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Baker's yeast, Saccharoiiiyces cerevisiae, has often
been selected for study of active, or metabolically
associated, salt accumulation. Particular attention
has been devoted to the esterification of phosphate
in this process and to the nature of coupling with a
source of energy. The accumulation of phosphate
has been considered as coupled to: A, the general
reactions of glycolysis (10); B, the action of gly-
ceraldehyde-3-phosphate dehydrogenase (6,16); C,
a redox pump (4,5) and D, oxidations in the respira-
tory chain under aerobic conditions (14).

With these concepts in mind, the manner of phos-
phate entry into yeast was examined by the methods
of quantitative enzyme kinetics applied by C. E. Hagen
and his associates (7) to analysis of phosphate entry
into barley roots. The initial objective was to com-
pare phosphate accumulation by Baker's yeast and
barley roots, particularly with respect to aerobic and
anaerobic conditions, in the hope of more clearly un-
derstanding the aerobic requirement of barley roots.
Results obtained indicate that phosphate entry into
yeast is coupled with three distinct reacfions of oxi-
dative phosphorylation, one of which is aerobic and
the other two anaerobic.

METHODS

A Saccharonmyces cerevisiae Meyer ex Hansen was
isolated from Baker's yeast (Standard Brands, Inc.)
and grown aseptically. The original yeast contained
cell fragments and a bacterial contaminant which con-
founded all experiments until it was eliminated. Cul-
tures were grown with aeration on glucose-bacto-
peptone medium containing beef extract and 0.1 M in
NaCl for 24 hours at 300 C. Cells were removed by
centrifuging, followed by washing and resuspension
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in 0.15 Ai NaCl. Concentrations of cells were meas-
ured turbidmetrically and adjusted to contain 10 mg
dry weight/5 ml.

The cells (5 ml) were pretreated in 30 ml of a
requisite solution for 60 minutes to establish steady-
state conditions with respect to orthophosphate uptake
(fig 1). Steady-state persisted for 60 minutes, after
which the rate decreased slightly. Constant uptake
is reached in shorter times at lower glucose concen-
trations. Uptake of P32 was followed for periods
of 30 to 300 seconds and was terminated by centri-
fugation. Cells were washed once with 0.15 M NaCI.
Prolonged washing did not further reduce the amount
of phosphate associated with the yeast cells. The
phosphate remaining with the cells is described as
that accumulated. Radioactivity was measured after
drying under infra-red lamps. The amount of p32
associated with the cells was converted to moles per
mg of cells from the known specific activity which
was constant during the absorption period. Oxygen
consumption was measured polarographically. Anae-
robic conditions were established by bubbling oxygen-
free nitrogen through a cell suspension in a 35 ml vol-
ume of small surface area.

KINETIC INTERPRETATION: Active accumulation
of ions by cells is considered to arise from initial
combination with a specific binding compound
(carrier) at an external surface, followed by break-
down delivering the ion inside the cell. The reaction

k.,
X (carrier) + R.- or R.+ (external ions) -=,-

k2
k3

XR' (carrier compound) '-±X' + Ri- or Ri+
(inside)
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FIG. 1. Dependence of phosphate uptake by yeast in
5 minute periods on the time of incubationi on 0.3 M glu-
cose under aerobic conditions at pH 4.0.

Under steady-state con(litions the back reaction in-
volving k, is negligible. The amount, m, of an ion
accutiiulated by the cell in time, t, is

m = k3 [XR]t + [XR]
where [XR] is the concentration of the carrier com-
poundl. Under steady-state conditions the uptake
follows the Michaelis-Menten equation,

Kni III
i _- + nmax

where [C.] is the constant external ion concentration
of an infinite reservoir. The maximum uptake, mmax,
is obtained by extrapolation of [Cj] to infinite con-
centrations.

A linear plot of m against indicates a

single reaction with the Michaelis-Menten constant

k. + k.
Kn - ± being the negative slope and mm,x

the intercept on the axis of ordinates. A curvilinear
relationship results when two or more first-order
reactions occur simultaneously but independently (8).
These curves can be resolved into linear components
with a reasonably critical attitude toward precision
andl extent of measurements and possible departure
from first-order kinetics.

