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Yeast, like my children, are at their most vibrant in high con-

centrations of sugar. The budding yeast Saccharomyces

cerevisiae extracts just 2 moles of ATP per mole of glucose

via fermentation (that is, glycolysis to pyruvate, then reduc-

tion of the pyruvate to ethanol), but it grows rapidly with a

doubling time of about one and a half hours. In low concen-

trations of glucose (or in non-fermentable carbon sources)

yeast grow via oxidative respiration, extracting more than

30 moles of ATP per mole of glucose - but now their dou-

bling time increases to 3 hours or longer.

Yeast growing oxidatively in limited glucose use this glucose

in three major ways. First, of course, they use it as an energy

source; glucose flows through glycolysis to generate ATP,

NADH and pyruvate, and the pyruvate flows through the tri-

carboxylic acid (TCA) cycle and oxidative phosphorylation to

generate even more ATP. Second, they use glucose as a raw

material for building the cell wall. Third, another large

portion of the glucose is stored, some in the polysaccharide

glycogen and some in the disaccharide trehalose. So, even

though these respiring cells are in some sense starved for

glucose (as they could grow faster if more glucose were avail-

able), they nevertheless store a fair portion of the glucose.

About 16% of the dry weight of a respiring cell is stored car-

bohydrate (that is, glycogen plus trehalose), whereas a cell

growing via fermentation on abundant glucose has virtually

no stored carbohydrate [1,2].

Storing and burning, storing and burning 
The fate of this stored carbohydrate is remarkable. The story

is old [3-5] but complex. And recent studies [6,7] showing

the oscillation of many genes as a function of the metabolic

cycle have added another level of complexity, as discussed

later. In the long G1 phase of a slowly growing, glucose-

limited cell, cells oxidize glucose to grow by respiration, but

they also store glucose as glycogen and trehalose. But in late

G1, some event, possibly a spike in the level of cyclic AMP

[8], changes all this. Storage ceases. The cell’s stores of

glycogen and trehalose are suddenly liquidated to glucose.

The released glucose now floods through glycolysis into

oxidative respiration, greatly increasing the rate of respira-

tion. The sudden wave of glucose is, however, too much to be

absorbed by the respiratory pathway, and a good deal of the

glucose is simply fermented to ethanol. Amazingly, at this

point in the cycle, glucose-limited cells are actually excreting

ethanol from overflow glycolysis into the medium [8]. Thus,

briefly, these cells are obtaining some of their energy from

fermentation, by suddenly burning their stores of carbohy-

drate, and they greatly increase their production of ATP. The

cells express mRNAs for the cyclins Cln1 and Cln2, commit

to passage through the cell cycle by passing the point known

as Start, and enter S phase, in which the DNA is replicated

[7]. Shortly afterwards, having exhausted their stores of car-

bohydrate, the cells stop fermentation, respire at a low rate

as permitted by the small amounts of glucose (and now
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ethanol) available from the medium, and begin the arduous

process of storing carbohydrate for the next cell cycle (see

Figure 1). Similar events also occur in yeast cells limited for

other carbon sources.

These peculiar cycles of storing and then burning carbohy-

drate can have an even more peculiar effect on the yeast

culture as a whole. Depending on factors such as dilution

rate, oxygen levels and pH, a culture of yeast grown in a

chemostat in limiting glucose can become spontaneously

synchronized with respect to the cell cycle: all the cells in the

culture align at the same place in the cell cycle and then

progress through the cycle together, an effect first seen more

than 35 years ago [9-13]. Again the full story is complex (see

[14] and references therein), but a simplified explanation is

that the cells that first liquidate their stored carbohydrate

and secrete ethanol are thus feeding ethanol to other cells in

the culture. The cells receiving the ethanol can therefore

grow faster, and so can catch up to the more advanced cells.

Once they catch up, they too become feeders rather than

receivers. To say the same thing in a different way, each cell

has an internal oscillation of storing, then burning, carbohy-

drate, and these oscillations can be synchronized through a

whole culture by the cross-feeding effects of released ethanol

and perhaps other metabolites (for instance, hydrogen

sulfide and acetaldehyde have been suggested [15]). Thus,

Figure 1 can be viewed as the events happening in a single

cell in an asynchronous culture or, as in the studies by

Muller et al. [8] and Sillje et al. [9], as the events happening

to all the cells in a synchronous culture.

