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Abstract

The purpose of this study was to explore the role of glycogen and trehalose in the ability of Saccharomyces cerevisiae to respond
to a sudden rise of the carbon flux. To this end, aerobic glucose-limited continuous cultures were challenged with a sudden increase
of the dilution rate from 0.05 to 0.15 h~!. Under this condition, a rapid mobilization of glycogen and trehalose was observed which
coincided with a transient burst of budding and a decrease of cell biomass. Experiments carried out with mutants defective in storage
carbohydrates indicated a predominant role of glycogen in the adaptation to this perturbation. However, the real importance of
trehalose in this response was veiled by the unexpected phenotypes harboured by the fps/ mutant. chosen for its inability to syn-
thesize trehalose. First, the biomass yield of this mutant was 25% lower than that of the isogenic wild-type strain at dilution rate of
0.05h"", and this difference was annulled when cultures were run at a higher dilution rate of 0.15 h~'. Second, the zps/ mutant was
more effective to sustain the dilution rate shift-up, apparently because it had a faster glycolytic rate and an apparent higher capacity
to consume glucose with oxidative phosphorylation than the wild type. Consequently, a tps/gsy/ gsy2 mutant was able to adapt to
the dilution rate shift-up after a long delay, likely because the detrimental effects from the absence of glycogen was compensated for
by the tps/ mutation. Third, a glg/Agig?A strain, defective in glycogen synthesis because of the lack of the glycogen initiation
protein, recovered glycogen accumulation upon further deletion of TPS/. This recovery, however, required glycogen synthase.
Finally, we demonstrated that the rapid breakdown of reserve carbohydrates triggered by the shift-up is merely due to changes in the
concentrations of hexose-6-phosphate and UDPglucose, which are the main metabolic effectors of the rate-limiting enzjymes of
glycogen and trehalose pathways.
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1. Introduction

The yeast Saccharomyces cerevisiae is endowed with a
remarkable metabolic flexibility which enables it to cope
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with large nutrient fluctuations in the environment.
Typical metabolic key-points in this metabolic adapta-
tion are glycogen and trehalose, which either accumulate
or are mobilized according to environmental and stress
conditions [1-3]. Glycogen and trehalose have impor-
tant functions with respect to metabolic adaptation,
including carbon and energy reserves and stress pro-
tection [4]. Convincing evidence that a major function of
glycogen is to provide carbon and energy for mainte-
nance of cellular activities was obtained with respira-
tion-deficient cells which, contrary to wild-type cells,
readily mobilize the accumulated glycogen immediately



at the onset of glucose depletion [3]. Conversely, a role
of trehalose in stress protection has been recognized
based on the observation that the capacity of yeast cells
to withstand harmful conditions is correlated with a
high intracellular content of trehalose [5,6]. Moreover,
trehalose has two unique properties that make it a stress
protectant, namely its capacity to protect membranes
from dessiccation, and its ability to exclude water from
the protein surface and hence protect proteins from
denaturation in dehydrated cells [7-9]. Moreover, tre-
halose metabolism plays a role in control of the glyco-
lytic flux as indicated by the finding that growth on
rapidly fermentable sugars is prevented in a zps/ mutant
which is deficient in the catalytic subunit of the treha-
lose-6-P synthase complex. The precise molecular
mechanism has not yet been completely worked out al-
though there are strong indications that this control
occurs at the level of the hexose phosphorylation step
[10,11].

Another potential function of glycogen and trehalose
is in the progression of the cell division. An initial in-
dication of this implication was obtained with continu-
ous cultures of yeast at low dilution rates which
exhibited spontaneous cell cycle-related oscillations.
These oscillations were characterized by periodic chan-
ges of dissolved oxygen, ethanol production, biomass
concentration, budding index and cellular content of
storage carbohydrates [12-16]. More recently, Verrips
and coworkers [17-19] have used partially synchronised
carbon-limited continuous cultures of yeast and shown
that below a certain sugar flux, imposed by reducing the
dilution rate, the content of glycogen and trehalose in-
creased proportionally to the length of the G1 phase of
the cell cycle. The two glucose stores were subsequently
mobilized before entrance of the cells into the S phase.
On the basis of these data, it was proposed that the
mobilisation of storage carbohydrates temporarily in-
creased the sugar flux, thus enabling the cells to go
through a next round of division [18]. Contrary to ex-
pectation, a mutant completely unable to synthesize
both glycogen and trehalose was still able to divide at

low growth rate under carbon-limited conditions,
although the passage to a next cell division was
much slower than that of the wild type [18]. Moreover,
these authors showed that the carbon flow that was
saved on carbohydrate synthesis was fully oxidized,
which indicated that the mutant cells had a higher ATP
flux than the wild type. This higher energy dissipa-
tion was assumed to be the price to pay for enabling
these mutant cells to divide under deteriorating growth
conditions [18].

In the present work, we sought an alternative ap-
proach to investigate the role of glycogen and trehalose
in cell division and growth. The strategy was to increase
the carbon flux of glucose-limited continuous cultures of
a wild-type strain, and mutants defective in glycogen
and trehalose, by a dilution rate shift-up from 0.05 to
0.15 h~!. This methodological approach brought several
unexpected results, including a predominant role of
glycogen in this metabolic perturbation and new traits
associated with inactivation of the TPSI gene.

2. Materials and methods
2.1. Yeast strains and construction of mutants

The Saccharomyces cerevisiae strain CEN.PK113-7D
[20], referred to as the ‘wild type’ (WT) in this study, and
its ura3-52 derivative CEN.PK113-5D were used as host
strains for TPSI, GLGI, GLG2, GSYI and GSY2 dis-
ruptions (Table 1). Two alleles of TPS1 were used in this
study. The tpsiA:-kanMX4 allele is identical to the
tpsl::1oxP-kan M X-1oxP allele that has been described in
[21]. Tt was obtained by PCR with d-TPS1 and {-TPS1
primers (Table 2). The tpsiA::URA3-hisG allele was
constructed from pALK752, a pBSK vector carrying
TPSI ORF with promoter and terminator sequences
[22], and pNKY51 which bears the hisG-URA3-hisG
disruption cassette [23]. Deletion of the 1.15-kb Ncol
fragment in pALK752 yielded pJF579 (tpsiA). The
BamH1/BglII hisG-URA3-hisG module from pNKY5I

Table 1

Strain used in this study
Strain Genotype References
CENPK133-7D Mat a [20]
CEN.PK133-5D Mat a ura3-52 [20]
JF1055 Mat a tpsIA :: Kan® This work
JF1468 Mat a ura2-52 tpsiA::URA3 This work
JF971 Mat a glglA :: Kan® GLG2 This work
JF955 Mat a GLGI glg2A :: Kan® This work
JF969 Mat a glglA :: Kan®glg2A :: Kan® This work
JF1446 Mat o ura3-52 tpsIA::URA3 glglA :: Kan®glg2A :: Kan® This work
JF1486 Mat o ura3-52 GSYI gsy2A::URA3-hisG tpsIA::hisG This work
JF1484 Mat o ura3-52 gsylA::URA3-hisG GSY2 tpslA::hisG This work
JF1494 Mat o ura3-52 gsylA::hisG gsy2A:: URA3-hisG tpslA:: hisG This work




Short description

Sequence (5 > 3)

Name

Primers used for gene disruption

Table 2
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was inserted into the Bg/II site of pJF579 to yield to
pJF805 (tpsIA::URA3-hisG). The 5.2-kb Xhol/Xbal
tpslA::URA3-hisG cassette from pJF805 was used to
replace wild-type TPSI in CEN.PK113-5D by homol-
ogous recombination.