The uptake of phosphate, m, is measured as a
function of phosphate concentration under various
conditions of the environment (pH & temperature.
aerobiosis & anaerobiosis), and witlh various sub-
strates, inhibitors, and competing materials. Analysis

of the results indlicates the number of rate-limiting
processes and the correspon(ling values of Km and
nimax. Values of k. and rXRI can be founcd from
the phosphate uptake as a function of time.

RESULTS

T. INITIAL CONDTTIOIN'S: Yeast slhowilig thle
maximum rate of phosplhate uptake (fig 1 ) and respi-
ration can readily be depleted of endogenous substrates
by suspending in 0.15 Mk NaCI for 60 minutes. Respi-
ration of these cells responds immediately to a(lditions
of glucose, glutamlate. and other substrates. Tt is coln-
stant from zero time anld respon(ds without lag to the
various inhibitors.

Rates of oxygen consumption referred to the rate
with 0.3 Mr glucose as 100 are shown in table T. The
concentrations of the several compounds includle those
used during measuremiient of phosphate uptake.

II. PHOSPHATE UPTAKKE UNDER AEROBIC & AN-
AEROBIC CONDITIONs: Tlle ratio of the slopes of the
time curves to their intercepts at zero time, k. EXR]/
[XR] are constant witlh varying phosphate concentra-
tions and constant substrate. This indicates the ab-
sence of non-specific adlsorption in the measurement
of rXR]. The amount of phosphate held at zero
time, [XR], is increased with anaerobiosis (fig 2 &
3). Irrespective of the phlosphate concentration. the

rates of phosphate uptake, It k rXRJ. after

zero time are the same under aerobic and anaerobic
conditions as shown by the parallel displacement of
the time curves.

If glucose is withheld the rate of phosplhate uptake
lrops to zero (figs 2 & 3) and the value of [XR1 is

TABLE I
OXYGEN CONSUMPTION IN AIR BY YEAST WITH VARIOUS

SUBSTRATES AT pH 4.0 & 300

SUBSTRATE

Glutcose 0.3 M
Without inhibitor
5,5-diethyl barbituric acid
Sodium azide
Dinitrophenol

Withouit gluicose
,8-hydroxy butyrate
Ethanol
Sodium chloride
Glutamic acid
Succinic acid
p-phenylene diamine

(reduced)

OXYGEN
MOLAR CONSUMPTION
CONC 2.3 x 10 8

moles O,/min/mg

2 x 10-3
0-3
10-4

0.1
0.9
0.15
10-3

2 X 10-2
1 X 10-2

100
85
0.01
70

100
100

0.01
80
0.02
70
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FIG. 2. Phosphate uptake by yeast from 10-2 M phosphate at pH 4 as a function of time.
FIG. 3. Phosphate uptake by yeast from 10-6 M phosphate, pH 4, as a function of time on 0.3 M glucose.

Aerobic and anaerobic.

reduced. A similar result is obtained in the presence

of glucose and 1 X 10-4 2,4-dinitrophenol (DNP)
(figs 2 & 10). The rate is also reduced to zero with
0.01 M pyruvate as the substrate (fig 2), however,
without changing [XR].
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Plots of uptake, m, against m/I[PO4] are similar
under aerobic and anaerobic conditions (figs 4 & 5).
The curves can each be resolved into two linear por-

tions, having Km values of 10-3 and 10-5, respective-
ly. Values of mmax for both systems decrease if the
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FIG. 4. Hofstee plot of the anaerobic uptake of phos pliate by yeast as influenced by 5,5-diethylbarbituate.
FIG. 5. Hofstee plot of the aerobic uptake of phosph ate by yeast as influenced by iodoacetate.
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glucose concentration is re(luce(l below 0.3 Am without
change in values of Km. Intermediate concentrations
of glucose (10-3_10-2 -r) primarily decrease the
value of [XR] while at 10-4 m both [XR] and k,
(lecrease as showvn by comparisons of the timle curves.
In the absence of glucose the constant, k3, is not
mleasurable. Thus the Km value can be determined
an(l expresse(d solely as a function of k, and k9, i.e.,
Kill = k.,/k1. The Km values are constant at all
glucose concentrations witlh the implication that even
at the highest turnovrer rate, the k3 is insignificant
relative to k, andl Kni is a dissociation constant.