The excretion of ethanol into the medium is energetically

wasteful from the cell’s point of view. But yeast grow as

clonal cultures, so most of the excreted ethanol is likely to be

taken up by genetically identical cells, minimizing the cost

from the clone’s point of view.

Many genes oscillate as a function of the
metabolic cycle 
Recently, two groups have used microarrays to analyze gene

expression throughout the cell cycle of spontaneously syn-

chronized cells [6,7]: that is, cells synchronized by growth in

limiting glucose and experiencing synchronous waves of

storing and then burning carbohydrate. Up to half of all

genes showed at least a weak oscillation. Of course, some of

these are typical cell-cycle-linked genes such as the histone

genes, as noted in previous studies [16]. But there were

many strongly oscillating genes that are intimately associ-

ated with the metabolic oscillation described above and that

do not significantly oscillate in a cell cycle in high glucose.

These oscillating metabolic genes form a number of func-

tionally and temporally related clusters. For instance, in

mid-G1, at about the time that stored carbohydrate is being

liquidated and ATP production is maximal, there is a large

cluster of genes involved in protein synthesis and ribosomal
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Figure 1 
The metabolic cycle in slowly growing yeast cells. (a) The cycle of stored
carbohydrate. In slowly growing cells, glycogen and trehalose build up
during G1, then are suddenly liquidated in late G1. Shortly after
liquidation, the mRNA levels of the G1 cyclins Cln1 and Cln2 reach a
peak, Start is passed, and then budding and DNA synthesis occur.
Adapted from the data of Sillje et al. [9], who studied cells in which the
length of G1 was 500 to 600 minutes. (b) The metabolism of
spontaneously synchronized cells in limiting glucose. The cyclic changes in
the levels of various indicators of metabolism are shown. A small spike of
cyclic AMP is seen in mid or late G1. Almost immediately afterwards,
glycogen and trehalose are liquidated. Ethanol appears in the medium,
presumably the result of fermentation of the freed glucose. The amount
of dissolved oxygen in the medium plunges at the same time that stored
carbohydrate is disappearing, and the same time as ethanol is appearing.
The disappearance of oxygen suggests that glucose from stored
carbohydrate is being metabolized by respiration as well as by
fermentation. The respiratory quotient spikes from just below 1 to about
1.2, signifying a shift from nearly pure respiration (which would give a
respiratory quotient of 1.0) to metabolism involving some fermentation.
Budding follows shortly afterwards. Part (b) is adapted from a study by
Muller et al. [8], in which cyclic AMP varies from about 6 nmol/g dry
weight to about 12 nmol/g dry weight; stored carbohydrate varies
from175 mg/g dry weight to about 80 mg/g dry weight; ethanol varies
from 0 to 125 mg/l, dissolved oxygen varies from 80-65% saturation (in
Muller et al. [8]) or 60-20% saturation (in Tu et al., see Figure 1 in [7]);
the respiratory quotient varies from 0.85 to 1.2 at the top of the spike;
and budding index varies from 5% to 40%. 

G1 S

(a)
Cyclin mRNA

Budding
of cells

Glycogen and
trehalose

cAMP

Glycogen
and trehalose

Ethanol

Dissolved
oxygen

Respiratory
quotient

Budding of
cells

G1

Start

S,M

Start

(b)

Start
Cell-cycle progression

Cell-cycle progression

G1



biogenesis, including the ribosomal proteins themselves

[6,7] (a similar cluster was also noted by [17]). Other genes

involved in protein synthesis, and genes involved in sulfur

metabolism, amino-acid synthesis, and RNA processing,

also peak at this time. The combination of high ATP pro-

duction, ribosome biogenesis and amino-acid synthesis and

related functions suggests that cells in mid-G1 may have an

especially high rate of protein synthesis. Cells pass through

Start near the end of this period. Interestingly, a similar

phenomenon of a peak in ribosome biogenesis and protein

synthesis occurs in the fission yeast Schizosaccharomyces

pombe just before commitment [17], even though in S.

pombe this commitment occurs in the G2 phase.