Disruption of GLGI by the KanMX4 module was
carried out as follows. The GLGI gene was amplified by
PCR from genomic DNA using GLGI-300 and
GLG1 +450 primers (Table 2) and the PCR product
was cloned into the pGEM-T (Promega) to yield

mer used for GLG2 disruption by the method of Wach et al. [25
mer used for GLG2 disruption by the method of Wach et al. [25
mer used for TPS! disruption by the method of Wach et al. [25
mer used for TPS! disruption by the method of Wach et al. [25
mer used for GSY2 disprution using then hisG-URA3-hisG

Primer used for GSY?2 disprution using then hisG-URA3-hisG

22 pGEM-T-GLGI. The 632 pb EcoRV/Hpal fragment
TS) é qEE from this construct, was replaced by the 1.5-kb Smal/
53 ; ; Hpal kanMX4 cassette from pFA6a-kanMX4 [25] to
33 s w yield pGEM-T-glgl::kanMX4. The 2.4-kb BspE1/Nhel
5 5 R fragment from the latter plasmid was then used for
% E <o genomic disruption of wild-type GLGI in CEN.PK113-
] °35° 7D. Disruption of GLG2 was carried out by direct
Z g 523 replacement of GLG2 by transformation of CEN.PK113-
EEEEELEERE S 7D according to [24], using the loxP-KanMX4-loxP

module of pUGH6 [25] and primers d-GLG?2 and f-GLG2
(Table 2). These two primers have 40 nucleotide-5' ex-
tensions that are homologous to the region downstream
of the start codon and upstream of the stop codon of
GLG2, respectively. The glglAglg?A double mutant
strain (JF1969) was isolated after tetrad dissection of a
glgl AIGLG1glg2A/IGLG2 heterozygous diploid by the
lack of glycogen accumulation under vapor iodine
staining [3], and verified by PCR according to Wach
et al. [25].

The GSYI disruption was carried out using pGSY1,
which bears a 4.2-kb HindIIl genomic fragment with
GSYI (kind gift from P. Roach, Indianapolis Univer-
sity). The 2.3-kb Bcll fragment of pGSY! was replaced
by the 3.85-kb BamH1/Bglll hisG-URA3-hisG cassette
from pNKYS5I to yield pJL45. Genomic replacement
was performed by transformation of CEN.PK113-5D
strain with the 5.3-kb Spel/Xbal fragment from pJL45.
For GSY2 disruption, we used pRS314-GSY2, which
carries a 3.4-kb EcoRV GSY2 genomic DNA fragment
in the Smal restriction site of pRS314 (gift from
P. Roach, Indianapolis University). A PCR amplification
of the hisG-URA3-hisG cassette from pNKYS51 was
carried out with primers JL37 and JL38 (Table 2), which
have 40 nucleotide-5’ extensions homologous to the re-
gion immediately downstream of the start codon and
upstream of the stop codon of GSY2, respectively.
Co-transformation of this PCR product with pRS314-

ATGGCCAAGAAAGTTGCCATCTGTACATTGCTGTATTCACCAGCTGAAGCTTCGTACGC
TCAGGTATCAGGCTTTGGGAATGCTCTTTGGACGCGGTCTGCATAGGCCACTAGTGGATCTG Pr
ATGACTACGGATAACGCTAAGGCGCAACTGACCTCGTCTTCAGCTGAAGCTTCGTACGC
TCAGTTTTTGGTGGCAGAGGAGCTTGTTGAGCTGATGATGCATAGGCCACTAGTGGATCTG
ATGTCCCGTGACCTACAAAACCATTTGTTATTCGAGACTGCGACTGAGGTCGAAAAGTGC-
TTAACTGTCATCAGCATATGGGCCATCGTCGTCATCGTCAGCTGCAGGATCAAGCGCTCAT-

GTTAGAGGAAGCAGGCAAAA
GLG1+450 TTCTTCGAAACCGTAACCGA

Q
% S GSY2 linearized at BstBl in GSY2 allowed in vivo
3 S recombination and the recovery of pJL46 (pRS314-
S 2 gsy2A::URA3-hisG). The Sacl/Kpnl fragment from
OrO pJL46 that contains gsy2A:: URA3-hisG allele was used
for the transformation of the CEN.PK113-5D strain. To
S¥ . - remove the URA3 marker, mutant strains were replica-
5' < - E é — o plated onto 5-fluorouracil plates which led to the exci-
5 g Q Z = § 2 sion of the gene by homologous recombination between

flanking hisG repeats. This method led to strains with



tpsIA::hisG, gsylA::hisG or gsy2A::hisG alleles. Genetic
crosses, sporulation on 1% (w/v) K acetate agar plate
followed by tetrad dissection led to mutant strains with
multiple gene disruptions. Mutants were selected by lack
of glycogen accumulation [3] for disruption of GSYI
and GSY2, and lack of growth on SD-fructose plates
(0.17% yeast nitrogen base without ammonium and
amino acid, 0.5% ammonium sulphate, 2% agar and 2%
fructose) for tps! mutation. Genes disruption was veri-
fied by Southern blotting or PCR.

2.2. Shake-flask cultivation

Stationary-phase cells cultured on YPD medium (2%
glucose, 1% yeast extract, 2% bacto-peptone) were kept
frozen in 25% glycerol at —80 °C. The frozen cells were
used to inoculate fresh YPD agar plates. A single colony
was inoculated in 5 ml mineral medium prepared ac-
cording to Verduyn et al. [26] which contained 23 gl~!
galactose as the carbon source. After 10 h of growth at
30 °C, this culture was transferred to a 0.5-1 shake flask
containing 100 ml of the same medium for 12 h at 30 °C.

2.3. Chemostat cultures

The shake-flask culture was used to inoculate a 2-1
fermentor SETRIC 2M (Inceltech-SGI, Toulouse,
France) containing 1.1 1 of mineral medium prepared
according to Verduyn et al. [30] and 23 gl~! galactose.
Aerobic chemostat cultivation was performed at 30 °C,
the medium supply was started when galactose was
completely consumed. The influx of medium was pro-
vided by a peristaltic pump. The defined medium for
carbon-limited chemostat cultivation contained per litre
of demineralised water: glucose, 15 g; (NH4),SOq4, 5 g;
KH,POy, 3 g; MgSO4 x TH,0, 0.5 g; 1 ml trace element
and 1 ml vitamin solution prepared according to Ver-
duyn et al. [26]. The working volume of the cultures was
kept constant at 1.1 1 by means of an electric level
floating sensor. A stirrer speed of 800 rpm and an air
flow of 1.5 Imin~! kept the partial oxygen pressure al-
ways at minimally 50% of its saturation value as mea-
sured with an Ingold oxygen probe. The pH was
controlled at 5.0 by automatic addition of 2-M NaOH.

2.4. Shift-up experiments in chemostat

The aerobic glucose — limited chemostat cultivation
was set up at a dilution rate of 0.05 h~!. Although in-
stabilities of the culture due to spontaneous oscillatory
behaviour occasionally happened, cultures used for
steady-state analysis or shift-up experiments did not ex-
hibit detectable metabolic oscillations. Yeast cultures
were assumed to be at steady-state at the dilution rate of
0.05 h~! when after five reactor-volumes changes, the cell
biomass, rates of CO; production and O, consumption

differed by less than 5% and no oscillation of the CO,
production rate occurred during this period. Shift-up
experiments from 0.05 to 0.15 h~! dilution rate were
achieved on these steady-state cultures by setting a three
times increase in the feeding rate. Elemental balances
during the transients were checked on cumulated quan-
tities of metabolites as described by Poilpre et al. [28].

2.5. Determination of cell number and budding index

Samples of cultures were mildly sonicated and
counted under an optical microscope. The percentage of
budded cells (budding index) was estimated over at least
200 cells, and this counting was repeated at least three
times on independent samples and by two independent
investigators.

