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There is still no general agreement concerning
the major pathway of oxidation of carbon
compounds by yeasts. For example, Weinhouse
and Millington (1947) and Weinhouse e al.
(1948), using bakers’ yeast, have presented
evidence indicating that glucose is degraded to
acetate which is oxidized further by way of the
tricarboxylic acid cycle. Krebs et al. (1952),
on the other hand, have suggested that the
tricarboxylic acid cycle serves the purpose of
supplying intermediates for the synthesis of cell
material and is not a primary route of oxidation
in yeast.

Some support has been given recently to this
latter view by work with other organisms.
Roberts and Abelson (1953), working with
Escherichia colt, have calculated that only
twenty-five per cent of the carbon entering the
tricarboxylic acid cycle is converted to carbon
dioxide and that the carbon dioxide output of
the cycle accounts for only two per cent of the
total carbon dioxide produced from glucose. In
addition to this, Wiame and Bourgeois (1953)
have described a variant of Bacillus subtilis

that uses tricarboxylic acid cycle intermediates

in the mobilization of glutamic acid nitrogen for
growth, although these intermediates cannot be
oxidized. It would appear, then, that the main
function of the tricarboxylic acid cycle in these
organisms is to supply not energy but inter-
mediates for growth.

An alternative pathway for the oxidation of
glucose by yeast has been postulated (Horecker
et al., 1953). Lipmann (1936) and Dickens (1936)
suggested that glucose may be oxidized by way
of 6-phosphogluconic acid. This possibility has
been investigated in more detail by Coben and
Scott (1950), Horecker (1950), and Horecker and
Smyrniotis (1951). Horecker et al. (1953) showed
that a seven-carbon intermediate, sedoheptulose,
is involved in the further metabolism of 6-

1 Supported in part by State of Washington
funds for medical and biological research.

phosphogluconate and suggested a cyclic mech-
anism for glucose oxidation entirely independent
of the tricarboxylic acid cycle. Gilvarg (1952),
however, in studies with glucose-1-C'* has shown
that this mechanism cannot be a major pathway
of glucose oxidation in yeast.

Experiments with Saccharomyces cerevisiae,
to be described below, show that different
oxidative patterns may be operative in yeast,
depending upon the stage during the growth cycle
at which the cells have been harvested. In the
case of cells harvested in the stationary or late
logarithmic phases, the data are consistent with
the assumption that glucose is degraded by way
of the Embden-Meyerhof-Parnas pathway to
alcohol, which is oxidized then more or less
completely by way of the tricarboxylic acid
cycle. Cells harvested earlier, however, appear
to oxidize glucose by some mechanism in which
neither the tricarboxylic acid cycle nor the
hexose monophosphate shunt is primarily
involved.

MATERIALS AND METHODS

Saccharomyces cerevisiae, strain LK2G12, was
used throughout this investigation. The organism
was grown in a medium of the following composi-
tion: 1 per cent glucose, 0.1 per cent ammonijum
chloride, 0.1 per cent yeast extract (Difco) and
M/10 KH,PO,. Incubation was at 30 C with air
vigorously bubbled through the culture. Growth
was followed by turbidity measurements, using a
Klett-Summerson colorimeter. Stock cultures
of the organism were kept on slants of the above
composition with 1.5 per cent agar added.
Oxygen uptake was measured in a conventional
Warburg apparatus at 30 C, with air as the
gas phase.

Cell-free extracts were obtained by grinding
with alumina (MecIlwain, 1948). After centrifuga-
tion at 10,000 rpm in a Sorvall centrifuge for
twenty minutes, the protein content of the
clarified extracts was measured colorimetrically
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by the method of Lowry et al. (1951), using
crystalline ovalbumin as a standard.

Acetate-1-C* was synthesized from BaC“O,
by the method described by Calvin et al. (1949).

3,4-Cl-glucose? was prepared by the method of
Zilversmit et al. (1948) and was purified by paper
chromatography according to the methods
devised by Putman and Hassid (1952).

Citrate was determined by the method of
Weil-Malherbe and Bone (1949) and acetyl-
coenzyme A by the method of Lipmann and
Tuttle (1945).

Acetate activating enzyme and condensing
enzyme activities were measured according to
the methods of Novelli and Lipmann (1950).
Aconitase and fumarase activities were measured
according to the methods of Racker (1950).