At about the time that stored carbohydrate has been

exhausted and the amount of dissolved oxygen in the

medium begins to climb (indicating a lack of substrate for

respiration), the microarray analysis shows expression of

histones [6,7], indicating on-going DNA replication. Genes

for spindle-pole components are also expressed, consistent

with the idea that the cells are in S phase. At this time, cells

have budded, again consistent with S phase. Finally, many

nuclear genes for mitochondrial proteins, such as mitochon-

drial ribosomal proteins, peak at this time [6,7]. The reason

for this peak is not obvious, as the highest rate of respiration

has by now passed. Tu et al. [7] suggest that cells are either

rebuilding or duplicating their mitochondria at this time.

Many variations on this theme are possible; for instance, it

might be a time when mitochondrial import is particularly

favored, and so mitochondrial proteins are synthesized to

meet a window of opportunity for import.  

Finally, late in the cell cycle, many peroxisomal proteins and

certain other classes of proteins are upregulated [7]. Peroxi-

somes are the site of β-oxidation of fatty acids, yielding

acetyl-CoA, which is the starting point for the generation of

ATP via respiration. Thus, just as the cell is getting an extra

energy boost from stored carbohydrate in mid-G1, it could

be getting an energy boost from stored lipid in G2/M.

Compartmentalization versus the finishing kick  
So, why does the respiring yeast cell have these metabolic

cycles and the associated oscillations of hundreds or thou-

sands of genes? There are two views, not mutually exclusive,

which I will call the ‘compartment’ hypothesis, and the ‘fin-

ishing kick’ hypothesis. These are built on work from two

distinct groups of researchers, publishing in distinct jour-

nals, and in some cases possibly not aware of each other’s

results. The compartment hypothesis is championed by Tu et

al. [7], and it states that some of the different metabolic

processes in the cell are incompatible with one another and

therefore they are compartmentalized in time. This view is

built on earlier work by Murray, Kuriyama, and colleagues

[6,15,18], who viewed the metabolic oscillation shown in

Figure 1b as primarily an oscillation in redox potential,

shown by a strong oscillation in NADH [18]. As an example

of compartmentalization, Tu et al. [7] suggest that respira-

tion is incompatible with glycolysis, and therefore that the

two processes are carried out at two different times of the

cell cycle (this particular suggestion contrasts with the view

given above where peak respiration occurs simultaneously

with peak glycolysis). As a second example, both Klevecz et

al. [6] and Tu et al. [7] suggest that respiration might be

incompatible with DNA synthesis, as respiration might be

mutagenic. Furthermore, there might be many circum-

stances under which two pathways might interact to cause

futile cycles unless the pathways were separated in either

space or time. 

The idea that respiration and glycolysis happen at different

times cannot be completely correct: for one thing, respira-

tion requires glycolysis to produce pyruvate and acetyl-CoA.

But the idea that they might occur largely at different times

arises from interpretations of dissolved oxygen measure-

ments. All investigators agree that in spontaneously synchro-

nized respiring cultures, there is a period when the

concentration of dissolved oxygen in the chemostat medium

falls sharply (see Figure 1b). This decrease in dissolved

oxygen is a sign of increased respiration. Tu et al. [7] call this

period the ‘Ox’ period, and they interpret it as a brief window

in the cycle during which respiration can occur; they feel that

respiration is relatively insignificant outside of the Ox period.

Later, the concentration of dissolved oxygen in the medium

rises sharply (see Figure 1b), indicative of a decreased rate of

respiration. Tu et al. [7] interpret this as the cessation of res-

piration, and name this period of time the ‘R/B’ period (for

reductive, building period). They do not specify how cells

obtain ATP during this period. Finally, there is a period when

the concentration of dissolved oxygen is high and stable; this

is named the ‘R/C’ period (the reductive, charging period)

and Tu et al. [7] suggest that during this period, ATP is

obtained by glycolysis, but not (or not significantly) by respi-

ration. In summary, Tu et al. [7] suggest that respiration is

more-or-less confined to the Ox period of the metabolic cycle,

while glycolysis is more-or-less confined to the R/C period of

the metabolic cycle, and this temporal separation minimizes

conflicts between different modes of metabolism.