2.6. Determination of macroscopic parameters

Dry mass was determined gravimetrically from fil-
tered culture samples (10-30 ml) on preweighed nitro-
cellulose filters (pore size 0.45 um, Sartorius). The filters
were washed with demineralised water and dried in oven
set at 80 °C for 24 h. Alternatively, the dry mass could
be obtained on-line by measurement of the luminance
using a spectrometer ACS ICS as described previously
[28]. Elemental composition of biomass was obtained
from samples harvested from the chemostat at different
times during the fermentation. Samples were lyophilised
and C, H, O, N content were measured with a Perkin—
Elmer elemental analyser. Based on the elemental
analysis, a molecular formula CHj 510961 No.167 for
CENPKI113-7D was obtained at both dilution rates
(0.05 and 0.15 h™!), which corresponds to a molecular
mass of 25.97 gCmol 'and a degree of reduction y of
4.25. This value is very close to the published data of
Lange and Heijnen [29] who used the same strain. This
value was used for estimation of the carbon balances.
The molar fractions of O, and CO, for inlet and exhaust
gases were determined on-line by a mass spectrometer
(PRIMA 600S, VG Gas, Manchester, UK) with a rela-
tive accuracy of 0.1%. The fermentor was flushed with
dry air by a mass flow controller (New Brunswick Sci-
entific, France). CO, production rate rco, and O; con-
sumption rate ro, were calculated according to [27].

2.7. Enzymatic assays

Preparation of extracts for enzymatic assays was
performed according to Frangois et al. [30]. Glycogen
synthase (active form) was measured with 0.25 mM
UDP-|U-C'"Glucose as the substrate. Glycogen phos-
phorylase was measured in the reverse reaction by in-
corporation of [U-C'4] glucose into glycogen using
5 mM [U-C'¥] glucose-1-P. Trealose-6-P synthase was



assayed by the formation of UDP formed as described
by Vandercammen et al. [31], except that the tempera-
ture of the enzymatic assay was set at 45 °C to avoid
interference with glycogen synthase which is totally in-
active at this temperature. Neutral trehalase was assayed
according to Neves and Francois [32].

2.8. Determination of glycogen, trehalose, and extracel-
lular metabolites

Samples (2 ml) were quickly harvested by a syringe
from the fermentor, centrifuged 2 min at 4000g in ep-
pendorf tubes. The pellet was used for enzymatic de-
termination of glycogen and trehalose according to [33].
Glucose, glycerol, ethanol and acetate were determined
in the cell-free supernatant with commercial biochemical
kits or by high-performance liquid chromatography. In
the latter case, the supernatant was filtered through
0.22-pum-pore-size nylon filters prior to loading on a
HPX-87H Aminex ion exclusion column. The column
was eluted at 48 °C with 5 mM H,SO, at a flow rate of
0.5 mImin~! and the concentration of the compounds
was determined using a Waters model 410 refractive
index detector. Extracellular organic acids were deter-
mined by high performance ionic chromatography
(HPIC) using a Dionex Bio-LC500 apparatus as de-
scribed previously [34].

3. Results

3.1. Physiological characteristics of wild-type and mutant
strains defective in reserve carbohydrates during steady-
state growth at 0.05 and 0.15 h™'

The glucose-limited chemostat culture was initiated
from batch cultures of yeast grown to the late-expo-
nential phase on galactose. The continuous culture of
the wild-type strain at a growth rate of 0.05 h™! was
exclusively oxidative with a biomass yield (Yxs) of

Table 3a

0.47 gg~!, a respiratory quotient (RQ) close to 1.0
(Table 3a), and a residual glucose in the fermentor be-
low 10 mgl~!. Under this condition, yeast cells accu-
mulated large amounts of trehalose and glycogen that
reached, respectively, 4.90% and 11.80% of the dry
mass. At a higher dilution rate of 0.15 h~!, the metab-
olism remained oxidative while the amount of glycogen
had decreased to 3.80% and trehalose was no longer
detectable (Table 3b). These effects of dilution rates on
the reserve carbohydrates content were consistent with
previous reports [12,16-18].

Mutants defective in trehalose synthesis were gener-
ated by disruption of TPS/ encoding the catalytic sub-
unit of the trehalose-6-P synthase complex [35]. As
reported in Tables 3a and 3b, glucose-limited continu-
ous cultures of tpsIA were achieved at low dilution rate
of 0.05 and 0.15 h™!, likely because the carbon flux
under these growth conditions was much lower than
that caused by excess glucose in batch cultures, which
leads to growth inhibition [11]. However, at the low
growth rate of 0.05 h~!, the biomass yield (Yxs) of tpsIA
was 25% lower than that of the wild type, and this lower
biomass yield was accompanied by a 25% increase in the
specific rate of CO, production and O, consumption.
Moreover, the deletion of TPSI! enhanced glycogen
deposition by about 30%. Therefore, the reduction in
biomass of a fps/ mutant cannot be attributed to a de-
crease in storage carbohydrates since in wild-type and
mutant cells a similar amount of carbon had been di-
verted into glucose stores. These differences in biomass
and respiration rate between tps/ and wild-type cells
were no longer observed when the continuous culture
was carried out at a dilution rate of 0.15 h~! (Table 3b).

Mutants unable to accumulate glycogen were gener-
ated by deletion of GLGI and GLG2 which encode the
redundant glycogenin proteins that are required for
glycogen initiation [36]. As shown in Tables 3a and 3b,
the macro-kinetic parameters of the glg/Aglg?A strain
(i.e. ¥Xs, Ggucose and RQ) were similar to those of
the isogenic wild-type strain at the two dilution rates of

Physiological parameters of wild-type and mutant strains defective in glycogen and trehalose accumulation during steady-state growth at a dilution
rate of 0.05 h~!

Genotype X gl™! Yxs X qGlucose qCO, q0, RQ Glycogen Trehalose

(g glucose)™! mCmol g~ h! (gCO,/q0,) (% dry mass) (% dry mass)
Wild type 6.95 0.47 3.60 22 2.02 1.08 11.8 4.9
tpsIA 5.60 0.38 44 2.9 2.9 1.0 15.2 <0.1
glglAglg2A 7.35 0.49 3.40 1.85 1.85 1.0 <1.0 4.5
tps1Aglgl Aglg2 A 5.5 0.37 4.6 2.7 2.7 1.0 5.6 <0.1
tpsl AgsylAgsy2A 5.20 0.35 4.8 2.60 2.50 1.04 bd bd

bd: below detection.

X is the biomass concentration at steady-state in gl~!; Yxs is the yield of biomass (in g dry mass) per gram of glucose in the reservoir.

¢gCO, and ¢O, are the specific rates of CO, production and O, consumption, respectively. They are calculated from gas balances and are
expressed in mCmolg~' h~! or mmolg~! h~!, where mCmol = mmol atom C of a compound.



Table 3b

Physiological parameters of wild-type and mutant strains defective in glycogen and trehalose accumulation during steady-state growth at a dilution

rate of 0.15 h™!

Genotype X gl™! Yxs X qGlucose qCO, q0, RQ Glycogen Trehalose
1 0 0,
(g glucose) mCmolg~! h-"! (gC0O,/g0,) (% dry mass) (% dry mass)

Wild type 6.95 0.46 10.8 6.2 6.0 1.03 3.8 bd

tpsIA 6.9 0.47 10.7 6.5 6.4 1.01 6.0 bd
glglAglg2A 6.75 0.45 11.1 5.7 5.9 0.97 bd 0.25
tpslAglglAglg2A 6.3 0.42 11.9 6.4 6.4 1.0 2.0 bd
tpslAgsylAgsy2A 6.6 0.44 11.3 5.1 4.8 1.06 bd bd

bd: below detection.
See legend of Table 3a for definition of X, Yxs, RQ and mCmol.

