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Metabolic regulation of the trehalose content of vegetative yeast
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We have mvestigated the mechanism by which heat shock conditions lead to a reversible accumulation of trehalose in growing yeast When cells
of S cerevisiee M1 growing exponentially at 30°C were shifted to 45°C for 20 min, or to 39°C for 40 mmn, the concentration of trehalose increased
by about 25-fold, an effect reversed upon lowermg the temperature to 30°C  This was compared to the more than 50-fold rise in trehalose levels
obtained upon transition from the exponcntial to the stationary growth phase Whereas the latter was paralleled by a 12-fold mcrease in the activity
of trehalose-6-phosphdte synthase. no significant change in the activities of trehalose-synthesizing and -degrading enzymes was measured under
heat shock conditions Accordingly. cycloheximide did not prevent the heat-induced accumulation of trehalose However, the concentrations of
the substrates for trehalose-6-phosphate synthase, 1¢ glucose-6-phosphate and UDP-glucose, were found to nse during heat shock by about
5-10-fold Since the elevated levels of both sugars are still well below the K,-values determuned for trehalose-6-phosphate synthase mn vitro, they
are likely to contribute to the increase in trehalose under heat shock conditions A simular increase in the steady-state levels was obtained for other
intermediates of the glycolytic pathway between glucose and triosephosphate, including ATP This suggests that temperature-dependent changes
1 the kinetic parameters ot glycolytic enzymes vary in steady-state levels of intermediates of sugar metabolism, including an mcreasc of those that
are required for trehalose synthesis Trehalose, glucose-6-phosphate, UDP-glucosc, and ATP, were all found to increase during the 40 mm heat
treatment at 39°C  Since this also oecurs in 4 mutant lacking the hedt shock-induced protein HSP104 (Alispi04), this protein cannot be involved
m the accumulation of tichalose under these heat shock conditions However., mutant 4hsp /04, in contrast to the parental wild-type, was sensitive
towdrds 4 20 mm incubation at 50°C  Since this mutant also accumuldted normal levels of trehalose, we conclude that HSP104 function, and not
the accumulation of tiehalose protects S cerewsiae from the damage caused by a 50°C treatment

Trehalose assay with acid trehalase, Neutral trehalase, Trehalose 6-phosphate synthase, Heat shock, Regulation of trehalose concentration
Metabolic regulation

1 INTRODUCTION

The relatively low concentration of trehalose 1n ex-
ponentially growing yeast cells at 30°C 1s rapidly in-
creased by a temperature stiess at 39-45°C for a few
minutes [1-3] The ‘temperature stress’ also induces syn-
thesis of a set of proteins referred to as heat-shock or
stress proteins [4] The brological sigmficance of the
merease n tiehalose concentration induced by tempera-
ture stress 1s seen by Hottiger et al 3] as the protection
of the cells from death by 50°C heat treatment or by
overmight desiccation. A change 1n the activity of the
trehalose synthesizing cnzyme, trehalose-6-phosphate
synthase [3.6], or n the trehalose degrading enzymes,
neutral tichalase [7] and acid trehalase [8], could not be
obscived [9] under temperature stress conditions In this
paper we show that 1t 1s not a change n the activitics
of the trehalose metabolizing enzymes, but rather a
drastic 1nciease 1n the concentration of the substrates
for trechalose-6-phosphate synthase (UDP-glucose and
glucose-6-phosphate). observed duning temperature
stress of the exponentially g1 owing cells, that causes the
increase 1n trehalose concentiation

Conresponach,. oddrrsy H Holzer, Biochemisches Instititut, Umver-
sitdt Freiburg, Heomann-Herder-St 7. D-7800 Treia g Germany
Fax (49) (761) 203 3331

Published by Livevier Science Publishors B 3

2. MATERIALS AND METHODS

21 Reagents

Auxiliary enzymes and biochemicals were purchased from Boehrin-
ger-Mannheim (Mannheim  Germany), Merck (Darmstadt, Ger-
many), and Sigma (Deisenhofen, Germany)