Glucose-6-phosphate dehydrogenase and 6-
phosphogluconic acid dehydrogenase activities
were measured by the rate of reduction of
triphosphopyridine nucleotide (TPN) in the
following system: 0.1 ml substrate (m/10), 0.3 ml
triphosphopyridine nucleotide (1 mg per ml,
65 per cent pure), and tris buffer (pH 8) to a
total volume of 3.0 ml. The increase in optical
density at 340 mu was measured with a Beckman
DU model spectrophotometer.

All radioactivity measurements were carried
out with a Tracerlab Autoscaler, using a thin
window Geiger tube. In the experiments with
radioactive acetate, the isolated lipids were
plated on copper disks and counted, with no
correction made for self-absorption. In the
respiratory experiments with labeled glucose,
the carbon dioxide was absorbed in NaOH
placed in the center well of a Warburg vessel.
This absorbed carbon dioxide was converted
subsequently to barium carbonate. The observed
activity of the barium carbonate was corrected
for self-absorption by the method described by
Calvin et al. (1949).

RESULTS
Ozidations by “young” and “old” cells. It has
been shown (Novelli and Lipmann, 1950) that
fully grown cultures of 8. cerevisiae, strain
LK2G12, can oxidize glucose and acetate
rapidly. Considerable difference is observed,
however, between the oxidative abilities of cells

2 We are indebted to Dr. David Feller for his as-
sistance in the preparation of this compound.
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harvested during the early logarithmic phase of
growth (“young” cells) and cells harvested
during the late logarithmic or stationary phases
(“old” cells). Figure 1 shows a comparison of
glucose, ethanol, and acetate oxidation by these
two kinds of cells. “Old” cells are seen to oxidize
the three substrates at essentially the same rapid
rate. “Young” cells, however, oxidize ethanol
and acetate only very slowly although glucose is
oxidized at a rate comparable to that of “old”
cells.

An obvious explanation for this inability of
“young” cells to oxidize acetate is that such cells
are impermeable to this substrate. To test this
possibility, two different approaches were used.

Experiments with C'%-acetate. Acetate, labeled
in the carboxyl group with C4, was given to
suspensions of “young” and ‘““old” cells that were
actively metabolizing glucose. After aeration for
two hours at room temperature, the cells were
harvested, washed twice with distilled water, and
resuspended in 1 N alcoholic KOH. This suspen-
sion was saponified on a boiling water bath for
134 hours. The residue was acidified with sulfuric
acid and extracted with three 20 ml portions of
petroleum ether. The combined ether extracts
were evaporated to dryness, redissolved in 15 ml
of petroleum ether, and washed twice with
M/10 acetic acid and three times with distilled
water. The ether solution was again evaporated
to dryness, and the residue was dissolved in
5 ml of chloroform. Aliquots of this chloroform
solution, containing the cellular fatty acids and
nonsaponifiable material, were plated on copper
disks, and the radioactivity was determined.
The amount of C“ present in the isolated lipids
was used as a measure of the permeability of the
cells to acetate. The results (table 1) show that
acetate is incorporated equally readily into lipids
by “young” and “old” cells.

Studtes with permeable preparations. Treatment
of “old” cells with dry ice, according to the
technique of Krebs et al. (1952), yielded prepara-
tions with oxidative properties given in table 2.
Since succinate is oxidized by the treated cells,
but not by intact cells, it is apparent that these
“old” cells have been rendered permeable.
Furthermore, it may be seen that the treated
cells oxidize both glucose and acetate.

In the case of “young” cells (table 3), succinate
was oxidized to a limited extent by both intact
and treated cells. Thus, the utilization of suc-
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Figure 1. Oxidation of glucose, alcohol, and acetate by ‘“‘young’ and “‘old’’ cells of Saccharomyces

cerevisiae.

A. Cells (4.3 mg dry weight) six hours old; B. Cells (4.0 mg dry weight) twenty-four hours old.
Endogenous values subtracted from each curve.

30

TABLE 1

The incorporation of 1-C'4-acetate by
“young’’ and “old”’ cells

oN .
AGE b ?"C;nm LIPIDS
hr
6 early log 8.6 6.8 X 102
23 late log 65.4 4.7 X 102

* Counts per minute per mg cells.