0.05 and 0.15 h~!. In addition, the inability to synthesize
glycogen did not alter trehalose accumulation, which
contrasted with the effect of TPSI deletion to enhance
glycogen deposition. Surprisingly, the disruption of
TPSI in a glglAglg?A mutant resulted in a partial re-
covery of glycogen accumulation (Table 3a) and in a
drop of the biomass yield to a value similar to that of the
tps] mutant at the low dilution rate of 0.05 h~!. Further
deletion of GSYI and GSY2 encoding the two glycogen
synthases [37] in the fpsIA alone (Table 3a) or in the
tpsIAglglAglg? A strain (data not shown) completely
abolished the synthesis of glycogen. From these data, it
can be concluded that the glycogenin-independent syn-
thesis of glycogen in a #ps/ mutant required the elon-
gation activity born by the glycogen synthase enzyme.
However, the biomass yield of the tpsIAgsylAgsy2A
strain at the steady-state growth of 0.05 h~! was the
same as in tps/ and tpsiglglglg? mutants, suggesting
that the reduction in biomass at low growth rate was
merely due to the loss of TPSI function rather than a
consequence of the lack of storage carbohydrates.

3.2. Increase of budding is correlated with the mobiliza-
tion of storage carbohydrates in response to the shift-up in
the dilution rate

As indicated in Fig. 1, the reserve carbohydrates
(glycogen + trehalose) were rapidly mobilized in re-
sponse to a sudden increase of the dilution rate from
0.05 to 0.15 h™!. In the wild-type CENPK strain, 2 h
after the shift-up, the glucose stores dropped from 15%
to 4% and then remained at this low level during steady-
state cultivation at D = 0.15 h~!. At this new dilution
rate, the residual storage carbohydrate was glycogen,
since trehalose was no longer detected (see Table 3b).
The mobilization of glycogen and trehalose was ac-
companied by a transient increase in the budding index
and by a decrease in cell biomass, both events peaking at
their maximum ca. 1.5 h after the shift-up. At the dilu-
tion rate of 0.15 h™!, the biomass recovered its initial
value of about 7 gl~! after 20 h (>3 reactor-volume
changes) and the budding index was stabilized at two
times its initial value.

Similar experiments were carried out with mutants
defective in the synthesis of either glycogen, trehalose or
both in order to verify, and eventually to quantify, how
far the transient rise of buds is linked to the breakdown
of reserve carbohydrates. It can be seen in Fig. 1 that the
lower was the content of reserve carbohydrates, the
lower was the rise of the budding index after the shift-
up. In particular, the tpsiAgsylAgsy2A mutant, which
totally lacks storage carbohydrates, did not show any
transient increase of buds within 1 h after the shift-up.
To evaluate the correlation between increase of budding
and mobilisation of reserve carbohydrates, we plotted
the 4 budding index, which is the difference between the
maximal budding and initial budding before the shift-
up, versus the amount of reserve carbohydrates mobi-
lized during the same interval of time. As illustrated in
Fig. 2, a fairly good correlation between these two pa-
rameters with a coefficient of 0.95 was obtained. This is
consistent with the suggestion of Sillje et al. [17] that the
mobilisation of carbohydrates may provide a transient
surplus of ATP required for progression through the cell
cycle.

3.3. A wash-out effect accounts for the loss of biomass in a
mutant defective in glycogen, while tpsiA adapts faster
than the wild type to the shift-up

As indicated in Fig. 1, the dry mass of the wild-type
cells decreased by about 12% in 1.5 h after the shift-up
to 0.15 h~!. This loss of biomass was accompanied by an
equivalent decrease of the storage carbohydrates in the
cells, suggesting that the mobilisation of glycogen and
trehalose can account for this loss of biomass. However,
this correlation was not found in mutants defective in
the synthesis of reserve carbohydrates. Notably, the
decrease of biomass in a tpsigsylgsy2 mutant was al-
most comparable to that of the wild type, despite the
fact that this mutant was totally devoid of glycogen and
trehalose. Also, the loss of biomass of a glg/Aglg2A
strain was higher than in the isogenic wild type, even
though the glycogen-defective mutant mobilized less
storage carbohydrates. Conversely, the zps/A almost did
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Fig. 2. Correlation between amount of reserve carbohydrates mobi-
lized and percentage of budded cells in response to the shift-up in di-
lution rate from 0.05 to 0.15 h~!'. The data are taken from Fig. 1. The
A buds (in %) is the difference between maximal budding before the
shift-up. The amount of reserve carbohydrates mobilized corresponded
to the difference between initial levels of glycogen + trehalose (ex-
pressed in mCmol1~') measured before the shift-up and those at the
maximum of the budding index.

not lose biomass upon the shift-up, while it mobilized as
much reserve carbohydrates as the wild-type strain

(Fig. 1).

One possibility for this decrease in cell biomass is that
part of the cell population has been washed out from the
fermentor. This wash-out could arise from the fact that
cell growth cannot withstand the rapid shift-up of the
dilution rate. To quantify the importance of the wash-
out, the effective decrease of biomass (—AXer) and the
amount of reserve carbohydrates that was mobilized
(—AX;s) were calculated during the same interval of
time after the shift-up, and expressed in terms of mCmol
1-! (Table 4). Accordingly, the difference, termed
—AXesiqual, Detween these two parameters corresponded
to the change of the cell biomass independent of the
mobilisation of storage carbohydrates. Hence, an ex-
treme situation would be that —AXequa equalled
—AXnaxith, the maximal theoretical loss of biomass if
complete growth inhibition had occurred upon the di-
lution rate shift-up at 0.15 h™!. Table 4 recapitulates the
values of these parameters measured for both wild-type
and mutant strains. As already shown in Fig. 1, and
confirmed in Table 4, the effective loss of biomass in the
wild type (—AXcs) after the shift-up was equivalent to
the amount of storage carbohydrates mobilized
(—AXyes), indicative of no wash-out after the shift-up.
This was quantitatively confirmed by the calculation of
the average u, which is the difference between the actual
dilution rate of 0.15 h™! and the effective wash-out of
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Carbon balance between the loss of biomass and reserve carbohydrates mobilized in wild-type and mutant strains at the peak of the budding index and/or at the minimal biomass concentration in

response to the dilution shift-up at 0.15 h~!during Ar*
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reserve carbohydrate mobilization.

X0 (Resy,)/100 — X;; (Resy;)/100 x 1/25.97 x 1000; with X, biomass in gl~! and Res= glycogen + trehalose in% dry mass. This value corresponds to the contribution of

AX — AX,es This value corresponds to the effective decrease/increase of the residual biomass independently of reserve carbohydrate mobilization.

Xresidual—to (1-e"P21)/25.97 x 1000. This value corresponds to the theoretical variation of biomass during complete wash-out.
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25.97/1000) / Xresiqual—0 ) /At. This value corresponds to the effective wash-out at the level of residual biomass.

residual

%

—In(l —

7 Effective wash-out (h™1)

8 Average u = 0.15 - Effective wash-out.

biomass (expressed in rate of residual biomass loss). The
calculated value of 0.157 h~! was thus very close to the
dilution rate, demonstrating that the wild-type cells
immediately set the growth rate to the actual dilution
rate.

With respect to the glycogen-defective mutant, we
found that —AXiesqua corresponded to 72% of the
maximal loss of biomass from the fermentor
(—AXmaxtn)- Also, the loss of biomass in the triple
tpslgsylgsy2 null mutant was due to the wash-out of the
cells since this mutant was totally defective in glycogen
and trehalose (—AX.s =0). An effective wash-out of
0.10 h~! of the these two mutant strains was calculated,
which gave rise to an average u of 0.05 h™!, i.e. close to
the initial dilution rate before the shift-up (Table 4).
This clearly indicated that these mutant cells were un-
able to immediately set the growth rate to the new di-
lution rate. Taken together, these results indicated an
important role of glycogen in the capacity of yeast cells
to respond to a sudden increase of the carbon flux in the
range of low growth rates. This conclusion was sub-
stantiated in part by data with the #psiAglglAgig2A
strain since this mutant, which has partially recovered
glycogen accumulation, upon the shift had an average
growth rate of 0.134 h™!, close to the actual dilution rate
of 0.15 h~! (Table 4).