22 Oiganism, giowth conditions and heat treatment

The diploid yeast Saccharonmces cerevisiae M1 (from Dr AW
Lmanc Clayton, Australiz) was used in most experiments of this
study The mutant Ahspl04 and the corresponding wild-type W303
were provided by S Lindquist (Umversity of Chicago, IL) [10] Cells
were grown on YEPD medium (1% Bacto yeast extract, 2% Bacto
peptone and 2% glucose) at 30°C tor 6 h (exponential growth) or 24
h (stationary phasc) Heat treatment was petformed by transfer of part
of the growing cultures under aerobic shaking, for 20 or 40 mun to
45°C or 39°C, respectively

23 Assav of enzvme actnigy

Extracts were prepared by shaking the ceninfuged and washed cells
with glass beads as described previously [11] For assay of A TPase at
difterent pH values the homogendte obtained was separated from the
beads by decantation and directly used For all other assays the clear
superndatant from the centrifuged (20 min, 33 500xg) homogenates wds
used ATPase detivity was assayed at pH 5 5.6 9 and 9 0 as deseribed
by Uchida et al [12], alkaline phosphatdase wds assayed according to
[13]. acid phosphatdse according to [14], neutral trehalase according
10 [7). ac1d trehaliase decording to (8], trehalose-6-phosphate synthase
according to Van der Cammenct al [5], glicose-G-phosphdte dehydro-
genase according to [15)

24 v of mictabvliey
Cells were extracted with 35% HCIO, and neutrahized as deseribed
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previously [16] UDP-glucose was analyzed with UDP-glucose dehy-
drogenase and NAD as described by Keppler and Decker [17), ATP,
glucose-6-phosphate, fructose-1,6-bisphosphatase, dihydroxyacetone
phosphate, and pyruvate, as described by Hinze and Holzer {16],
glycerate-3-phosphate according to [18) and inorganic phosphate ac-
cording to Ames [19] The concentrations are given in mM, calculated
with the assumption that | g of yeast cells packed by centnifugation
for 10 mun at 2000xg contains 0 7 m! dissolving phase, 1¢ ‘cell sap’

25 Assay of trehalose with acid trehalase

Yeast cells washed free from glucose with 1ce-cold water were sus-
pended n water (! g yeast wet weight plus 1 ml H,0O) and heated for
20 mun at 95°C  After centrifugation, 3 yl of the supernatant were
incubated for 60 min at 37°C 1n a total volume of 7 5 gl with 2 ul1 200
mM citrate/NaOH buffer (pH 4 5) and 2 5 4] trehalase solution con-
taming 2 S mU acid trehalase After addition of 742 5 ul of glucose-
oxidase-Pend 11 reagent (37°C) (Boehringer-Maunheim, Mannheim,
Germany) and further incubation at 37°C for 30 min at pH 70, the
glucose assay was terminated by adding 250 4l 6 N HCI Absorption
was measured at 436 nm and glucose formation calculated from a
standard contaming 20 nmol glucose instead of yeast extract Controls
showed that, under these conditions, 10 nmol of trehalose 1s hydrolyz-
ed to 20 nmol of glucose = 5% The acid trehalose used 1n this assay
does not hydrolvze sucrose, maltose, lactose, cellobiose. raffinose, or
glucose-6-phosphate [8]

3. RESULTS AND DISCUSSION

As seen 1n Table I, the low concentration of trehalose
under exponential growth conditions (0 6 mM) 1s 1n-
creased 25-fold on transition from 6 h growth at 30°C
to 20 min at 45°C. The relatively high concentration of
trchalose under stationary growth conditions (39 mM)
(see also [20]) 15 not significantly changed by a 20 min
treatment at 45°C To understand the mechanism of the
drastic increase of trchalose during short-term tempera-
ture stress of exponentially growing cells we have ana-
lyzed activities of the enzymes catalyzing degradation
and synthesis of trehalose neutral trchalasc [7], acid
trehalase [8] and trechalose-6-phosphate synthase [5] As
shown in Table I, the changes of the activities of the
trehalose metabolizing cnzymes observed after 20 min
treatment at 45°C of the exponentially growing cells do
not explain the drastic increase 1n the trehalose concen-
tration: the trehalose-6-phosphate synthase activity 1s
not significantly changed and the activity of the treha-
lose-degrading neutral trehalase mcreases instead of an
expected decrease.