Added acetate: 5.5 X 10% counts per minute.
Controls, with acetate added after KOH, showed
no labeling in lipid fraction.

cinate by treated cells could not be used as an
indication of permeability. Therefore, in order to
test whether “young” cells had been made
permeable by the freeze-thaw treatment, the
ability of the treated ‘“young” cells to oxidize
hexosephosphate esters was determined. It is
clear from table 3 that intact cells do not oxidize
these substrates. Their rapid oxidation by treated

O 30 60 90 120

cells, however, indicates that the permeability
barrier has been removed. The behavior of
permeable “young” cells with respect to glucose
and acetate, on the other hand, is essentially the
same as that of intact cells.

On the basis of these experiments, using
radioactive acetate and permeable preparations,
it must be concluded that impermeability to
acetate cannot explain the decreased ability of
“young” cells to oxidize this substrate.

Analysis for enzymes of the tricarboxylic acid
cycle. From the results on the study of acetate
incorporation, it seemed likely that acetate can
be activated to acetyl-coenzyme A by “young”
cells once it has entered the cell. The poor rate of
respiration on acetate, then, did not seem to be a
result of a deficiency of the acetate activating
enzyme of Lipmann et al. (1952). This assumption
was confirmed by analyzing for acetyl-coenzyme
A formation in extracts of “young” and “old”
cells. Indeed, extracts from “young” cells always
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TABLE 2

Ozidation of glucose, acetate, and
succinate by intact and permeable
“‘old” cells

Oz UPTAKE IN uL AFTER 155 MINUTES®
SUBSTRATE
Intact cells Treated cells
5 pm glucose 141 88
10 puM acetate 252 83
10 M succinate 4 243

* Endogenous subtracted.

The cells were grown for 42 hours. Each vessel
contained either 4.5 mg cells in 1 ml M/10 phos-
phate buffer (pH 7.2) or 1 ml of the freeze-thaw
preparation diluted 50 per cent with mM/10 phos-
phate buffer (pH 7.2), 1 ml aqueous solution of
substrate, and 0.2 ml 20 per cent KOH in the
center well.

TABLE 3
Ozidation of glucose, acetate, succinate,
and hexosephosphate esters by intact
and permeable ‘“‘young’’ cells
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TABLE 4

Acetate activating enzyme in extracts
of “‘young” and ‘‘old”’ cells

EXPERIMENT AGE ORI A
1 10 hours (““young’’) 1.10
76 hours (“‘old’’) 0.59
2 9 hours (‘“‘young”’) 0.79
47 hours (“old’’) 0.29

* uM formed per mg protein in 90 minutes.

TABLE 5

Condensing enzyme activity in exiracts
of “‘young” and ‘‘old’ cells

EXPERIMENT AGE CITRATE*
1 10 hours (“young’’) 0.29
76 hours (“old”) 0.97
2 6 hours (‘‘young”’) 0.17
23 hours (‘“old”’) 0.43

O: UPTAKE IN uL
EXPERI- SUBSTRATE ArTER S0umUTESt
MENT
Intact |Treated
cells cells
1 5 uM glucose 195 | 108
10 uM acetate 11 4
10 uM succinate 57 41
2 5 um glucose 225 | 194
10 uM acetate 9 8
10 um fructose-6-phosphate; 15 | 390
10 pM hexosediphosphate 38 | 234

* Endogenous subtracted.

Experiments 1 and 2 represent different cul-
tures, each grown for 9 hours. Each flask con-
tained either 4.8 mg of cells (experiment 1) or
5.3 mg cells (experiment 2) suspended in 1 ml
M/10 phosphate buffer (pH 7.2) or 1 ml of treated
cells diluted 50 per cent with M/10 phosphate
buffer (pH 7.2), 1 ml aqueous solution of sub-
strate, and 0.2 ml 20 per cent KOH iun the center
well.

appeared to have a greater activity in this
respect (table 4).

The next reaction involved in the conventional
tricarboxylic acid cycle is the condensation of
acetyl-coenzyme A and oxalacetate to form
citrate. The enzyme catalyzing this reaction has

* uM formed per mg protein in 90 minutes.