In contrast to glycogen-defective strains, the effective
loss of dry mass (—AXer) of the tpsIA was much lower
than the amount of storage carbohydrates mobilized,
resulting in a high negative value for —Xesiqual (Table 4).
This value indicated a rapid gain of cell biomass, which
could be explained by the fact that the average growth
rate of the psIA was set at 0.203 h™! during the first
hour after the shift-up. This effective growth rate, which
was 35% higher than the actual dilution rate, showed
that the 7ps/A mutant was more effective than the iso-
genic wild-type strain to withstand an increase of the
carbon flux and to convert the glucose surplus into
biomass in response to the shift-up.

3.4. Defects in carbohydrate storage cause a redistribution
of the carbon flux between respiratory and oxido-reductive
metabolism in response to the shift-up

In response to the shift-up, yeast cells are challenged
with a sudden increase in the glucose flux. This carbon
flux is the sum of the rate of exogenous glucose con-
sumption and the rate of storage carbohydrates degra-
dation (noted gyc in Table 5). The increase of the flux
triggered a transient metabolic shift from purely oxi-
dative to oxido-reductive as indicated by a transient
increase of the RQ (Fig. 3). This transient increase of
RQ was lower in mutants defective in trehalose or gly-
cogen, and it was completely absent in a mutant defi-
cient in the two storage carbohydrates. The transition
was also accompanied by a transient fivefold rise of the
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Fig. 3. Changes in the respiratory quotient and rates of mobilization of
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extracellular glucose, suggesting a limitation at the
hexose transport level or elsewhere in the metabolic
pathway. This transient increase in the external glucose
was lower in tps! and glglglg? mutants, while it was
higher than in wild type but strongly delayed in the
tpslgsylgsy2 mutant. Another indication of this meta-
bolic shift was given by the formation of by-products
(ethanol, glycerol and acetate) which accumulated
transiently in the culture medium after the dilution rate
shift-up (Fig. 4). For the wild-type cells, the cumulated
amount of the by-products (noted P) over a 1.5-h period
after the shift-up represented 43 mCmol of the total
carbon assimilated (AC). This amount was twofold
higher than the amount of storage carbohydrate mobi-
lized (—ARes), indicating that a great part of the by-
products formed upon the shift-up did not arise from
the degradation of endogenous carbohydrate stores.
This conclusion could be extended to glglglg? and
tpslgsylgsy2 mutants, but apparently not to the tpsiA
for which the cumulated formation of by-products was
close to the amount of reserve carbohydrates mobilized.

Taking into account these metabolic changes, it was
interesting to estimate how much carbon was distributed
between fermentation and respiration in response to the
dilution rate shift-up, and how this distribution was
affected in mutants lacking carbohydrate reserves. Since
the biomass production was different for each mutant
strain, the carbon distribution was estimated by the
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described in Section 2.

specific rates of total sugar consumption (gyc), oxidized
carbon (gox) and carbon converted into by-products
(gp). As reported in Table 5, the guc and gox in tpsiA
were higher than in wild-type cells (qguc = 16.9 versus
15.2 mCmolg~'h~!). This confirmed that the tpsIA
mutant had a greater ability to convert carbon into
biomass after the shift-up, because of an apparent
higher oxidative flux. This result could also explain
why the transient rise of exogenous glucose and of
the respiratory quotient were lower than that of the
wild type (Fig. 3). Similarly, in glg/Aglg2A and in
tpslAglglAglg? A, the contribution of respiration to the
carbon consumption after the shift-up was also higher,
consistent with a lower increase of the RQ than in wild-
type cells (Fig. 3). This shift of carbon distribution to-
wards respiration was even more pronounced in the
tpslgsylgsy2 mutant, where gox was the highest among
the different mutants studied (Table 5). From these data,
one could argue that respiration is more efficient in yeast
cells lacking storage carbohydrates. However, in the
triple mutant, this increase in respiration was only rel-
ative, because it was accompanied by a potent growth
inhibition that lasted for 2 h after the shift-up. This
can account for the delayed increase of glucose in the
fermentor (Fig. 3).

3.5. Kinetic patterns of fermentation products in response
to the shift-up

Fig. 4 shows the kinetic patterns of formation and
reassimilation of fermentation by-products in wild-type

and mutant strains defective in the synthesis of treha-
lose, glycogen or in both reserve carbohydrates during
20 h after the shift-up from 0.5 to 0.15 h~!. In the wild
type, ethanol, glycerol and acetate accumulated with
similar kinetics at a proportion of about 1:0.1:0.12 in the
medium. The accumulation of the by-products was ap-
parently faster in the #ps/A strain, and more interest-
ingly, this mutant produced two times more glycerol and
two times less ethanol than the wild type. Similar traits,
i.e. higher and faster glycerol production than in the
wild types, were also seen in the tpsiglgiglg? mutant
(data not shown). In contrast, ethanol and glycerol
production were delayed in the glg/Aglg?A strain de-
fective in glycogen synthesis, as compared with those in
wild type and fpsIA. The glglglg? mutant was appar-
ently unable to re-assimilate ethanol, but rather main-
tained a low steady state of ethanol production during a
longer period of growth at D = 0.15 h™!, to compensate
for the dilution effect resulting from the chemostat cul-
tivation. Finally, a weak production of ethanol and
glycerol was also observed in the #psi/gsylgsy2 mutant.
Since this mutant was totally defective in glycogen and
trehalose, these by-products could only arise from the
glucose surplus caused by the increase of the dilution
rate.

3.6. Metabolic changes induced by the shift-up in wild
type and mutants defective in storage carbohydrates

The remarkable metabolic perturbation triggered by
the dilution rate shift-up prompted us to investigate



some pertinent intracellular metabolites in order to
substantiate this perturbation at the level of the glyco-
lytic metabolic pathway. To this end, we measured in-
tracellular pools of glucose-6-P, fructose-1,6-P, and
trehalose-6-P as main intermediates which could unravel
some metabolic disorders occurring in response to the
shift-up. Contrary to expectation, an increase of the

glucose influx caused a threefold decrease of glucose-6-P
and trehalose-6-P (Fig. 5). This decrease in hexose-6-P
was accompanied by a fourfold rise of fructose-1,6-P;
which peaked 30 min after the shift-up, indicating a
strong activation of the upper part of the glycolysis.
Fructose-1,6-P, decreased to initial levels after 2 h, to
increased subsequently and reached a constant value of
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Fig. 5. Effect of the dilution rate shift-up on glucose-6-P, fructose-1,6-P, and trehalose-6-P levels in wild-type and mutant strains defective in glycogen
and trehalose synthesis. Growth conditions are those described in Fig. 1. Samples were taken to measure glucose-6-P (O), fructose 1,6-P, (A) and

trehalose-6-P (@) as described in Section 2.



about 2.5 pmolg~! dry mass as the yeast returned to
steady-state growth at the dilution rate of 0.15 h=!'. The
tpsl mutant, which as expected did not contain treha-
lose-6-P, also showed a rapid drop of glucose-6-P and an
increase of fructose-1,6-P,, similar to what was seen in
the wild type, with the difference that the initial level of
fructose-1,6-P, before the shift-up was fourfold higher
in the tps/A. On the other hand, levels of glucose-6-P
and fructose-1,6-P, in the glglglg? mutant were lower
than in the wild-type strain and were barely affected
after the shift-up, whereas trehalose-6-P dropped very
quickly, like in the wild type (Fig. 5). This result is in-
dicative of a weak activation of glycolysis, and fits with
the delay in the production of fermentation by-products
observed in this mutant in response to the shift-up
(Fig. 4).