In the presence of cycloheximide in concentrations
which completely inhibit protein synthesis the 20-fold
increase of trchalose observed after a 20 min treatment
at 45°C is the samc as in the absence of cycloheximide
(data not shown), This indicates, 1n agreement with the
measurements of the activity of trehalose metabolizing
enzymes (Table I), that protein synthcesis does not parti-
cipate 1n the increase in trchalose levels during heat
treatment at 45°C. The 60-fold increase 1n trehalose
concentration friom 0.6 to 39 mM during the transition
from exponential growth (6 h at 30°C) to stationary
phase (24 h at 30°C), shown i Table I, can be explained
as a consequence of the 12-fold increase of the activity
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lable |

Concentration of trehalose and activity of trehalose metabolizing en-

zymes 1n growing or stationary cells of Saccharomvees cerevisiae M1

For growth conditions and assay of trehalose and enzymes sec
Methods

Acid  Trehalose-6-phos-
phate synthase

Trehalose Neutral
trehalase trehalase

[mM] [mU/mg] {mU/mg) [mU/mg]

Exponential 06 75 nd*®* 20

(6 h, YEPD, 30°C)

Subsequently 1§ 135 nd* 18

20 min at 45°C)

Stationary 39 28 12 248
(24 h YEPD, 30°C)

Subsequently 36 31 11 222

20 min at 45°C

¥ not detectable

of trehalose-6-phosphate synthase, in comparison to the
4-fold increase in neutral trehalase Acid trehalase in-
creased over the ‘not detectable level’, however, the sum
of the trehalose degrading activities 1s abovrt 40 mU per
mg extractable protein, whereas the trehalose synthe-
sizing activity 1s in the range of 200-250 mU per mg
protein,

An explanation for the ‘short-term’ regulation of tre-
halose concentration during 20 min heat treatment of
the exponentially growing yeast cells has been found by
analyzing the steady-state concentrations of the sub-
strates of trehalose-6-phosphate synthase (UDP-glu-
cose and glucose-6-phosphate). As shown m Table II,
glucose-6-phosphate 1ncreases by about i0-foid and
UDP-glucose by about 4-fold duning tempcrature
stress. In addition, the observed decrease from 20 to 11
mM 1n the concentration of morganic phosphate, which
1s an inhibitor of trehalosc-6-phosphate synthase/treha-
lose-6-phosphate phosphatase [5], may favour the rate
of synthesis of trehalose Measurements with partially

Table 11

Concentration of metabolitts 1n exponentially growing or stationdary

cells of Saccharamyces corevisiae M1 betore and after temperature

stress for 20 min at45°C Tor growth conditions and assay of metabo-
lites sec Methods

Growth phase  Trehdlose Gle-6-P UDP-Gle Inoiganic phosphate

{mM} [mM] [mM] [mM]

Exponential 06 004 004 20
(6 h, YEPD, 30°C)

Subsequently 15 045 01s 11
20 nin at 45°C)
Stationary 9 0031 017 17
(24 h YEPD, 10°C)
Subsequently 36 0063 020 14
20 mm ut 45°C
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Table I1T

Concentration of trehalose and intermediates of glycolysis in exponen-
tially growing cells of Saccharomyces cerevisiae M1 (6 h at 30°C 1
YEPD medium) before and after temperature stress for40 mmat 39°C

Treatment at 39°C 0 mm 40 min 40 min
subsequent treatment at 30°C 0 mn 0 min 40 min
(mM) (mM) (mM)
Trehalose 06 272 17
Glc-6-P 002 007 001
UDP-Glc 002 01 003
Fru-(1,6)-P, 004 018 004
Dihydroxy-acetone phosphate 003 018 007
ATP 011 092 027
Glycerate-3-P 033 007 023
Pyruvate 028 013 022