A third reaction with a value of Km of 10-6 is
observed only with low glucose concentrations under
aerobic conditions (fig 6). When the glucose con-
centration is increased this reaction is inseparable
from the intermediate reaction having Km - 10-5
The increase in glucose increases m)max far more for
the latter than for the former reaction.

III. ACTION OF RESPIRATORY INHIBITORS ON
REACTION WITH K - 10 G: In the absence of
glucose and with 2 X 10-6 M P04, the value of k3 is
negligible (fig 7). Addition of 0.1 Ni p-phenylene-
(lianmine increases the intercept [XR] by about four-
fold. A glucose concentration of 10-4 M produces an
observable value of k3. The slope/intercept ratio is
not changed by addition of p-phenylenediamine. This
indicates an increase of [XR] with a constant value
of k:.

This reaction is inhibited by 5,5-diethyl barbituric
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FIG. 6. Hofstee plot of the uptake of phosphate by

yeast in the absence of a substrate. Aerobic.

acid (barbital) primarilv by (lecrease of [XR] and
by azide with resulting (lecrease in [XR] and k3.

IV. ACTION OF GLYCOLYTIC INHIBITORS ON RE-
ACTION WITH Km = 10 5: Todoacetate. 5,5-diethyl
barbituric acid and Na.,SO2 are equally effective as
inhibitors under aerobic an(d anaerobic con(litionis.
Each effects a decrease in [XR1 andl, at high concen-
trations, causes k, values to approach zero (figs 4, 5,
& 8). Inhibition of phosphate uptake is of the un-
competitive type; that is, mirax is changedI by the in-
hiibitor while Km remains constant.

The action of Na9SO, differs from that of the
other two inhibitors. In the presence of Na..SO:
the curve on the plot of m against m/E[PO1 is re-
solvable into three components. This mighlt be a
result of nmore effective inhibition of the reaction with
K_ - 10- , allowing the reaction with K 10-6
to be displaye(l. However, iodoacetate and the bar-
bituate miglht decrease [XR] for bothl reactions so
that they are inseparable.

High concentrations of p-phenylenediamine are
witlhout effect on phosplhate uptake in the presence
of 0.3 :r glucose.

\T. ACTION OF INHIBITORS OX REA.CTIOXS \\NITH
Kn, = 10-3: Tlhis reaction has imimax = 27 X 10-8,
k, = 3.2 X 10-3, andc [XR] = 13.8 X 10-8 moles/mg
of yeast. The k, for this reaction is smiialler than for
the other twro. The glycolytic inhibitors at the con-
centrations indicated in table I have little effect (figs
4 & 5) but mo(lerate chalnges would be (lifficult to
note.

A concentration of 10-4 \r DN\P (lecreases FXRI
and blocks k. (fig 2). Thus, the reaction must be
connecte(l witlh a metabolic step rather than with clif-
fusion or other moode of passive entry.

VI. ACTION OF ATP, DNP. SUCCINATE, & ,-
HYDROXYBUTYRATE: All reactions are ilnlhibited in a
competitive manner by ATP and are blocked by DNP.
Succinate supports some respiration (table T) but is
without effect on phosphate uptake (fig 10). Beta
hydroxybutv rate, on the other hand, markedly inhlibits
phosphate uptake in the presence of 0.3 Mr glucose by
lecreasing EXRI witlhout changing the slope/intercept
ratio of the time curve (fig 10). Respiration is sus-
tainedl to the same level bv beta-hvdroxvbutv-rate and
0.3 \r glucose (table I).

VII. EFFECT OF CHANCE IN pH & PRESENCE OF
KCI: The optimum pH for phosphate uptake depends
upon the concentration of the external solution. As
phosplhate (lecreases from 10-2 to 10-6 Mr the optimum
shifts from pH 5.0 to 6.5 in both anaerobic and aerobic
systems. The utilization of glucose fromii 0.3 at solu-
tion is also optimal at pH 6.5.