3.7. Mobilization of storage carbohydrates induced by the
shift-up is merely dependent on changes in metabolic
effectors

The rapid mobilization of trehalose and glycogen in
response to the dilution rate shift-up suggested that the
activity of the key enzymes in glycogen and trehalose
metabolism may be modified either by allosteric control
or by covalent modification (for a review, see [4]). Thus,
glycogen synthase (GS) and phosphorylase (GP), tre-
halose-6-P synthase (TPS) and trehalase (NTH) were
measured before and 20 min after the shift-up. Contrary
to expectation, the activity of these enzymes did not
change significantly in response to the increase of car-
bon flux brought about by the shift-up (Table 6).
Therefore, the rapid mobilization of storage carbohy-
drates did not appear to result from changes in enzyme
activities by covalent modification, but was probably
due to changes in metabolic effectors. In agreement with
this suggestion, we reported in Fig. 5 that levels of
glucose-6-P, a potent stimulator of glycogen synthase
and inhibitor of glycogen phosphorylase, decreased
immediately after the shift-up by about fourfold (from 2
to 0.5 pmol/g dry mass, see Fig. 5), as well as UDP-
glucose which decreased by about threefold (from 0.4 to

Table 6

0.15 pmol/g dry mass) (data not shown). As a conse-
quence, a decrease of these two metabolites might suffice
to impair glycogen and trehalose synthesis and to favour
glycogen and trehalose breakdown.

4. Discussion

To investigate the relationship between carbon flux,
cell growth and storage carbohydrates, we used mutants
specifically defective in either one or both storage car-
bohydrates and employed the chemostat methodology
to challenge yeast cells by an increase of the carbon flux.
These experiments were carried out at low dilution rates
since it is under these conditions that cells accumulate
large amounts of glycogen and trehalose and that mo-
bilisation of these storage carbohydrates is accompanied
by bud emergence and stimulation of glycolysis
[17,18,20]. Accordingly, we showed that the percentage
of budded cells measured within a short period after the
shift-up in the dilution rate from 0.05 to 0.15 h™! cor-
related fairly well with the amount of reserve carbohy-
drates mobilized during this period. This result is
consistent with the notion that mobilization of storage
carbohydrates participates in the progression of the cell
cycle by providing a surplus of ATP required at the bud
emergence [17,18]. Moreover, it is well-established that
within this range of dilution rate, aerobic glucose-lim-
ited continuous cultures display spontaneous oscilla-
tions that are supposed to arise from the breakdown of
trehalose and glycogen [38,39]. Consistent with this idea,
we found that a mutant totally defective in glycogen and
trehalose (zpsigsylgsy2 ) did not show any oscillatory
behaviour during long-term cultivation at a low dilution
rate of 0.05 h™! (unpublished data).

Our experimental approach also brought new insight
into the role of glycogen and trehalose in the ability of
yeast cells to respond to a sudden increase of the carbon
influx. An expected effect of this perturbation was that
yeast cells unable to immediately adapt to the new di-
lution rate can be washed out from the fermentor. In this
work, we provided evidence that glycogen plays an im-

Enzymatic activities of the glycogen and trehalose pathways measured before and 20 min after the dilution rate shift-up

Genotype Before the shift-up (D = 0.05 h™') After the shift-up at D =0.15 h™!

Enzymatic activity (nmol/min x mg protein) Enzymatic activity (nmol/min x mg protein)

GS (active form) GP TPS NTH GS (active form) GP TPS NTH
Wild type 2.3 1.5 3.8 17 2.0 3.0 3.6 16
tpsIA 2.5 13.0 0.0 18 2.0 18 0.0 11
glglAglg2A 1.5 3.6 2.5 18 1.8 110 2.0 14.6
tpsIA glgl Aglg2A 1.0 9.4 0.0 12 1.0 14 0.0 15.7
tps1AgsylAgsy2A 0.0 ND 0.0 ND 0.0 ND 0.0 ND

Active form = activity measured in the presence of 0.25 mM UDPglucose in the absence of glucose-6-P.
Abbreviations: GS, glycogen synthase; GP, glycogen phosphorylase; TPS, trehalose 6-P synthase; NTH, neutral trehalase.
ND =not determined. Values reported are the mean of two independent enzymatic measurements made on the same culture.



portant role to avoid this detrimental situation and hence
that the mobilisation of this storage carbohydrate was
critical to quickly adapt to an increase of the glucose
influx under conditions of low growth rate. On the
contrary, the loss of the TPSI function enhanced the
aptitude of the yeast to respond to this carbon flux-up.
We think that this finding is consistent with the role of
TPS1 to exert a negative control at the gate of the gly-
colysis [10,11], because under our experimental condi-
tions, the increase in the glucose flux by the dilution rate
shift-up is still far below the glycolytic flux of cells cul-
tivated in a medium with excess glucose. Thus, rather
than to be detrimental at low growth rates, the inacti-
vation of TPSI provided some benefit to the cells to re-
spond to a moderate increase of the glucose influx. This
benefit was also associated with an apparent increased
capacity to convert the glucose surplus into biomass by
increasing the carbon flow into respiration. This positive
effect on cell growth of disabling the TPS! function was
further illustrated in a glg/glg2 mutant whose loss of
biomass due to the wash-out was largely reduced upon
deletion of TPSI. Taken together, these results are
consistent with the role of 7PS! in controlling the gly-
colytic flux and also suggest a role in the control of the
respiratory capacity of the cells. How this control might
occur remains to be investigated. However, the fact that
more glycerol than ethanol is formed in the zps/ mutant
following the shift-up should give some indication about
this mechanism. Indeed, a higher flux in the glycerol
pathway, which regenerates NAD™ and P;, is a means to
reduce the metabolic flux through the lower part of
glycolysis and thus possibly to avoid an overflow of the
respiration at the level of the pyruvate node [40].
Another relevant result of this study was that the
biomass yield (Yxs) of strains harbouring a deletion of
TPSI was about 25% lower than that of the wild-type
strain when cultured at the low dilution rate of 0.05 h~!.
Since this effect was accompanied by an equivalent in-
crease in the rate of CO, production and O, consump-
tion, this pointed out that part of the sugar that had
been spared for biomass production had been com-
pletely oxidized. This might provide the cells with more
ATP to that was likely used for maintenance purposes.
Alternatively, the respiratory chain could be less effec-
tive in this mutant at low growth rate, so that more
carbon must be consumed to produce the same amount
of ATP. In agreement with the latter suggestion, a recent
genome-wide analysis of a #ps/ mutant revealed down-
regulation of genes involved in respiration together with
lower contents of cytochromes (Parrou, J.L., Teste,
M.A., Rigoulet, M., and Frangois, J., in preparation).
Using a tpslgsylgsy2 mutant that is unable to synthesize
trehalose and glycogen, Sillje et al. [18] also reported
that more carbon was oxidized at low growth rates than
in the isogenic wild type. They suggested that this in-
creased oxidation and thus higher ATP production

stemmed from storage carbohydrates not being pro-
duced in this mutant. Our results contradict this con-
clusion because we found that any mutant defective in
TPS1 exhibited a higher rate of CO, production and O,
consumption at low growth rate, independent of their
content in storage carbohydrates. Therefore, the in-
creasing energy expenditure with decreasing dilution
rate is more likely a consequence of the absence of a
functional TPSI gene rather than the lack of storage
carbohydrates in the cells. Such a defect has never been
identified before because previous work on zps/ mutants
was carried out in batch cultures in the presence of ex-
cess sugar, for which the glucose metabolism is typically
oxido-reductive.