purified trehalose-6-phosphate synthase indicate the
following concentrations for half-maximal velocity. 1
mM glucose-6-phosphate, 0 5-1 mM UDP-glucose. and
2 mM for mhibition by mmorganic phosphate [5] The
changes n the concentrations of glucose-6-phosphate
and UDP-glucose depicted 1in Table II are below the
concentrations for half-maximal activity of trehalose-6-
phosphate synthase Therefore, they very probably con-
tribute hinearly (or, in the casc of sigmoidal dependence
of rate on substrate concentration, to a grcater degree)
to the increase of the rate of synthesis of trehalose dur-
g short-term temperature stress of exponentially
giowing cells, The measured concentrations of mor-
ganic phosphate are between 11 and 20 mM (Table II)
Trehalose-6-phosphate synthase/trehalose-6-phosphate
phosphatase would then be inlubited under all condi-
tions studied. These measurements in perchloric acid
extracts of the yeast cells, however, may not report on
the actual levels of ‘true, free inorganic phosphate’ be-
cause of the presence of ‘acid labile phosphate com-
pounds’, which are recorded as inorganic phosphate
[21}. Therefore, it could be that changes mn the con-
centration of morganic phosphate paiticipate in the
control of trehalose-6- phosphate synthase. It 1s evident
that the low level of activity of trehalose-6-phosphate
synthase is due to the relatively small steady-state con-
centrations of substrates in growing as well as n sta-
tionary cells. However, activity can be rapidly increased
under temperature stress by mcreasing the concentra-
ttons of glucose-6- phosphate and UDP-glucose In sta-
tronary cells the steady-state concentrations of glucosc-
6-phosphate and UDP-glucose do not change signifi-
cantly during the 20 min at 45°C treatment. This 15 1n
agreement with the obscrvation that the ligh concentra-
tion of trchalose n stationary cells shows no further
change during the 20 min temperature stress

As shown in the first two columns of Table I, not
only glucose-6-phosphate and UDP-glucose 1ncrease
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during the 39°C temperature stress for 20 min, but also
other intermediates of the glycolytic pathway. fructose-
1,6-bisphosphate and dihydroxyacetone phosphate. In
contrast, the intermediates after the step of glyceralde-
hyde-3-phosphate dehydrogenase show a decrease after
heat treatment. glycerate-3-phosphate and pyruvate.
Another drastic change consists of the about 8-fold n-
crease in the ATP concentration These observations
pomt to a block n the glycolytic pathway at the step of
oxidation of glyceraldehyde-3-phosphate to glycerate-3-
phosphate and/or a decrease in the ATP hydrolyzing
activities as compared to ATP synthesis. Measurements
at 25°C 1n broken cells of the ATP hydrolyzing activi-
ties effected by the three different types of ATPase oper-
atingat pH 5 5, pH 6 9 and pH 9 0[12], or by the ATP
hydrolyzing alkaline phosphatase (measured at pH 90
with p-nitrophenvlphosphate as substrate), or acid
phosphatase (measurcd at pH 3.8) showed after the 20
mun temperature stress of the intact cells at 45°C a shght
increase, rather than a decrease, of these five ATP-
sphitting activities (data not shown) Only a small in-
crease of activities was observed after temperature
stress when measuring glyceraldehyde-3-phosphate de-
hydrogenase and glycerate-3-phosphate kinase, the two
enzymes catalyzing the oxidation of glyceraldehyde-3-
phosphate to glycerate-3-phosphate (data not shown)
Heat induced inactivation of the enzymes catalyzing the
oxidation of triosephosphate 1s therefore not the expla-
nation for the changes mn steady-state concentrations
shown 1n the first two columns of Table 11l