More detailed metabolic measurements throw serious doubt

on this interpretation, however. Although there are quite a

number of relevant papers, I will focus on the example of

Muller et al. [8], who made extensive measurements in very

comparable cells, which were also spontaneously synchro-

nized in low glucose (see Figure 1b). They measured not only

dissolved oxygen, but also the respiratory quotient (which is

the ratio of the volume of carbon dioxide produced to the

volume of oxygen consumed: for pure respiration, this ratio

is 1, whereas for pure fermentation, the ratio is infinitely

high, as no oxygen is consumed). They also measured the

amount of stored carbohydrate, ethanol and acetate in the

medium, and other parameters. The measurements of
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Muller et al. [8] show that during the Ox phase, both respira-

tion and glycolysis are occurring at a high rate; a high rate of

respiration is shown by a high rate of oxygen consumption,

whereas a high rate of glycolysis is shown by a respiratory

quotient that spikes above 1, and by the loss of storage carbo-

hydrate and its reappearance as ethanol (the end-product of

yeast fermentation) in the medium. Indeed, Tu et al. [7] also

find ethanol in the medium during their Ox phase, a sign that

in their experiments glycolysis and fermentation must also be

extremely active at this time. In the R/B and R/C phases, the

measurements of Muller et al. [8] indicate almost pure respi-

ration; the respiratory quotient is stable, just less than 1 (as

expected if respiration is occurring but some carbon is

retained by the cell for anabolism). In summary, the mea-

surements of Muller et al. [8] suggest that there is no tempo-

ral compartmentalization of respiration from glycolysis;

rather, almost the opposite is true: respiration is occurring all

the time (though certainly at a higher rate during the Ox

period than at other times), and glycolysis is most intense

during the Ox period, exactly when respiration is most

intense. According to these results the intense respiration

and the simultaneous glycolysis could be the consequences of

the liquidation of stored carbohydrate occurring at this time.

A related proposal is that oxidative and reductive processes

are compartmentalized; this is based in part on an oscillation

in NADH [18]. This oscillation is tricky to interpret, however.

First, oxidative and reductive steps through glycolysis, the

TCA cycle and oxidative respiration usually are coupled in

time, so while a portion of the yeast metabolic cycle may

provide an exception to this coupling, it is nevertheless diffi-

cult to argue that the processes must occur at different

times. Second, NADH is in flux through pathways, and a

measurement of instantaneous concentration is not suffi-

cient to describe the flux. Nevertheless, the oscillation of

NADH is very clear [18] and cries out for an explanation. It

may be significant that the peak of NADH occurs just as res-

piration is slowing down, and just as nuclear genes for mito-

chondrial functions are reaching peak expression. Perhaps

mitochondria are taking a break from oxidative phosphory-

lation to import new protein and reorganize themselves; this

might be an example of compartmentalization. 

Another interesting possibility is that the oscillation in

NADH (and the opposite-phase oscillation in NAD) could

affect the activity of Sir2, an NAD-dependent histone

deacetylase [19]. NADH peaks at about S phase, and the

lower NAD concentration at this time could decrease activity

of Sir2 [19,20], and so increase the acetylation of histones

and perhaps other proteins. Conceivably, this could be

somehow connected to the fact that re-establishment of gene

silencing in yeast requires passage through S phase, but not

actual DNA replication [21,22].

Even if respiration and glycolysis are not temporally com-

partmentalized, many other processes in the metabolic cycle

certainly are, and so the compartment hypothesis remains a

powerful idea that may explain other aspects of the meta-

bolic oscillation. We still lack a clear example of temporally

compartmentalized processes known to be mutually incom-

patible, however.