A third and also unexpected result of this study was
to uncover a direct metabolic interaction between gly-
cogen and trehalose, Indeed, we found for the first time
that the synthesis of glycogen in yeast can be restored in
a glycogenin-defective strain, when TPSI was further
deleted in this mutant. Since glycogen synthase is unable
to initiate glycogen directly from UDPglucose [41], but
nevertheless was required for this glycogenin-indepen-
dent synthesis, the possibility that another cryptic, yet
uncharacterized initiating protein is responsible for this
synthesis cannot be excluded. Alternatively, one can
suggest that initiation of glycogen sets in on spurious
short chains of oligosaccharides [41], which somehow
would have been produced as a consequence of the in-
activation of TPSI. Work is underway to identify the
mechanism of glycogen synthesis induced by loss of
TPS1 in a glglglg? mutant.

This study also showed that the mobilization of
storage carbohydrates in response to an increase of the
carbon flux is likely due to a decrease in the metabolic
effectors, hexose-6-P and UDP-glucose, of the glycogen
and trehalose metabolizing enzymes [42-45], and not to
a change in the phosphorylated form of the key enzymes
in these metabolisms. Our data are therefore at variance
with those of Miiller et al. [16] who have reported that
spontaneous oscillations in a glucose-limited continuous
culture at a dilution rate of 0.1 h~! were associated with
a concomitant peak of cCAMP and with a transient ac-
tivation of trehalase. At first glance, a decrease in hex-
0se-6-P in response to a sudden up-shift in the dilution
rate was not expected, taking into account that the
glucose influx increased after the shift-up. However, the
bulk increase of the glucose flux was only threefold,
which is largely below the increase in the carbon flux
caused by a glucose pulse to a steady-state continuous
culture. In the latter situation, the large amount of ad-
ded glucose probably overloaded the glycolytic capacity
of the cells, while under our conditions, the glycolytic
pathway was far from being saturated by this low in-
crease of the glucose flow, and only a transient accu-
mulation of metabolites occurred at key limiting steps of
this metabolic pathway.



Acknowledgements

This work was supported in part by the ‘Projet In-
tégré Génie des Procédés Biologiques’ (PIRGP-BIO) of
the CNRS. L.P.O. was supported by a doctoral grant
from the French Ministry of Education and Research.
We thank our colleagues for continuing support and
critical reading of the manuscript.

References

[1] Lillie, S.H. and Pringle, J.R. (1980) Reserve carbohydrate
metabolism in Saccharomyces cerevisiae: responses to nutrient
limitation. J. Bacteriol. 143, 1384—-1394.

[2] Parrou, J.L., Enjalbert, B., Plourde, L., Bauche, A., Gonzalez, B.
and Frangois, J. (1999) Dynamic responses of reserve carbohy-
drate metabolism under carbon and nitrogen limitations in
Saccharomyces cerevisiae. Yeast 15, 191-203.

[3] Enjalbert, B., Parrou, J.L., Vincent, O. and Frangois, J. (2000)
Mitochondrial respiratory mutants of Saccharomyces cerevisiae
accumulate glycogen, and readily mobilize it in a glucose-depleted
medium. Microbiology 146, 2685-2694.

[4] Frangois, J. and Parrou, J.L. (2001) Reserve carbohydrates in the
yeast Saccharomyces cerevisiae. FEMS Microbiol. Rev. 25, 125-
145.

[5] Wiemken, A. (1990) Trehalose in yeast, stress protectant rather
than reserve carbohydrate. Antonie van Leeuwenhoek 58, 209-
217.

[6] Attfield, P.V. (1997) Stress tolerance: the key to effective strains of
industrial baker’s yeast. Nature Biotechnol. 15, 1351-1357.

[7] Crowe, J.H., Hoekstra, F.A. and Crowe, L.M. (1992) Anhydro-
biosis. Annu. Rev. Physiol. 54, 579-599.

[8] Singer, M.A. and Lindquist, S. (1998) Thermotolerance in
Saccharomyces cerevisiae: the Yin and Yang of trehalose. Trends
Biotechnol. 16, 460-468.

[9] Simola, M., Hanninen, A.L., Stranius, S.M. and Makarow, M.
(2000) Trehalose is required for conformational repair of heat
denaturated proteins in the yeast endoplasmic reticulum but not
for maintenance of membrane traffic function after severe heat
stress. Mol. Microbiol. 37, 42-53.

[10] Teusink, B., Walsh, M.C., van Dam, K. and Westerhoff, H.V.
(1998) The danger of metabolic pathways with turbo design.
Trends Biochem. 23, 162-169.

[11] Gancedo, C. and Flores, C.L. (2004) The importance of a
functional trehalose biosynthetic pathway for the life of yeasts and
fungi. FEMS Yeast Res. 4, 351-369.

[12] Kuenzi, M.T. and Fiechter, A. (1972) Regulation of carbohydrate
composition of Saccharomyces cerevisiae under growth limitation.
Arch. Microbiol. 84, 254-265.

[13] Porro, D., Martegani, E., Ranzi, B.M. and Alberghina, L. (1988)
Oscillations in continuous cultures of budding yeast: a segregated
parameter analysis. Biotechnol. Bioeng. 32, 411-417.

[14] Martegani, E., Porro, D., Ranzi, B.M. and Alberghina, L. (1990)
Involvement of a cell size control mechanism in the induction and
maintenance of oscillations in continuous cultures of budding
yeast. Biotechnol. Bioeng. 36, 453-459.

[15] Duboc, P., Marison, 1. and von Stockar, U. (1996) Physiology of
Saccharomyces cerevisiae during cell cycle oscillations. J. Biotech-
nol. 51, 57-72.

[16] Miiller, D., Exler, S., Aguilera-Vazquez, L., Guerrero-Martin, E.
and Reuss, M. (2003) Cyclic AMP mediates the cell cycle
dynamics of energy metabolism in Saccharomyces cerevisiae.
Yeast 20, 351-367.

[17] Sillje, HH.W., ter Schure, E.G., Rommens, A.J., Huls, P.G.,
Woldringh, C.L., Verkleij, A.J., Boonstra, J. and Verrips, C.T.
(1997) Effects of different carbon fluxes on G1 phase duration,
cyclin expression, and reserve carbohydrate metabolism in Sac-
charomyces cerevisiae. J. Bacteriol. 179, 6560-6565.

[18] Sillje, H.H.W., Paalman, J.W.G., ter Schure, E.G., Olsthoorn,
S.Q.B., Verkleij, A.J., Boonstra, J. and Verrips, C.T. (1999)
Function of trehalose and glycogen in cell cycle progression and
cell viability in Saccharomyces cerevisiae. J. Bacteriol. 181, 396
400.

[19] Paalman, J.W.G., Verwaal, R., Slofstra, S.H., Verkleij, A.J.,
Boonstra, J. and Verrips, C.T. (2003) Trehalose and glycogen
accumulation is related to the duration of the Gl phase of
Saccharomyces cerevisiae. FEMS Yeast Res. 3, 261-268.

[20] van Dijken, J.P., Bauer, J., Brambilla, L., Duboc, P., Frangois, J.,
Gancedo, C., Giuseppin, M.L., Heijnen, J.J., Hoare, M., Lange,
H.C., Madden, E.A., Niederberger, P., Nielsen, J., Parrou, J.L.,
Petit, T., Porro, D., Reuss, M., van Riel, N., Rizzi, M., Steensma,
H.Y., Verrips, C.T., Vindelov, J. and Pronk, J.T. (2000) An
interlaboratory comparison of physiological and genetic proper-
ties of four Saccharomyces cerevisiae strains. Enzyme Microb.
Technol. 26, 706-714.