Potassium chloride is without effect on the pH
dependence of phosphate uptake. At pH 4.0 in the
presence of 0.3 .t glucose and 10-6 M P04 a concen-
tration of 0.1 At KCl enhances phosphate uptake by
increase of [XR] corresponding to a constant ratio
of slope/intercept of phosphate uptake (fig 9).
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FIG. 9. The effect of KCl on the uptake of phosphate by yeast. Aerobic.
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DISCUSSION

Absorption of orthophosphate by Baker's yeast ap-

pears to be coupled with the oxidative formation of
ATP chiefly by the action of glyceraldehyde-3-phos-
phate-dehydrogenase under both aerobic and anaerobic
conditions, as was earlier concluded in part by Good-
man and Rothstein (6). The reaction with Km =

10-6, however, has characteristics indicating coupling
with the oxidative formation of ATP associated with
cytochrome b of the respiratory chain. The nature
of the reaction with Km = 10-3 and of the varied
pattern of phosphate uptake by yeast and barley are

of particular interest.

The general pattern for the coupling mechanism
in oxidative phosphorylation associated with the respi-
ratory chain has been formalized by Lehninger (13),
Slater (19), Martius (15), and Lardy (12), [also
note Chance & Williams (2)] as follows:

electron
Carrier + X -* carrier - X

transfer
ri]

Carrier X + Pi x carrier + P X [2]

X +ADP ' X + ATP [3]

ATP + glucose glucose-6-phosphate

+ ADP [4]

7 2X10' M P04
Air

E

Q,
K

S

X.0

c

E

0

a

AC
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Three positions of oxidative phosphorylations in the
series of oxidations and reductions of the respiratory
chain as established by Slater (19) and others (1)
are indicated by (I), (II), and (III) in the follow-
ing scheme:

be able to follow the oxidation and/or reduction of
phenylenediamine in the presence of the yeast cells.
This has been observed, using the oxygen electrode.
In the absence of exogenous substrate, reduced pheny-
lenedlianiine supports respiration (table I). On the

FSucc. dehyd. v succinate] --

(nII) (II (I

2 - cyt 4 a cy 1a- cyt ca cyt bcto < rfp <- DPNH <-sub-

I I| borbituates strateonoero - CN p- phenylene starvation
biosis N3 diomine ontimycin A CN

CO naphthoquinoneN35
SN 5949

Pnv X
ATP

PruX
ATP

PN X
ATP

Positions of action of various inhibitors are indicated
below the reaction sequence. Because succinate does
not support much oxygen consumption in Baker's
yeast (table I fig 10), under the conditions used
its action is not further considered.

Several features of interaction of compounds in-
fluencing uptake of phosphate by intact cells by action
as inhibitors or otherwise must be held in mind.
Several respiration inhibitors were found by Chance
(1) to have the same action on intact cells and mito-
chondlria of ascites cells. The inhibitor studies are

of short duration, w!hich minimiiizes overall metabolic
effects and permits use of compounds which eventual-
ly might be toxic. The conditions of use require the
inhibitor to be effective as quickly as is phosphate
uiptake, which is essentially from time zero.

The inhibitor and phosphate both act as if their
concentrations are the same or are linearly connected
witlh those of the external solution. This implies
that diffusion processes and pathways requiring ap-

preciable time for establishlmlent of steady-state condi-
tions are not limiting. The uptake system can be
expecte(l to have a spatial separation of sequenitial re-

actions (liffering from that of a homogenous system
such that an inhibitor might be more specific for a

particular reaction. This is particularly true for
-espiration wvhich might, in part, be closely associate(l
with uptake but also arising, in part, from (leep in
the cell where it is not subject to immllediate inhibitor
action.

Uptake of phosphate with low concentrations of

glucose and phosphate gives a linear component on a

Hofstee plot (8) with Km = 10-6 (fig 6). This
component reaction is strictly aerobic. Parapheny-
lenediamine increases the site concentration [XR]
without changing the k. of [XR]. The maximum
site increase is in the absence of glucose (fig 7).
The changes are consistent with enhanced reduction
of cytochrome b in the presence of the inhibitor, an(d
are consistent with the in vitro observation that the
site of action of p-phenylenediamine is between cyto-
chromiies c and( 1) ( 11. If this is the case one should

other hand, yeast will reduce oxi(lized phenylenedia-
mine at a rate (2 X 10-8 moles/min/nmg) equivalent
to oxygen uptake by cells in a glucose medium. On
the basis of the potential, one wvould predict that
phenylenediamine could function in the proposed re-
gion of the respiratory chain. At the present time
spectral changes of cytochromes c an(d b induced bv
p-phenylenediamine were not observed due to its ab-
sorption in the region of 560 mi.