An alternative view which I propose here, the ‘finishing-kick’

hypothesis, is an outgrowth of the work of Muller et al. [8],

Sillje et al. [9], Schneider et al. [23], and many other

authors. This hypothesis focuses on the requirements for

Start, the commitment to the cell cycle that takes place at the

G1/S transition. Start depends on three G1 cyclins, Cln1,

Cln2 and Cln3, which bind and activate the cyclin-dependent

kinase (CDK) Cdc28; the kinase activity of the resulting com-

plexes then catalyzes Start. The three G1 cyclins are all very

unstable proteins (even at very low growth rates [23])

encoded by very unstable mRNAs. The finishing-kick hypoth-

esis states that at low rates of protein synthesis, cells will not

pass through Start. One mechanism for preventing Start at

low protein synthesis rates is that G1 cyclins cannot be syn-

thesized to the requisite level, because they turn over too

quickly. This rapid turnover can only be overcome by high

rates of protein synthesis. Therefore, the slowly growing cell

organizes its metabolism to store sufficient carbohydrate,

then suddenly burns it to provide a burst of ATP and protein

synthesis in late G1. This metabolic burst provides enough G1

cyclin and other materials (glucans for the wall of the new

bud, deoxynucleotides for DNA synthesis, and so on) for this

key event of the cell cycle. That is, there is a finishing kick to

Start and, exactly like the finishing kick of an Olympic

10,000-meter runner, it involves a lot of glycolysis. 

Although the instability of G1 cyclin provides the mechanism

by which Start is delayed, providing G1 cyclin is not the

point, or at least not the whole point, of the metabolic burst.

If it were, the cell would evolve a more stable G1 cyclin and

be done with it. Rather, the unstable G1 cyclin is a gating

device that limits Start to times when carbohydrate, other

materials and protein synthesis rates are sufficiently high for

all needs. 

The finishing kick and critical size 
It has been known for many years that slowly growing cells

have a long G1, and only when these cells have grown to ‘crit-

ical size’ can they pass through Start. In the finishing kick

hypothesis, critical size is equivalent to stored carbohydrate;

that is, the hypothesis predicts that the size-correlated para-

meter being measured by the cell is glycogen plus trehalose.

When enough carbohydrate is stored for successful passage

through this energy- and material-intensive part of the cell

cycle, this is somehow sensed (perhaps via some glucose-

related metabolite such as glucose 6-phosphate and the

cyclic AMP pathway), a signal is sent (again, perhaps via the

cyclic AMP pathway), the carbohydrate is liquidated, ATP is

produced, and a burst of metabolism, nucleotide synthesis,
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protein synthesis and all the other events of Start ensue. The

late-G1 peak in expression of ribosome and protein synthesis

genes noted by both Klevecz et al. [6] and Tu et al. [7] is

explained by the need for a burst of protein synthesis. Inter-

estingly, most of the mutations affecting critical cell size

either affect the synthesis of G1 cyclins (for example, CLN3-1,

whi3 and whi5) or are related to (though not actually in) the

cyclic AMP pathway (sch9 and sfp1) [24]. Oscillations in

other metabolites and sets of genes would be explained as

downstream effects of the oscillation in stored carbohydrate

and of the metabolic burst.

The finishing-kick hypothesis can only explain critical size

and Start in slowly growing cells. Cells growing rapidly on

abundant glucose have little or no stored carbohydrate, and

in any case no need for a metabolic burst, and the finishing-

kick hypothesis is irrelevant to such cells. But there is also

evidence that cells use multiple mechanisms for controlling

the time of Start [23], and the mechanisms that apply in fast-

growing cells may be quite different from those in slow-

growing cells [25].

It is clear that glucose-limited yeast do undergo a metabolic

oscillation superimposed on their cell-cycle oscillation. Whether

this metabolic oscillation is primarily for temporal compart-

mentalizing of different metabolic process, or primarily for

managing Start under difficult circumstances, or whether both

hypotheses are true, remains to be seen. One promising avenue

for distinguishing the hypotheses is the study of mutants that

do not store any glycogen or trehalose [2,26]. Such mutants are

alive, but with aberrant cell cycles. At present, phenotypic

analysis is not detailed enough to distinguish the two hypothe-

ses, but in principle, mutants that lack storage carbohydrate

should allow some interesting experiments.
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