[21] Plourde-Owobi, L., Durner, S., Parrou, J.L., Wieczorke, R.,
Goma, G. and Francois, J. (1999) AGTI, encoding an alpha-
glucoside transporter involved in uptake and intracellular accu-
mulation of trehalose in Saccharomyces cerevisiae. J. Bacteriol.
181, 3830-3832.

[22] Vuorio, O.E., Kalkkinen, N. and Londesborough, J. (1993)
Cloning of two related genes encoding the 56-kDa and 123-kDa
subunits of trehalose synthase from the yeast Saccharomyces
cerevisiae. Eur. J. Biochem. 216, 849-861.

[23] Alani, E., Cao, L. and Kleckner, N. (1987) A method for gene
disruption that allows repeated URA3 selection in the con-
struction of multiply disrupted yeast strains. Genetics 116, 541—
545.

[24] Giildener, U., Heck, S., Fiedler, T., Beinhauer, J. and Hegemann,
J.H. (1996) A new efficient gene disruption cassette for repeated
use in budding yeast. Nucl. Acid Res. 13, 2519-2524.

[25] Wach, A., Brachat, A., Pohlmann, R. and Philippsen, P. (1994)
New heterologous modules for classical or PCR-based gene
disruptions in Saccharomyces cerevisiae. Yeast 10, 1793-1808.

[26] Verduyn, C., Postma, E., Scheffers, W.A. and Van Dijken, J.P.
(1992) Effect of benzoic acid on metabolic fluxes in yeast: a
continuous-culture study on the regulation of respiration and
alcoholic fermentation. Yeast 8, 501-517.

[27] Duboc, P. and von Stockar, U. (1995) Energetic investigation of
Saccharomyces cerevisiae during transitions. Part 1: Mass bal-
ances. Thermochim. Acta 251, 119-130.

[28] Poilpre, E., Tronquit, D., Goma, G. and Guillou, V. (2002) On-
line estimation of biomass concentration during transient growth
of yeast chemostat culture using light reflectance. Biotech. Lett.
24, 2075-2081.

[29] Lange, H.C. and Heijnen, J.J. (2000) Statistical reconciliation of
the elemental and molecular biomass composition of Saccharo-
myces cerevisiae. Biotechnol. Bioeng. 75, 334-344.

[30] Frangois, J., Villanueva, M.E. and Hers, H.G. (1988) The control
of glycogen metabolism in yeast. I. In vivo interconversion of
glycogen synthase and glycogen phosphorylase induced by
glucose, a nitrogen source, and uncouplers. Eur. J. Biochem.
174, 551-559.

[31] Vandercammen, A., Francois, J. and Hers, H.G. (1989) Charac-
terisation of trehalose-6-phosphate synthase and trehalose-6-
phosphate phosphatase of Saccharomyces cerevisiae. Eur. J.
Biochem. 182, 613-620.

[32] Neves, M.J. and Frangois, J. (1992) On the mechanism by which a
heat shock induces trehalose accumulation in Saccharomyces
cerevisiae. Biochem. J. 288, 859-864.



[33] Parrou, J.L. and Frangois, J. (1997) A simplified procedure for a
rapid and reliable assay of both glycogen and trehalose in whole
yeast cells. Anal. Biochem. 248, 186-188.

[34] Groussac, E., Ortiz, M. and Francgois, J. (2000) Improved
protocols for quantitative determination of metabolites from
biological samples using high performance ionic-exchange chro-
matography with conductimetric and pulsed amperometric detec-
tion. Enzyme Microb. Technol. 26, 715-723.

[35] Bell, W., Klaassen, P., Ohnacker, M., Boller, T., Herweijer, M.,
Schoppink, P., Van der Zee, P. and Wiemken, A. (1992)
Characterization of the 56-kDa subunit of yeast trehalose-6-
phosphate synthase and cloning of its gene reveal its identity with
the product of CIF1, a regulator of carbon catabolite inactivation.
Eur. J. Biochem. 209, 951-959.

[36] Cheng, C., Mu, J., Farkas, 1., Huang, D., Goebl, M.G. and
Roach, P.J. (1995) Requirement of the self-glucosylating initiator
proteins Glglp and Glg2p for glycogen accumulation in Saccha-
romyces cerevisiae. Mol. Cell. Biol. 15, 6632-6640.

[37] Farkas, 1., Hardy, T.A., Goebl, M.G. and Roach, P.J. (1991) Two
glycogen synthase isoforms in Saccharomyces cerevisiae are coded
by distinct genes that are differentially controlled. J. Biol. Chem.
266, 15602-15607.

[38] Strassle, C., Sonnleitner, B. and Fiechter, A. (1989) A predictive
model for spontaneous synchronisation of Saccharomyces cerevi-
siae grown in continuous culture. I. Concept. J. Biotechnol. 7,
299-318.

[39] Munch, T., Sonnleitner, B. and Fiechter, A. (1992) The decisive
role of the Saccharomyces cerevisiae cell cycle behaviour for
dynamic growth characterization. J. Biotechnol. 22, 329-
351.

[40] Pronk, J.T., Steensma, H.Y. and Van Dijken, J.P. (1996) Pyruvate
metabolism in Saccharomyces cerevisiae. Yeast 12, 1607—
1633.

[41] Larner, J., Takeda, Y. and Hizukuri, S. (1976) The influence of
chain size and molecular weight on the kinetic constants for
glucose to polysaccharide for rabbit muscle glycogen synthase.
Mol. Cell. Biochem. 12, 131-136.

[42] Francois, J. and Hers, H.G. (1988) The control of glycogen
metabolism in yeast. 2. A kinetic study of the two forms of
glycogen synthase and of glycogen phosphorylase and an inves-
tigation of their interconversion in a cell-free extract. Eur. J.
Biochem. 174, 561-570.

[43] Huang, D., Wilson, W.A. and Roach, P.J. (1997) Glucose-6-P
control of glycogen synthase phosphorylation in yeast. J. Biol.
Chem. 272, 22495-22501.

[44] Pederson, B.A., Wilson, W.A. and Roach, P.J. (2004) Glycogen
synthase sensitivity to glucose-6-P is important for controlling
glycogen accumulation in Saccharomyces cerevisiae. J. Biol.
Chem. 10.1074/jbc.M312335200.

[45] Londesborough, J. and Vuorio, O. (1991) Trehalose-6-phosphate
synthase/phosphatase complex from bakers’ yeast: purification of
a proteolytically activated form. J. Gen. Microbiol., 323-330.



	Role of reserve carbohydrates in the growth dynamics of Saccharomyces cerevisiae
	Introduction
	Materials and methods
	Yeast strains and construction of mutants
	Shake-flask cultivation
	Chemostat cultures
	Shift-up experiments in chemostat
	Determination of cell number and budding index
	Determination of macroscopic parameters
	Enzymatic assays
	Determination of glycogen, trehalose, and extracellular metabolites

	Results
	Physiological characteristics of wild-type and mutant strains defective in reserve carbohydrates during steady-state growth at 0.05 and 0.15 h-1
	Increase of budding is correlated with the mobilization of storage carbohydrates in response to the shift-up in the dilution rate
	A wash-out effect accounts for the loss of biomass in a mutant defective in glycogen, while tps1Delta adapts faster than the wild type to the shift-up
	Defects in carbohydrate storage cause a redistribution of the carbon flux between respiratory and oxido-reductive metabolism in response to the shift-up
	Kinetic patterns of fermentation products in response to the shift-up
	Metabolic changes induced by the shift-up in wild type and mutants defective in storage carbohydrates
	Mobilization of storage carbohydrates induced by the shift-up is merely dependent on changes in metabolic effectors

	Discussion
	Acknowledgements
	References