Barbital inhibits the uptake of phosphate .t low
concentrations of phosphate ancl glucose by (lecreasing
[XR]. Pyruvate and ethanol, in the absence of glu-
cose, under aerobic conditions increase the site con-
centration without leading to a measurable rate of
turnover of [XR] (fig 2). Failure of turnover pos-
sibly arises from depletion of adlenosine (liphosplhate
(ADP) in reaction [3] because of the absence of re-
action [4]. The several actions are consistent with
phosphate uptake associated with change in oxidation
of cytochrome b. Uptake of phosphate associate(d
with change in oxidation of DPNH coupled to the
respiratory chain could not be examiiine(d because of
predominant coupling of DPN reduction wvith an
anaerobic reaction (K_ = 10- 5).

The component of phosphate uptake N-ith K,,,
10-5 is present un(ler both aerobic andl anaerobic coln-
ditions (figs 4 & 5). It is inhibitedl by iodloacetate
(figs 5 & 8) and sulfite and( is unaffected by acetate.
Jo(loacetate probably is effective by reaction with the
-SH group of glyceraldehyde-3-phosplhate (lelyv(lro-
genase while sulfite combines vith the aldehyde ancd
with acetaldehyde. It is of particular interest that
while iodloacetate is inhibitory in both anaerobic andl
aerobic systemis, acetate is effective only in the latter.
These results are in agreemiient with Prankerdl and
Altnman (16) an(d with the conclusions of Goodlman
and Rothstein (6) that the phosphate uptake is asso-
ciated witlh the action of glyceraklelhyd(e-3-plhospliate
dlehydrogenase.

The anaerobic uptake of phosphate is inhibited by
2.4-dinitrophenol at 1 X 10-4 ,\ and by 5,5.diethl-
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barbituate (figs 4 & 8). The barbituate changes the
site concentration and mmax without changing Km
(fig 4) or k3 (fig 8). Both are somewhat inhibitory
to respiration. Dinitrophenol when used aerobically
with separated mitochondria (2) uncouples respiration
and oxidative phosphorylation, while with root disks
it uncouples respiration and salt uptake (17). It is
widely considered to be without effect on substrate
level phosphorylations where most attention has been
devoted to a-ketogluterate decarboxylation and sub-
sequent oxidation to succinate (3). Barbituates are
used as inhibitors of flavin mononucleotide (FMN)
action in the respiratory chain. Neither, accordingly,
would be anticipated to affect anaerobic formation
of adenosine triphosphate (ATP) and, in fact. were
used with this initial expectation.

Dinitrophenol when used in stu(dies of phosphate
uptake by barley roots (9) decreased uptake competi-
tively with phosphate. This possibility has not been
suggested in the extensive work witlh separatedlmito-
chondria.

'The reason for a possible oversight might be that
in the work with mitochondria the phosphate level is
usually greater than 10-3 Ai and that of DNP is low
(1 X 10-5 iri or less) so that inhibition would be
masked. The KI value with intact barlev roots found
by Hopkins is 1.14 X 10-6 moles. DNP then, ir-
respective of uncoupling action, appears to be com-
petitive with phosphate and this would seem to be
its action on the anaerobic components of phosphate
uptake with K,, = 10-5 and 10-s.

The action of the barbituates in inhibiting anaero-
bic phosphate uptake by yeast is not understood in
terms of reactions immediately associated with action
of glyceraldehyde-3-phosphate dehydrogenase. It
might be that in the uptake action an FMN protein
is connected with the reduction of diphosphopyridine
nucleotide (DPN).

The values of k, for the aerobic and aniaerobic re-
actions with Km = 10-5 are the same. This indicates
that only one reaction is involvedl wvhiclh, accordingly,
must be in the glycolytic pathwa-ay. The reaction with
Km= 10 also has this same value of k3 under
aerobic conditions. The in(lication is that this is a
result of the sequential nature of the reactions run-
ning from glucose to oxygen.