TABLE 6

Aconitase and fumarase activities in
extracts of “young’’ and “old”’

cells
EXTRACT ACONITASE® FUMARASE*
“young” 0.006 0.038
“old” 0.049 0.120

* Increase in optical density per minute per
mg protein, at 240 mu. Each tube contained 0.1
ml of M/10 aqueous solution of citric acid (for
aconitase) or pL-malic acid (for fumarase), 0.4
ml of extract and 0.05 M tris buffer (pH 8.0) to a
total volume of 3.09 ml.

been shown to be present in this strain of yeast
by Novelli and Lipmann (1950). Its presence
was confirmed in extracts from “old” cells, but
similar preparations from ‘“young” cells con-
sistently showed a lower activity of this enzyme
(table 5). Analyses for aconitase and fumarase
showed correspondingly low activities in extracts
from ‘“young” cells (table 6).

These findings support the contention that
acetate is oxidized by way of the tricarboxylic
acid cycle in “old” cells. The impaired ability of
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“young” cells to oxidize acetate may, therefore,
be the result of a deficiency of at least some of the
tricarboxylic acid cycle enzymes.

On the mechanism of glucose oxidation by
““young” cells. Data presented above (figure 1)
show that “young” cells oxidize glucose well
beyond the level of acetate although neither
ethanol nor acetate is oxidized to any great
extent. In some cases, the oxygen consumed
may account for as much as 75 per cent of the
glucose added. The most plausible explanation
for this seemed to be that glucose might be
oxidized by way of the hexose monophosphate
shunt. If this were the case, one might expect to
find a difference in the activities of the enzymes,
glucose-6-phospbate dehydrogenase, and 6-
phosphogluconic acid dehydrogenase, in “young”
and “old” cells, since inverse differences had
already been found in certain of the tricarboxylic
acid cycle enzymes. The activities of these
enzymes, however, were found to be essentially
the same in extracts of “young” and “old” cells.

The possibility that the hexose monophosphate
pathway is operative was investigated further
by the use of glucose, labeled in the 3 and 4
positions with C4. If such a mechanism for the
oxidation of glucose were involved, the carbon
dioxide released during the initial stages of
oxidation would arise from carbon 1 and therefore
would be uniabeled. On the other hand, if glucose
were oxidized subsequent to glycolysis, one would
expect the carbon dioxide to be highly labeled.
As seen in table 7, with cells utilizing glucose
under anaerobic conditions, all of the carbon
dioxide produced arises from carbons 3 and 4.

TABLE 7
Utilization of 8,4-C'*-glucose by
“young”’ cells

SPECIFIC
ACTIVITY*

Glucose added 55

CO, formed anaerobically 111

CO; formed aerobicallyt 110

CO; formed aerobicallyt with | 102
5 X 10~* M fluoroacetate
added

1,810 (of 3-
1,810 and
1,390 4-
1,720 car-
bons)

* Counts per minute per mg carbon.

t In the experiments carried out in air, the
reaction was stopped after enough oxygen had
been taken up to take the added glucose to the
level of acetate.
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Similarly, under aerobic conditions, almost all
of the carbon dioxide produced during the initial
stages of oxidation arises also from the 3- and
4-carbon atoms. The small amount of dilution
observed in this latter case may be the result
of a partial further oxidation of the glucose
molecule or of nonisotopic carbon dioxide arising
from endogenous reserves. That the further
oxidation of glucose contributes to this dilution
is shown by the effect of the addition of fluoro-
acetate which inhibits glucose oxidation past the
oxidation level of acetate. Under these conditions,
the specific activity of the carbon dioxide
produced approached that produced under
anaerobic conditions.

These results are incompatible with the
concept of oxidation by way of a hexose mono-
phosphate shunt mechanism and, with respect
to the strain of yeast used in this study, are a
confirmation of the findings of Gilvarg (1952)
that this does not represent a major pathway of
oxidation in yeast.

DISCUSSION

Differences in oxidative abilities of young and
old cells have been described, from time to time,
in other organisms. Cochrane and Peck (1953)
aseribed the inability of young cultures of
Streptomyces coelicolor to oxidize acetate to a
permeability barrier although no definitive
evidence was presented.

Powelson et al. (1947) and Goldschmidt and
Powelson (1953) have studied a similar inability
of young cells of Micrococcus pyogenes var.
aureus to oxidize acetate. It was concluded that
the acetate oxidizing system in this organism is
adaptive and that certain constituents of the
growth medium inhibit this adaptation. There
was some indication that glucose was the
interfering substance.