The activities of the trehalose synthesizing and de-
grading enzymes (cf. Table I) and of the ATP-degrading
enzymes as well as the glyceraldehyde phosphate dehy-
drogenating enzymes were not significantly changed
after 20 min temperature stress at 45°C  Furthermore,
since the temperature stress induced increase of treha-
lose 1s insensitive to cycloheximide (data not shown), we
conelude that 1t 1s not a change in the synthesis and/or
the degradation of enzymes, but a temperature-depend-
ent change n the kinetic constants that 1s 1esponsible
for the observed vartation in the steady-state concentra-
tions of metabolites The different temperature depen-
dencies of the reaction rates of enzymes (as characte-
rized by the different values of activation energy) and
the differences 1n the temperature dependence of the
various Michachis constants (concentration for half-
maximal activity) of the different enzymes for their sub-
strates, coenzymes, and effectors, cause the establish-
ment of different steady-state concentrations of meta-
bolites when changing the temperature of the glucose
metabolizing cells These effects of the temperature shuft
on the steady-state concentrations of metabolites are
expected to be reversed when the temperature 1s reduced
to 30°C. It 15 shown 1n the third column of Table HII that
this 15 indeed the case when the temperature stress 1s
performed at 39°C A simlar experiment with tempera-
ture stress at 45°C and then reversion to 30°C revealed
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that the steady-state concentrations in question are only
partially reversed (data not shown) Qur explanation 1s
that after a 45°C treatment not only the reversible
effects on the rate of enzyme activity and on the
Michaelis constants are taking place. but also irrever-
sible effects, such as partial denaturation of certamn en-
zymes, ctc. It should be mentioned here that heat treat-
ment at 39°C represents the standard conditions for
production of the heat shock response 1n yeast cells [4].

In addition to the kinetic parameters stated above,
reversible protein—protein interactions of heat shock
protcins with enzymes mvolved 1n carbohydrate meta-
bolism might participate 1n the drastic changes 1n
steady-state concentrations of metabolites. It 15 well
known that protem-protein mteractions could result in
activation or mactivation of enzymes as well as 1n
changes of the affinity of enzymes for their substrates
or coenzymes {22,23]. A mutant deficient mn the heat
shock protein HSP104 (dhspi04) obtamned from Y
Sanchez and S L Lindquist [10] has been used to inves-
tigate this possibility. It 1s shown in Table IV that the
40 min temperature stress at 39°C causes a 20-fold ac-
cumulation of trehalose in the Ahspl04 mutant, the
patental wild-type W303, and also n the wild-type §
cerevisiae M1 (¢ Table I11). Also, the heat treatment
mmduced increase of the steady-state concentrations of
ATP, glucose-6-phosphate and UDP-glucose, observed
with the 4fsp104 mutant are similar to those in W303
(Table IV) and S cerevisiae M1 (Table III) In contirast
to the ‘normal’ behaviour of the dhspl/04 mutant with
respect to accumulation of trchalose duning the 39°C
temperature stress, the mutant has lost 1ts resistance to

Table IV

Concentration of trchalose, glucose G-phosphate, UDP-glucose and

ATP in exponentially growing wild-type W303 and mutant Ahypl04

cells at 25°C before and after 40 mun temperature stress (‘precon-

ditionmng’) at 39°C After preconditiomng at 39°C cells werc subjected

to 20 man heat treatment at 50°C, plated on YEPD agar gel and the
colonies tormed from surviving cells counted

Trehalose Gle-6-F UDP-Glc  ATP
[mM] [mM] [mM]} [mM]

Wild-type (W303)

exponential < | 007 006 014
(16 h YEPD 25°C)

Subscquently 24 021 010 073
40 mum, 39°C

Subscquently sttvivalin % of cells without 50°C

20 min, 50°C trealiment 399%

Mutant stram

(W307 Ahsp 104) < 010 goo6 ol
exponential (16 h YLPD

25%C)

Subsequently 25 ol 0467 0 80

40 mun. 9=C
Subsequently
20 min, $C

suivivdl m % of ¢clls without §0°C
treattent | %
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heat Lreatment at 50°C (cf Table 1V); as previously
described [10] We conclude that 1t 1s not the accumula-
tion of trehalose, which results from the increase of
steady-state concentrations of UDP-glucose and glu-
cose-0- phosphate. but the presence of the heat shock
protein HSP104 that protects the cells from kiling by
a 50°C treatment The biological usefulness of this tre-
halose accumulation may consist of aiding the cell in
surviving the termnperature stress at 39°C or 45°C, dur-
g which time production of heat shock protem(s)
takes place [4] This ‘preconditiomng’ of the cells 1s
necessary for acquuement of resistance to a 50°C treat-
ment
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