Two steps are recognized for ATP formation re-
sulting from dehydrogenation of phosphoglyceralde-
hydle. The first is connected with reduction of DPN
mediated by glyceraldehyde-3-phosphate dehydro-
genase, and the secondl by reaction with ADP and
113 phosphoglyceric acid and release of ATP medi-
ate( by 3, plosphoglyceric 1-kinase. The inhibitory
action of ATP on the reaction with Km = 10-3 indi-
cates that the last step is involved. A clhanice of con-
fusion exists if ATP dilutes the added P"2 eitlher by
hlydlrolysis or exchange, but with the high phosphate
concentrations involved the dilution even with conm-
plete hydrolysis would have been negligible.

The component of phosphate uptake vith Kn =
10- 3 is marke(dly effective only at plhosphate con-

centrations > 10-4 M in the presence of 0.3 M glucose.
It would have appreciably contributed to the phos-
phate uptake by yeast observed by Goodman and Roth-
stein (6) and would have been greatly predominant in
some of their experiments. Neither iodoacetate nor
barbital apparently inhibits the reaction at concentra-
tions of 10-1 M, although precision is so low that
a one and a half-fold change would be uncertain (figs
4 & 5). The value of k3 for the reaction is lower
than that for the other two, which indicates that the
rate-limiting reactions must be different.

At high phosphate concentrations the amount of
ADP available for phosphorylation is relatively low.
Furthermore, glucose is optimal for respiration, which
suggests that hexokinase must be limiting for entrance
of glucose into the glycolytic pathway. Under these
conditions the hexokinase is also limiting for phos-
phate uptake. Inhibitors would not be adequately ef-
fective to put the controlling rate in earlier reactions
by limiting either glycolysis or electron flow in the
respiratory chain.

The general concepts of phosphate uptake by
Baker's yeast can now be formulated in accord with
the preceding analysis and compared with phosphate
uptake by barley roots as previously formulated by
Hagen, Leggett, and Jackson (7). Only a small
fraction of the oxidative phosphorylation associated
vith the respiratory chain is coupled to phosphate
uptake because the respiratory system is present only
to a small extent at the surface of the limiting mem-
brane. None of the experiments reported here bears
on the extent to which respiration is coupled with
ATP formation by turnover of endogenous phosphate.
but the results of Chance and Williams (2) in(licate
that the P/O ratio might approach 3.0. In barley
roots, on the other hand, the mitochondria are ap-
parently embedded in the limiting membrane, possibly
by the vacuolating of the cell. In yeast the oxidative
phosphorylation associated with glyceraldehyde-3-
phosplhate dehyclrogenase is present at the membrane
surface, as also is the hexokinase reaction Nvhich
utilizes ATP and introdluces glucose into the cell.
Glucose, in the absence of phosphate, can still enter
through use of endogenous ATP. These deductions
are in accordl with those of Rothstein (18) and others.
Barley roots, in contrast, while having a glvcolytic
patlhway for utilization of glucose (20), apparently
do not have the oxidative phosphorylation reaction
coupledl to glyceraldlehyde-3-phosphate dehydrogenase
at the cell surface to any considerable extent. In
short, the barley root has the components of the respi-
ratory chain at the surface of the limiting membrane
wvhile the yeast has the oxidlative phosphorylation
step of lycolvsis.

SuAr MARX
Phosplhate uptake by Baker's yeast, Sacchlaronzyces

cerezisiac, was measure(l in pure cultures under aer-
obic and anaerobic con(litions. Effects of various
substrates and respiratory chain and glycolytic in-
hiibitors wevre examiiinedl.
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Analysis of the results by means of formulation
of first-order kinetics indicate three components of
phosphate uptake. The minor one of the three is
associated with oxidative phosplhorylation coupled to
cytochrome b of the respiratory chain. It is effective
only under aerobic conditions. The other two com-

ponents which constitute the main course of phos-
phate uptake at concentrations above 10-5 molar are

effective under both aerobic and anaerobic conditions.
Action of inhibitors indicate that they are both asso-

ciated with oxidative phosphorylation coupled to the
action of glyceraldehyde-3-phosphate dehydrogenase.
The rate of one of the two components is interpreted
as being limited by the phosphorylation of adenosine
dliphosphate. The rate of the other component, which
is predominant at high phosphate concentrations
( > 10-3 M) and optimal glucose concentrations
(0.3 M), appears to be limited by the action of hexo-
kinase.
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