The inhibition of acetate oxidation by glucose
also has been reported by Umbarger (1953a,b),
working with E. cols.

Preliminary experiments with our yeast indi-
cate that in this case also glucose concentration
of the growth medium may be a determining
factor in the ability of the cells to oxidize acetate.
Certain differences are apparent, however, in
the case of the yeast studied here. Acetate
oxidation is not sparked by the addition of
succinate, as with the other systems mentioned.
In addition, the oxidation of glucose by cells
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incapable of rapid acetate oxidation does not lead
to an accumulation of acetate as in Mtcrococcus
but proceeds almost to completion.,

The fact that glucose is oxidized well beyond
the level of acetate by “young” cells and that
neither acetate nor ethanol is oxidized appre-
ciably by these cells shows that these substances
cannot be obligatory intermediates in glucose
oxidation. It might be argued that “young” cells,
oxidizing glucose in the Warburg vessel, adapt
during glucose oxidation to the oxidation of
acetate. Certain observations, however, make
this appear unlikely. First of all, with both glucose
and acetate present in the vessel, oxygen is taken
up rapidly for a period, and then the rate declines
to that of the endogenous. (This “break” in rate
coincides with that observed when an equivalent
amount of glucose alone is present in the vessel.)
Subsequent to this, after a lag period of about
30 minutes, rapid oxidation (presumably of
acetate) ensues once more. Secondly, during
vigorous glucose oxidation, if cells are removed
from the vessel just prior to the exhaustion of
glucose and are washed and given acetate as the
substrate, oxygen uptake now is negligible. Both
of these observations indicate that the ability
to oxidize acetate does not develop during glucose
oxidation. On the contrary, they support the idea
that the capacity to oxidize acetate is suppressed
until glucose is no longer available.

In “old” cells, which oxidize acetate rapidly,
certain tricarboxylic acid cycle enzymes appear
to be much more active than in “young” cells.
Thus, the inability of “young” cells to oxidize
acetate may be a result of deficiencies in the
tricarboxylic acid cycle. It seems highly unlikely,
then, that glucose can be oxidized by this
pathway in “young” cells.

Experiments with labeled glucose have in-
dicated that the 3- and 4-carbons of glucose are
converted to carbon dioxide, with very little
carbon from the other positions in the glucose
molecule appearing as carbon dioxide during the
initial stages of oxidation. These observations
lead to the conclusion that glucose probably is
metabolized by way of the Embden-Meyerhof-
Parnas pathway to pyruvate, the latter being
degraded to carbon dioxide and some two-carbon
fragment which may be oxidized further.

Since the above experiments indicate that
oxidation of glucose by ‘“young” cells proceeds
subsequent to glycolysis, it is of considerable
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interest that neither ethanol nor acetate is
oxidized under these conditions. Furthermore,
from experiments with crude extracts, it is
clear that these cells are capable of producing
acetyl-coenzyme A from acetate. It is suggested
therefore on these bases, and in view of the
impairment of the tricarboxylic acid cycle,
that glucose oxidation in “young” cells occurs
by degradation to carbon dioxide and some
two-carbon compound, not in equilibrium with
ethanol, acetate, or acetyl-coenzyme A. The
nature of this compound and its further metab-
olism are, at this time, unknown. It is possible,
of course, that the two-carbon compound is not
itself oxidized further, but rather that it con-
densed with other such fragments to yield
ultimately a new molecule of hexose. Then
the latter may be degraded through pyruvate
to carbon dioxide and another pair of two-carbon
compounds.

SUMMARY

Cells of Saccharomyces cerevisiae harvested in
the late logarithmic or stationary phases of
growth oxidize glucose, ethanol, and acetate
rapidly, while cells harvested in the early loga-
rithmic phase oxidize only glucose appreciably.

The inability of young cells to oxidize acetate
cannot be explained on the basis of impermeabil-
ity to this substrate but may be the result of a
deficiency of certain tricarboxylic acid cyele

es.

The oxidation of glucose by young cells pro-
ceeds well past the oxidation level of acetate.
Evidence is presented concerning the mechanism
of glucose oxidation by young cells, and the
possibility of the existence of a new pathway is
discussed.
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