t Protoplasts 60 -71 35-43
Cells to 70 14 -21
14 Protoplasts 15 8%
Cells 1o ; 23 84 :67

" Taken from Table VI

them hypotonically. From the results, assembled in Table [X, it can be seen that
the distribution of alkaline phosphatase was the same for the r1o-and 17-h cultures
{two-thirds in sediment, one-third in supernatant), but that at z4 h there was a

complete change: 70-859, of the ¢cnzyme was now found in the supernatant and
the remainder in the 100 coo > g sediment.

DISCUSSIOX

The experiments reported above indicate that the acid phosphatase witi optimum
activity between pll 3 and 4 is entirely lucated in the wall of the yeast cell. Suoma-
LAINEN ¢f .16 reached a dififerent conclusion, namely that 309, of the enzyme
would be located within the protonlast membrane, as the acid phosphatase activity
of their baker's yeast increased 309%, after freezing and thawing. Perhaps not all
baker's yeasts are alike in this respact, depending upon the strain and circumstances
of culture.

In our baker's yeast 20-30%, of the enzyme is firmly bound to the cell wall,
and the remainder mo.e loosely. Perhaps the enzyme is situated in two diflerent
areas of the cell wall; considering the fact that the cell wall largely consists of two
polysaccharide layers: an outer glucan layer and an inner mannan layer®, its

Biockim. Biophys. Acta, 67 (1663) 453-459
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structure offers possibilities in this respect. This hypothesis might be tested with a
veast containing acicd phusphatase and convertibie into protoplasts, by comparing
the rates of liberation of acid phosphatase and dlissolution of the cell walls.

There is a striking parallelismn between the dependence upon the pH of the &-
value for phosphate esters and the acid phosphatase activity of our baker's yeast.
One might be inclined tu think that the pH-activity curve reflects the variation
with pH of the ability of the substrate to reach the enzyme rather than that of the
reaction rate, were it not that a similar pH-activity curve is also obtained with
dried yeast!3, where penetration of substrate is no longer a prablem,

If one were to speculate upon the physiological function of the acid phosphatuse,
one could, in view of its location in the cell wall, think in terms of the prexiuction of
substrates able to enter the cell from surrounding phosphate esters in the medium.

The a-glycerophosphatase in 5. carisbergensis (No. 74} bears a close reserablance
to the enzyme described in baker’s veast?®. This conld be ascertaired ir a study of
its properties, not described here, preceding the experiments on localization. For
instance we found the same Kq of approx. o.o1 mole/l as Tsurol ann Hupsox did
for the baker's veast eazyine®®, It is entirely iocated i the unstructured protoplasm
of the cell. From immunological experiments with dried veast SEvac et af.®*® con-
cluded that the enzyme would be Incatad in the cell wall, although this was incon-
sistent with the lack of activity of intact cells also observed by them. The most
plausille explanation would seem to be that the «¢-glycerophosphatase is located
inside the protoplast membiane but can leave the cell in a suspension of dried ycast
{with its disrupted membranes), to react with an anti-enzyme in solution.

It is likely that, physiologically speaking, a-glycerophosphatase will be involved
in the regulation of the level «f a-glvcerophosphate in the cell, an important inter-
mediate in the svmthesis of triglycerides and phospholipids. Under certain con-
ditions larger amounts of a-GP can also be formmed by reduction of dihydroxy-
acetone phosphate when this reaction is stimulated as an alternative for the regenera-
tion of DPN from DPNH. It is impassible to state whether such a regulation of the
a-GP level is an exclusive function of this enzyme or to what extent non-specific
phosphatases also capable of hydrolysing a-GP participate, until we know morc
about the relative sites of the latter enzymes and «-GP in the yeast cell.

S. carisbergensis (No. 74} contains only one non-specific alkaline phosphatase. It
is activated by Mg?+. In some respects it resembles the alkaline phosphatase of bottom
yeast studied by HorFFMANN-OSTENHOF &f al.¥ (inhibition by CN-, pH of optimum
activity towards phenyl phosphate). But our enzyme differs in that it is not inhibite
by P anc can be compictely reactivated hy Mg?- after dialysis. It is quite possihle
that alkaline phusphatases arc not alike in all yeasts; sometimes it is not found at
all in bottom yeast, more than one has been found 1n baker's yeast, and its content
in this yeast depends upon the phosphate concentration of the medium of cutturc’.

It has not been possible to designate one particular kind of cell particles as the
location of the sedimentable portion of the alkaline phousphatase. There seem to be
two possibilities: either the enzyme is contained in more than one kind of particle;
as such nuclei, mitochondria, ribosomes and vacuole walls could come under con-
sideration, or, should only one type of particle be the carrier of the enzyme, nuclei
and vacuole walls could not qualify for this role. If mitochondria would be the sole
carrier, the observed pattern of sedimentation could be explained if they were to
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occur in various sizes (younger cells with lighter mitochondria), and some mito-
chondria would be fragmented during the desintegration of yeast cells or protoplasts.
In the case of ribosomes being the sole carrier, one would have to assume an ex-
rensive aggregation of these particles upon desintegration.

The change in the pattern of disiribution of the alkaline phosphatase in the
aging culture is quite surprising. It would appear that the age of the culture can
not only determine the amouni of enzyme found in the yeast cell's, but also its
location. Various possibilities can be conceived for this shift in location: as the cell
prows older, the phosphatase passes from the particles into the cytoplasm, or,
second, the amount of enzyme in the cytoplasm increases, while that in the particics
remains constant, or increases to a lesser degree, or, third, the enzvme becomes
more loesely bound to the particles, so that some passes into the soluble fraction
upon desintegration.

Because neither the cxact location of the alkaline phosphatase nor its physiolo-
gical substrate is known, it is not yet possible to speculate upon its function in the
metabolism of the yeast cell. As a number of alkaline phospharases possess phos-
photransferase properties, it could be that our enzyme in part also acts as a trans-
ferase tn vivo,

A general impression gained from these experiments is that the non-specitic
phosphatases exhibit a considerable variability in yeast. This regards their pres=nce
in a cer.ain strain, and, if present, their concentration and location in the cell. The
letermining factors seem to he: the type of the yeast, the age of the culture, and the
composition of the growth medium (see also ref. 15}.

Another generai conclusion we can draw is that further experiments on the
localization of enzymes in yeast cannot be expected to yield unequivocal resuits

until more is known regarding the identification and preparation of the structural
components of the yeast cell.
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